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Abstract

Al-Si cast alloys have been in the fdrent of commercial casting applicatidor more than a
century. Iron containing intermetallic phases that evolve during the solidification of these alloys
play a major role in the resultant mechanical prajpes and performance of the cast products.
Changes in alloy composition and casting parameters significantly alter the evolution of the Al
StFe intermetallic phases. There was a lack of clear understanding of the complex relationships
between the soliditation parameters and nature intermetallic phases in these alloys. Current
thermodynamic model predictions for the nature of these intermetallic phases in the Al corner
of the AlSiFe ternary system are strikingly different from the expesital resultsn this

project. Trace levels of Sr (about 0.02wt%) are typically added to t& édmmercial alloys to
effect a morphological modification of the eutectic phases to improve the properties and
performance of the cast products.

The nature of the Fe containg intermetallic phases have been characterized as a function of
alloy composition (Si, Fe and Sr) and cooling rates during solidification. There was an
anomalous evolution of thés-AlFeSiphase which transformed into thig-AlbFeSh phase
during solidification at lower cooling rates and higher Fe concentration in the alloy, alike.
Further, Sr addition to these alloys prevented the evolution oftihehase and promoted the
evolution of an unidentified AlFeSk phase which was noteadsk in this dissertation; thé

phase also transformed into thg phase at lower cooling rates and higher Fe concentration in
the alloy, alike.
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CHAPTER 1.NOMENCLATURE

1.1 ENGLISHACRONYMS

Text Notation Description

SEM Scanning Electron Microscope
SE Secondarglectrons

SEI Secondary Electron Image

BSE Back Scattered Electrons

TEM Transmission Electron Microscope
EDX Energy DispersiveRay Spectrum
FIB Focused lon Beam microscope
KeV Kilo Electron Volts eVX10

XRD X-Ray Diffraction

nm nanometer

>m micrometer

XRF X-Ray Fluorescence

2 Two' Bragg angle

1.2 LIST OF INTERMETALPHASES

Phase Notation

Phase Stoichiometry

A|13FQ1

AlFeSi

AbFeSp

A|3F€Sj




CHAPTER 2.INTRODUCTION

The thermal data during solidification and microstructurel®B alloysbased on the 3xx series

of AF7 wt% Si casting alloys with compositionakiaions of 0 to 0.5 wt%e, 0 to 0.55wt%I1g

and 0 to 4 wt%Cu with three levels of trace additions of Ti &din each alloy composition

were investigated at the onset of this projecThere were several apparent anomalies in the
nature of the Fe containing intermetallic phases in the microstructure of these alloys along with
anomalies in the morpHogy of theeutectic Si phase. The initial goal of this project teas
evaluate the anomalies in the evolution of the Fe containing intermetallic phases during
solidification of these alloys. The first two years of this project was specaging out
solidificaton experiments, microscopy (optical and SEM/ERERRyY diffraction of powder
samples prepared by preferential dissolution of the primary Al phase matrix using both Cu K
radiation and high energy synchrotron bema source and analy3igMtample foils pepared

by FIB technique. The initial set of alloys prepared were-aSAIFezSr (x=5,7,12.5;
y=0.05,0.25,0.5 and z=0,0.01,0@85 and0.1) composition ranges (all in weight %) and
solidified at three uniquely different cooling rates of the liquididgrsolidification The
characterization of the intermetallic phases in these alloys mezdsepeatable or reproducible
even within the same alloy composition and cooling rate during solidification. After about two
years into the project, it was evidethat a critical factor was overlooked in this study and that
was the homogenization of the initial alloy melt at a high superheat temperature above the
liquidus temperature.In typicalcommercial casting practices, theakoy meltsare held at a

high tenperature for several hours and resulted in a homogeneous mixtuedl@fing

elements. e Fe containing intermetallic phases that existed in the initial raw materials such
as the Al ingots and Ae master alloy dissolved in the alloy melt at a verygsigrate and

they significantly influenced the nature of intermetallic phases that evolved during
solidification. A review of the background literature on this topic also suggested several
contradicting evidences presented for the characteristics oféhatermetallic phases. Hence,
the project was restarted with the various alloys and solidification rates so that the initial alloy
liquid was held at 1093 K5K(820°C) instead of the conventional 993 K (P@) for a period of
time greater than twdours to enable compositional homogenization of the alloy liqpicisr

to the solidification

The characterizatioof solidified samples was carried out througticroscopy (optical,
SEM/EDX and TEM/FIB), thermal analysis during solidificationrayddkfraction usingooth

the synchrotron and Cu radiation sources. The results fell into a systematic order that
presented the specifiand predictableanomalies in the evolution of the Fe based intermetallic
phases in these alloys.

The results suggest thabntrary to popular belief, thé&-AlsFeSi phase first evolved during the
solidification of the AkStyFe (x=2 to 12.5wt% and y=0 to 0.5wt%) alloys followed by a
peritectic reaction that transformed th& phase to thel}-AbFeSh phase; the kineticsfahis
transformation depended on the cooling rate during solidification and Fe concentration in the
alloys such that slower cooling rates and higher Fe concentration yielded the partial or
complete transformation into thé} phase. Thés phase was retaied atthe room
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temperature after solidification for higher cooling rates and lower concentration of Fe in the
Fff2eao0 LG o1& F2dzyR tF0SNIAY GKAa LINR2SOGX
AlsFe, which underwent a rapid peritectic trafiormation tofrom the (§ phase duringhe early

stages of thesolidificationprocess

Ly fft2&a O2yidlAyAy3 nodnH glikphisbsbverd ftesentSdaddadzi A 2 v
new phase which wadenoted ass in this project evolved with a stoichionrg of AEFeSk.

The project was into its fifth year by the time tbghase was identified and hence, much effort

could not be dedicated to fully characterize the crystal structure of this phase. It was found

that at slower cooling rates during solidétion and higher Fe concentrations in the alloy, alike,

the a phase transformed into th& phase similar to the transformation &f to (4 in alloys

without Sr.

Initial hypotheses have been presented to explain the anomalies observed in the evolution of
the intermetallic phases in these alloys vatit and with Sr addition to them. Further work is
required to verify and validate these hypotheses.

In summary, this thesigpresentsemphatic evidences that our knowledge of the evolution of the
Fe containing intermetallic phases in tbemmercially importanAl-xStyFezSr (x=2 to 12.5

wit%, y=0 to 0.5 wt% and z=0 to 0.02wt%) alldysng solidification are not complete and the
eviderces presented by simulations of equilibrium phase diagrams do not accurately represent
the nature of these intermetallic phasesolved



CHAPTER 3.REVIEWOF THE PRIGART

The background literature information relevant to this project was broadly categorized as
follows:

1 Al-d castalloys
1 Fein Al-Si cast alloys
1 Modification of eutectic phases by &ddition

Each of the abovenentionedcategoriess elaborated in separatespectivesub-sections of
this chapter.

3.1 Al-SCASRLLOYS

Al alloys are one of the mostonomically viable lighhetal alloysfor a variety of commercial
application in automotive, aerospace, military and domestic produc®3]. Among them the
Al-Si alloy system is more predominantly utiliztaee to theinherentbenefits ofbeing the most
cost effectivefor nearnet shape maufacturingand recyclability1,2]. AlSi castlloys are used
in most commercial automotive gasoline and diesel engine and powertrain compddeng.
Al alloys in general and-8i cast alloys in particular are found in many applications some of
them bearing critical structural importance and sesimply décor elements. -Si cast alloys
are a cheaper alternative to magnesium alloys and a more expensive but light weight
alternative to ferrous alloys. They fulfil design parameters in an application by providing
suitably sound mechanical propersi€ombined with economically affordable, ligheight and
environmentally friendly solution.

Donahue et alj] describe advances in all aluminum engines made byn&e manufacturers
such as BMW, Mercedesid Porsche achieved high qualeyd high volume production of
engine bloks cast entirely out of ABi allog. Additionally,USautomotive company such as
Ford,GM and Chryslepartially fueled by Japanese carkea® success in reducing weight of
the car, have continued to increase the use ofS\lalloys for their engine blocks and cylinder
heads so much so that even thenostpowerful V8 enginauch as in thé&ord Mustang Shelby
500(2013 model yearis an Akengine[7] .

Military applications are limited to low strength light weight items including personal gear,
furniture, interior elements of the battleshipstc.. One of the famous armor applications of
the Al is M2/M3 Bradley armoured troops carri&f {vhich was equipped with Al armour to
lower overall weight of the tank

Aerospace applications of Al alloys are numerdus to their significantly low cost to weight
ratio as compared to other suitable materialBassenger seats in aircrafts are entirely made of
Al-Si cast alloyand about5-15% of structural componenta a military aircraftare made of Al
alloys[9]. Figure3-1 shows that Al alloys form nearly 70% of all méta typical large
passenger aircrafts such as tBeeing 777
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Titanium 7%

Composite 11%
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Figure3-1: Material distribution in a Boeing 777darge passengeairliner [9].

In smaller aircraftsuch aghe Cessna Skycatchéhe entire exteriorbodyis made of Al alloys
[10Q].

Civil anddomesticapplicationsof Al alloysare numerous;furniture, small boats, consumer
electronig exteriorfinishingmaterial forbuildings,electricalwires, bicycleframes home
security systems and doors and windoare some typical example$]].

Although the application of Al alloys in automotive struelucomponents such as body,
support structure and chassis seem to be on the increasdylat is still a major challenge to
substitute the high strength steel alloys typically used for these applicatidhtsd). Presently,
the density of the Al alloys inearly three times lower than that of steel and the strength is
about four to five times lower than their steel counterparts in the automotive structural
components 2,11,12,13]. Hence, the substitution of Al alloys instead @fedtin this application
wouldincrease the wall thickness of the component significantly rendering the process
economically and aesthetittp ineffective. Recently, there has been an increased thrust for
academic research to design and develop new families of Al alloys with significantly higher
(nearly three times) strengths and ductility than those presently available to explore their use
as automotive structural components in the aim of further ligigighting the vehiclel3].

Fe is an unwanted and unavoidable impurity in all Al allby$4,15,16]. One of the

detrimental factors in the existing Ai casting alloys is the presence of the Fe based
intermetallic phases in the solidified casting which plaggaificant role in reducing the
strength and ductility of the cast componeritd. To design and develop newer Al alloys with
superior properties and performancé is imperative to better understand the nature and type
of theseFe based intermetalliphases as a function of solidification parameters to control their
evolution and morphology favourabld-urther,atrace levelof Sr isadded to most commercial
Al-Si alloys to refine the morphology of the eutechicand eutectic $hases in ordeto



alleviatethe detrimental effect of theplate-like morphology of the eutectic Si phasa the
strength and ductility of the casting®,[17].

It is the aim of this dissertation to present a fundamental understandirtbeohature and
morphology of the & based intermetallic phases evolving in the coenamlly important AlSi
alloys during solidification and the effect of Sr addition on them, as well. Albeit such
information is available in several souradsopen academic literature, thisformation is
unclear and in most cases erroneouBhis can & attributed to the lack of sophisticated
experiments and analysis procedunadtil the last decade, and thguantum leap in
technological advances globally in the last twenty ye#@us.example will be the advances in
the EDX (Energy Dispersiv®y Specoscopy) method in the SEM; the advances in the last
decade has now enabled researchers to confidently identify stoichiometry of intermetallic
phases with a precision of less than 0.5%.

3.1.1 Classification of Al alloys

There arewo types of Al alloyslescribel by The Aluminum Associati¢h8]: Cast alloys and
wrought alloysCast alloys are suitable for use in manufacturing near net shaped components
by solidification of the liquid metal and wrought alloys undergo stages of-staid
transformationsuch as gtrusion, forging and drawingubsequent to casting of anitial billet

or rod. One of the most commodenominations in North America is tienerican Nabnal
Standard Alloy and Temp®&esignation System for Aluminum ANSI H359.

3.1.1.1 Cast Al alloyslassification and common impurities

Al cast alloylassificatios are based on thé LIJA Y | & K tBesaluraigum assdzixtior2D)]
anddata fromthe book titleda ! f dzY A y dzY deVy R f!{{Rd&iGdiyThere are 8
families ofcast alloys. One family index 6XX is unused and reserved for future alloys.

Alloy indices consists of ttephabetletters such a#\,B,Cetc., as prefix or extensions to
indicatecompostional changes of certain minor but critical alloying elementhe frst digit
indicates themajor alloyingelements and theecond and third are for designation of specific
alloy compositios. The drth digit (.X) givesthe casting (0) or ingot (1 &) desgnation.

1XX. X family is pure aluminum of 99% or greater purity.

2XX.X family ithe Al-Cu alloys

3XX. Hamilyis AISEMg-(Cu)combination andnost wdely used series of cast alloys.
4XX. Xamily is the AlSi alloys.

5XX. family is the AMg alloys.

6XX.X family reserved for future alloys.

7XX. X¥amily is the AlZn alloys.

8XX. Xamily is the AlSn alloys.

=4 =4 =8 -4 -8 -8 -9 12



Critical elemental additionsan includeTi, B Be, Sh, B, Cd, Pb, Ca, Ag, Hg, P, Na,.and Sr

Table3-1 summarize thecomposition rangesf the major elements in the various seriefsthe
cast aluminum alloys.

Table3-1: Composition rangesf major alloying elements in Adast alloys.

Alloy  Si Fe Cu Mn Mg Cr Ni Zn Sn Ti impurities

0.1- 0.25 0.05
100 015 08 0.1 <0.025 X <0.025 X 005 X <0.025 0.1

0.05 0.05> 35 0.05 0.03 0.03 0.05

2000 55 12 107 06 65 X 17 25 005 00703 0105
300 0'2103 0'24' o.ga 0(')‘_);’ Ofs‘r* 0-0.35 03 0'33 005 0025 0.1-05
400 41'§ 0.6-2 0'(1)5 06(.)5? O(')(_)ll' 0-0.25 0-0.5 06(.)51_ %215' 0-0.25  0.1-0.35
500 Oé_lf Oi_lg' 0(')(_);’ %‘% f(')‘rl*G 0-0.25 0-0.4 0-2.2 o(.)is 0-0.25 0.050.25
700 %_g cﬁ' 0.1-1 %‘% OfS‘E’ 0-0.6 o(.)is 2.7-7 o(.)is 0-0.25 0.050.25
800 %_;' 00'_5; 0.7-4 %_é’ 0-0.9 0-0.05 0%5 235: 557 0-0.25 0-0.3

3.1.1.2 Wrought Al alloys classification

Eightfamilies of wrought alloys are designatedthg! f dzY A y dzY ! & & 2 OA(R2009A 2 y
version) [21].

1XXXamilyis 99% or more op pure Al with Si and Fe as major alloying elements.
2XXXamilyis Al alloyed with3.8- 6% of Cwith Si, Fe and Mn as secondary alloying
elements.

1 3XXXamilyis Alalloyed with Mn, Mg, Fe and have as low as 0.6wt% Si.

1 4XXXamilyis Alwith addition ofup to 6 wt% Si, 0.8 wt% Fe.

1 5XXXamilyis Al alloyed withup to 5.5 wt% Mg rest of the Fe, SinMre kept below 0.6
wt% mark.

1
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6XXXamilyis Alalloyed with MgSi 0.81.8 wt% Si, 04.2 wt% Mg, 0.1.7 Fe and Mn.
7XXXamilyis Al alloyed with Zn and Mg ranging up to 7.3 wt% and 3.7 wt%
respectively. Some alloys in the series have up to 2.4wt%.df& Mn and Si kept low.
1 8XXXamilyis Alalloyed with Li, Cu and Mg.

1 9XXX family is reserved for future alloys.

)l
T

In addition to the designated ranges of composition of the minor alloying elements, there are
several other additional minor elements addedthese alloys as customized by the user.

3.1.2 Al-Sicast alloysystem

TheAl-Si binarysystemhasbeen described in numerous publications andstaspects of the
systembehaviourhasbeenstudied indepth and documented.The AiSi phase diagrarns a
simple binaryeutectic systenwith the eutectic point atabout12.5 wt% Si an851K 578°C) as
shown inFigure3-2.

Liquid

< 00 Liquid+ Liquid+Si

Al+Si

N\ 0 10 20 30 40 50 60 70 80 90 100
Al Wt% (Si) Si

Figure3-2: TheAl-Sibinary phase diagramas simulated by the thermodynamic software
Pandat with PanAl8 database



TheAl-Sibinarysystemwasreviewedby several researchers since the year 1¥)84,22,23,
24] by both experimental datgFigure3-3) and theoretical thermodynamic simulatien
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Figure3-3: CalculatedAl-Si phase diagram compared to experimental da28]

There arghree regiondn the AlSi binary phase diagrar#:11wt%Si is termedhypoeutectic,
11-13wt%Si is termed eutectic and 130 Si is termedhypereutedic regions The elemental

Si phase (primary and eutectic) in these solidified alloys are brittle plates which are detrimental
to the mechanical properties of these alloys. However, addition of Si to Al makes the alloys
castableinto near net shapeompmentswith reasonaby sound properties and performance
andeconomic viabilityas well. The hypoeutectic-&i alloys with alloy additiorsich as Mg,

Mn, Zn, Cu, Sr, Ti, etborm the majority of commercial application for these alloys. The
morphologyof the eutectic Si phase has been one of the heavily debated academic fopics
the last century 17,25,26,27,28]. Day and Hellawell (1968)9] and later Makhlouf and Guthy
(2001)[30] are typical examples of elaborate reviews on the evolution and morphology of
eutectic Si phase. The morphology of the eutectgh@secould be refined by increasing the
cooling rates of the liquid alloy duringlgbfication [29], however, these cooling rates are
limited by the casting process Another way to alter the morphology of the eutectiphase

isby the addition of certain elementsuch as Sr and Na(,31,32], and more recently, with

other rareearth elements such as Y, Yb ahe La series33] to the AlSi alloys These

additions change the morphology of the Si phase from a glléeto arefined fibrous onel,
2,17,16, 34]. Another element that plays a critical role in affecting the morphology of the
eutectic Si phase is F&435]. Shankaet al [L4] showed that in equilibrium solidification
condition, nearly 40 ppm levels of Fe in the alloy resiiib the evolution of the (Al,Si,Fe)

9



intermetallic phase along with the eutectic phagesrnary system) and in alloys with less than
30 ppm Fe levels, the morphology of the eutectic Si pheesefibrous and refined. It was
further concluded that the (Al,Si,Fe) intermetallic phaseted as the inoculant for the
evolution of the eutectic Sihase and the absence of which rendered the eutectic phases to
solidify with a significant undercooling and hence, refining the Si and Al phEgpse3-4
showsan isopleth from the low Fe region of the terngsfiase diagram ahe AlSiFesystem
with increasing levels of Re the AF7wt%Si alloy.

579 -
580

578 4 L+ Al Len
5775
577 4
I Q L+Al+Si
) 4 ) 2
— L+ A+ Si L+Al+p T 575
g8
575 E A+Si
Beta + Si+ Al
A6+ Si + B(Al, Si, Fe) 5725 .
574
573 T T T v T . . v .
570 : . .
0 0100 0200 0300 0.400 IJ_LSB(J Al 2 5e-005 50-005 7.5@-005 Al
AL7Si AL7SI f 7wi%si TWI%Si
vl Fe 0.5Fe 9 >~ Fe [wt. fraction] 0.01W6Fe
(a) (b)

Figure3-4: Isopleths from the ternary AIStFe alloy phase diagram showing the-At%Si
section with increasing levels of Fe in the alloy. (ajo 0.5vt% Fe regionand (b) 0 to 0.01
g2 CSOFIéaAry (GKS TAAENSphESIINEaSyda G§KS

Furtherdiscussioron the mechanism of evolution and modification of thetectic Sphase and
the role of Fe based intermetallic phasesl be presentedin subsections below

3.2 FeINAI-S CAST ALLOYS

It is hard to evaluate casting techniques and peculiarities of the process from data provided by
majority of the publications. Only for the papers there such data is sufficient for judgements
papers will be commented and evaluated.

Asvalidatedearlier[14,15,17], there isaclear connection between iron containing intermetallic
and AlSi eutectigphases In pure alloys with less thah 0032 wt% [, the eutecticSireaction

waits for AbFeSh ((§) phase teevolve before the Si can nucleate on tig@hase and growd[7],

as shown irFigure3-5 (a) andFigure3-4 (b). For alloys with commercially nominal Fe content
such as 0.24 wt%Fe, théphase evolves prior to the eutectic reaction and the eutectic Si phase
nucleates ab eutectictemperature close to that predicted by the alloy phase diagesagain
shown bycomparing the isopleths of the phase diagram showhigure3-4 (b) and the

10



thermal analysis curvehownin Figure3-5 (a)[15]. The eutectic Si phase would not be able to
nucleate on the primary Al phase without a very large undercooling and hence, requires the
presence of thé} (AkFeSh) phase to act as a@noculant.

585

580
o
g
-
§ 15
@
3
3 0.0032 wt% Fe \
570 ‘\
\
565 - - - - " - - - - - - - - - \ - - - -
600 700 800 900 1000
Time, (s)
(@
& ™7
U\ I
(b) (c)

Figure3-5: Effect of Fe level in high purity Ai alloys. (a) thermal data obtained during
solidification, (b) SEM secondary imagé Al-7wt%S+0.24wt%Fe alloy and (c) SEM secondary
image of Af7wt%S10.0032wt%Fe alloy15].

Thei -AlSiFe intermetallic phasricleates on the primary Al phase, as showFRigure3-6, with
apreferredcrystallographicelationshipbetweenh Al andi -AlSFe intermetallic phasd44].
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Figure3-6: Interface between aaluminum dendrite { Al) andi - AlgSiFe: (a) bright field TEM
image; (b) centered dark field image showing the AlgSkFe phase; (c) SAD pattern taken in
the encircled region in (a), (d) digital replication of (c) for better visualization); 8AD pattern
from the i -AlgSbFe phase brought to a zone axis; (f) EDS spectrum obtained from the
AlgSpFe particle [14].

Another piece to the puzzle ke mutual relation between -AkSpFe and eutectic Si attached
to these phases. It was found by Shankar el 4/1[5,17] that there is relation betweethe i -
AbSpFe and eutectic Sohases TEM diffraction work shown frigure3-7 is a proof of definite
crystallographic relation betaeni -AbSpFe and eutectic SiThel -AlSpFe plays key role in
triggering eutectic reaction in unmodified-8iFe alloys

12



Figure3-7 : Crystallographic relationship betweenh-(Al, Si, Fe) and Si. (Byight field TEM

image. (b), (c), and (d) selected area diffraction patterns from the regions marked 1, 2 and 3

Ay 6F0® ¢KS NBIAZ2Y YIN]JSR Y¥mQQ Aa 2y {AX GKS
(ALSiICS0 FYR {AZ I YR is6&S-(ANS, Fé).Tye diffractith Safern¥’sHonQ Q

a distinct crystallographic relationship between-(Al, Si, Fe) and Si. The sample used to

generate this figure is Al7Si0.24Fec air cooled at 4&.min*[17].

There are suggestions in the literaturg Cao et dl36] that AFSiFeintermetallic phases

formed in the beginning of the eutectic reaction or slightly prioittoould serve a nuclei fo
further evolution of theeutecticphases Theysuggestedhat in commercial ASi alloys with
alloying additionsuch as Mg, Mn and She Fe based intermetallghases nucleated on the
oxide films in the melt and further enabled the evolution of theemiic Si phase as shown by
the schematic irFigure3-8. The work by Cao et @€] was merely based on optical and SEM
microscopy along with evidences from the EDX analysis; no crystallographic information was
provided on the phases and nucleation schemes.

13
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Figure3-8: Possible nucleation hierarchy among oxide films aswlidifying phases in Al
11.5Si0.4Mg @st alloys containing Fe and Mn (arrows refer to the nucleation progg8§.

Nogita et a[37] suggestd that the phosphorous impurity in the Ai alloys form the AIP and
aluminium oxide containing P; the AIP was suggesteatt@s an heterogeneous nucleation

site for the eutecticSi phase. However in their publicati@Y], the neareutecticAl-Si alloy
compositionwith 0.004 wt%P was quenched from the liquid phase and an AIP phase was found
entrapped inside a bulky polygonal Si phase. This bulky Si phase with the AIP phase nucleating
it could only have beethe primary Si phase and not the eutectic phase as showtiné AtSi

phase diagram with the metastable extension lime&igure3-9 [23] whereinthe rapid

solidification (quencimg) of the AOwt%Si alloy willesult in a hypereutectic alloy

microstructure with primary Si phase because #iéft in the eutectic reactioto the low Si

levels in the alloy Further, the nucleation gérimary Si phase on the AIP phdsses beenwell
documented B8]. As yet, there is no convincing evidence of AIP phase nucleating the eutectic
Si phase Moreover,it would be nearly impossible to prove tloeystallographiorientation
relationship betveenAlP and Si, even if there wane, using conventional advanced

microscopic techniques such as SEM and TEMray Hiffraction experiments because the

crystal structure and lattice parameter of these two phases are nearly idef@@a0].
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Figure3-9: Al-Sibinary phase diagram with the metastable extension line2J].

Li et al[41] have shown that during thsolid-state precipitation of Si and Fe based intermetallic

phases inside the primary Al phase, there is evidence of crystallographic orientation of both the

Si and AFeSi intermetallic phase with the primary Al phade.et al 1] further tried to

elucidate the effect of trace additions of Sr and Sr+P to tHen%Si allogontaining200 ppm

of Feon the precipitating sequences of Si aneFAISi phases Due b the lack of a meaningful

and elaborate experiment matrix, no significant conclusion could be drawn from this stiicly [

however, the authors beginthe®@2 y Of dza A2y Ay GKS LidwefFd OF GA2Y 0¢
containing phases are very complex in Al alloy, especially for the high ptSitFedalloy >

which is one of the primary motivations for this PhD dissertation.

3.2.1 Al-FeSi intermetallic phases

Thereare typically two schoslof thought in naming the AFeSi intermetallic phases in the-Al

Si alloys: one uses the greek alphaletters such ad,i, and+ while the other usesetter U

with various numeric subscriptd2,43]. A list of the intermetalti phases found in the Al rich

corner of the AlFeSi ternary alloy systems with the two different nomenclature methods is

shown inFigure3-10. The uséettersof greek alphabet such dsi, andt A& y 24 | & LINE
using theUwith various numeric subscripts; for example, in commerci@iAllloys, Mn is a

popular impurity or alloying addition which is soluble in thd=AlSi intermetallic phases and

the h phase could refer to both the AeSi and AFeMn-Si intermetallic phasethese two

intermetallic phases havedifferent crystallographic structurep,44,45,46,47, 48]. Further,

the use of the alphabets,i, andt gl & o6FaSR 2y GKS Y2NLIK2f 238 =z
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rather than the stoichiometry and reaction during solidificat[dd, 25, 46, 49, 50], and Takeda
and Mutazaki42] proposed the naming these phase with jletter Owith various numeric
subscripts based on the reactions that yielded them during the solidification cflibnes
Examples of such invariant liquid reactions are gimdrigure3-11.

Homogeneity range
near 727 °C,

Symmetry, structure,
cell parameters, nm,

Chemical Chemical formulae at.% (wt.% diffraction data used Decomposition
compound Density, d in parentheses) for characterization temperature, “C
6 Al;Fe From Ref 3, 18-20 Monoclinic, C2/m 1152 (Ref 18, 22)
Al,;Fe, Fe: 23.5-25 (38.6-41.1) a = 1.5492(2), b = 0.8078(2),
d = 3.90 Si: 0-5 (0-4.5) ¢ = 1.2471(1), B = 107.69(1)° (Ref 19,
21)
XRD spectrum recalculated from Ref 21
a = 15 also Al,,Fe;Si, From Ref 3, 23, 24 near 600 °C Hexagonal, P6s/mmc (Ref 23, 25) 855 (Ref 9)
referred to as AlgFe,Si Fe: 18.5-21.5 (32-36) a = 1.2404(1), ¢ = 2.6234(2) with 715 (Ref 16)
oy, in Ref 24 Al Fe,Si Si: 7-13 (6-11) 44.9Fe, 167.8Al, and 23.95i atoms per 710 (Ref 1)
and «' in Ref 4 d = 3.58 Refined (Ref 20, this work) unit cell (Ref 26)
Fe: 18-19.5 (31-33.3) JICPDS 41-894 and 71-238
Siz 10-12.5 (8.6-10.9)
B =1 AlsFeSi From Ref 3, 20, 24, 27 at 640 °C Monoclinic, A2/a 700 (Ref 1)
Al, sFeSi Fe: 15.5-16.5 (27-29) a = 0.6161(3), b = 0.6175(3) 694 (Ref 16)
AlgFe,Si, Si: 17-19 (15-17) ¢ = 2.0813(6); B = 90.42(3)°, (Ref 8, 667 = 5 (Ref 20)
d =33t0335 28)
XRD spectrum re-calculated from Ref 28
v termed 72 in Al;FeSi From Ref 3, 25 Monoclinic 940 (Ref 9)
Ref 9 and 77 in AlsFe,Si, Fe: 18-23 (31-38) a= 178, b= 1025 ¢ = 0890, p = 850 (Ref 16)
Ref 16, 17 d =375 Si: 12.5-22 (11-18.5) 1327 (Ref 25)
Refined (Ref 20, this work) no structure determination
Fe: 19.5-21.5 (33-36) ICPDS 20-0032
Si: 15.2-25.6 (13-22)
3=, Al FeSi, From Ref 29 Orthorhombic, Pbcn 865 (Ref 9)
Al FeSi, Fe: 15-17 (26.5-29.5) a = 0.6061, b = 0.6061, ¢ = 0.9525 834 (Ref 16)
Al, ;FeSi, 5 Si: 27-43 (24-38) (Ref 29)
d=331t034 Refined (Ref 20, this work) XRD spectrum recalculated from Ref 29
Fe: 15.5-16.5 (27-29)
Si: 30.5-38 (27-33)
72inRef 2, 73 in Al FeSi From Ref 30, 17 Orthorhombic, Cmma 935 (Ref 2,9)
Ref 9. 723 in Fe: 25 (40.5) a = 07995 b = 15162; ¢ = 1.5221 920 (Ref 16)
Ref 16, 17 Si: 25 (20.4) (Ref 30)
XRD spectrum calculated from Ref 30
7" (Ref 17) Al,Fe, ;Si From Ref 31, 17 Hexagonal, P6;/mmc ?

Fe: 25.4 (41.2)
Si: 14.9 (12.1)

a = 0.7509, ¢ = 0.7594 (Ref 31)
XRD spectrum calculated from Ref 31

Figure3-10: Stable compounds reported in the Alch corner of the AlFe Si ternary system

[43]

In the intermetallic phases labelled Bgith numerical subscripts, the number in the subscript
increased with decreasing values of temperatures at whiehrédspective phases evolved
during solidification Thel§ phase is the last to evolhat the eutectictemperature anchence,
Takeda and Mutazaké] reported only six phasdsetween( and (§. Laker additions to the
system tooksubsequent numerical indices as subscriptéiior phases evolng at higher

temperatures than that ofj.
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Liquid composition, wt-%,

Symbol Temperature, °C Invariant reaction Al Fe Si

u,t 1120 L + ¢ = abFel +1q 46,0 51.0 3.0
P, 1050 L +adFef+p=1,  31.0 50.0 19.0
U, 1030 L +abFel=n+7, 375 48.5 14.0
U, 1020 L+n=0+r71, 38,0 48.0 14.0
U, 1000 L+tp=w+rT, 26.0 42.0 32.0
P, 940 L+g+71,=1y 41.0 40.0 19.0
P, 935 L+7,+7,=1, 39.0 39.0 22.0
Ug 885 L+7,=w+ T, 36.0 28,0 36.0
Ug 880 L +w= 74+ (Si) 38.0 26.0 36.0
P, 866 L+ 74+ (Si) = 74 45.0 23.0 32.0
P 855 L+0+7,< 1, 58.0 25.0 17.0
U, 835 Ltrg=1,+ 74 56.0 22,0 22.0
Ug 790 L+ 7114+ 75 61.0 18.0 21,0
P, 700 L+ 7+ 7514 78.0 8.0 14.0
Ug 620 L +0=(Al)+ 74 95.0 2.0 3.0
Uy 615 L + 75 = (Al) + 74 93.0 2.0 5.0
U, 600 L+ 1, = 74 + (Si) 85.0 1.0 14.0
E, 577 L =71t (Al + (Si) 88.4 not measured 11.6

Figure3-11: Invariant liquid reactions proposed by Takeda et al cited by Rivlin and Raynor
[24]

In present workto ensureprecision and claritythe use of thesymbolUwith various numeric
subscripts such d3, U, } and 4 would be used to identify the various-BeSi intermetailc
phasesaspresented inFigure3-10. A few alditional notationsgiven to the intermetallic phases
in the background literaturare shownFigure3-12[80].

When discussingommercialAl-Si casting alloys, two major Fe containing intermetallic phases
are predominantly mentionedt andi phaseq2,51]. Both these phases have solubility of
several commercial alloying elements such as Mn and Crh Tiase has several crystal
structures reported depending on the level of alloying elements soluble mmditlze

solidification conditions prior to its evolution. For exampeal etal [51] in their workon the
commercialAl-11.7Si0.16Fe0.13Mn0.01Mgalloyreported that after addition of 0.06wt%&r

to the alloy,plate likealong with chineseacriptlike AFSiFe intermetallic phases eexisted in

the solidified microstructure
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Name and Symbol Model Crystal Structure Other Names in Literature

Alpha, o AlpssFen19S19.05(Al, Si)g 10 hexagonall%! 7 TSR 2013 121148311

Beta, B Alo,sggFEOV1528i0710(f\l, Si)ﬁ,li I_HOIIOCli]J.iCBZ] Tﬁ.[lleﬁ.[ZD]X[zl]L[H]
Gamma, y Alps3sFeq 20551016 monoclinie KB

Delta, S A10749F807158i035 tetmgoualm] 74.[15]K4.[ZD]8.[21]A[31]

Taul, 7 AlpasFeps7S1g0g not available 7. I P or D or EBY
Tau23, AlysqFeg26Sign not available 7. 7.IK,, K3 POF or GBI
Tau, 7 Al s0Feg 25519 35 not available AlgFesSiy 2815651

Figure3-12: Ternary Intermetdlic Compounds in the AFe Si System according to Lj80]

The sript like phasesvere identified ad -AlgFeMnS} with aBCGstructure and the platdike

phases as with a tetragonal structurelowever, no information on the solidification method or

the rate of solidification was presented in theanuscript Kraét al[51] providedevidence of

the h-ALoFeMnS} and phases as shown igure3-13 and Figure3-14, respectively. The plate

like phase identified as- AkFeSi by Kral et al§1] is usually misteenly identified as the plate

likei -AlkSpFe phase in several occasions where the only optical microscopy and SEM with EDX
were carried out for phase identificatidb1].

Figure3-13: The morphology of script particles in an unmodified alloy is revealed by (a) a
scanning electron micrograph of a deegiched specimen, and {and (c) transmission
electron micrographs and (d) a lattice image fraime particle shown in (c) near <111>
showing a projection of the unit cell and spacing of the {116}]].
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Figure3-14: (@) An SEM image of a deegiched sample showing typical plates. (b) A bright

field TEM image of an extracted plate revealing the plate 8Drphology. (c) A montage of

brightfA St R ¢9a AYlI3Sa aK2ga GKS Ge8LAOILT kLIISENY
section. (d) A highemagnificationTEM image of a platshaped particle shows the faults

often observed and that the normal to the broad face of the plate is parallel @®1).

¢ K SAk$iFe phase has significant influence on the mechanical properties of #8# éloys
[16,52,] due to their plate morphology with sharp interfaces which act as locations of high
stress concentrationTEM and EBSD phase identificatidthe i -AlkSpFe phasecan be seen
in Figure3-15[51].
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Figure3-15: Characterization of theé -AlgFeSk phase in (a) optical micrograph, (b) EBSD
pattern indexed as AFeSh, (¢) brightfield TEM image of a-phase plate, and (d) selected
area diffraction of @ -phase plate along [110]51].

Both! andi phases have eutectic Si attached to thanthe solidified microstructure as seen
in Figure3-14 and Figure3-15 but the authors did not study the crystallographic orientation
relationship between these phase$he reason why Kral et [@1] did not find any -AkSpFe

in their commerciaAl-11.7Si0.16Fe0.13Mn0.01Mgis because the Fe:Mn ratio in the alloy
was nearly unity and the Mn phase is known to form a stabdd;ogFeMnS} phase with a BCC
crystal structurg52] and this would mitigate the formation of the-AkSpFe phase in the
solidified structure. The results from this dissertation would present the mechanism for the
formation of thel -ASpFe phase during solidification and the reasons why a near unity ration
of Fe:Mn in the alloy prevents the formation of this phase. Kral éZlfpund thei -AkSpFe
phase in another alloy with a high Fe:Mn ratio as 9% 1.3Fe3.3Cu0.4Mnwhich is shown

in Figure3-15.

There are other works dedicated to investigation of&land ABiFe intermetallics in
commercially pure Adlloys[53]. There are six different intermetallic phases containindgéin

& LIJdzNJ53. Herice, it is notable that alommercially puredl alloys would contain a
multitude of AHFe and/orAlSiFe intermetalliphasesnthem [ A dz | YR 5dzy/f 2 LJQa ¢ 2
with AL0.5/0.25Fe0.013Si alloys in as cast and heat treate8 @K 600°C). Inboth the ascast
and heat treatecconditions, under slower solidification rates, the presence of théhLsFe,
phase was dominant and in higher solidification rates,AeSi, h -Al,SiFe,q;-AlSiFend -
AlSiFemetastable phases were observéthe nost important outcome of the meticulous TEM
reseach[53] isthe proof that all these AFe and AFe Siintermetallicphases nucleated on the
primary Al phase during solidification. For example, the crystallographic orientation
relationships between the -ALsFe,andthe Al matrix are shown ifigure3-16.
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Figure3-16: Composite SAED patterns ofAl13Fe4 and Al for GRwith their schematic
solutions. (a) [001]I[001]a beam direction; (b) [010]I[010]a beam direction B3].

A comprehensivddt ofall the crystallographic orientatiorelationshipsfound byLiu and
Dunlop[53] isgiven inTable3-2.

There is no cooling curve measurement data reported due to use of commaigial no
compositional identification of the phases is reported also full composition of the alloy with all
impurities is not providedd3].

Table3-2: List of mutual orientations between iron containing intermetallghasesand Al
[53].

Relation type Crystallographic Orientation Relationships

Al and* AlFe (200)1I(200)y (020} 1I(020)y  (0OL) (001
Al and* AlFe (100) I(100)y (020} 1I(020),  (0OL) II(002)
Al and' AlFe (100) I(10-1)a  (020) 11(020);  (0O1) l1(202)
h AISiFe and Al (100)11(100)  (112nl1(112)y  (112)lI(111)y

quAISiFe antl AISiFe  (100),lI(100)  (020)1ll(020)  (002)44ll(002)

q:AISiFe and Al (100)ll(100)y  (020)1ll(020)y  (002)ll(002)y

q2AISiFe antl AISiFe  (101)¢I(101)  (010),2lI(020)  (001)I(002)

TheCrystallographic data of th&l-Fe andAl-StFe phasesbservedby Liu andunlop[53] is
given inTable3-3.

Table3-3: List of crystallogrphic data acquired by.iu and Dunlop $3]

Phase Structure a(nm) b (nm) ¢ (nm) w(®
“Al13Fe4 monoclinic- C2/m  1.5489 0.80831  1.2476 107.7
h AISiFe BCQ; Im3 1.256

g1 AlSiFe C centered 1.27 3.62 1.27

orthorhombic

g2 AlSiFe monoclinic 1.25 1.23 1.93 109
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In Table3-3, the structure of the -AlSiFe phase was identified as B&EX. In our work with
high purity AlSi alloys, the structure of tHe-AlISiFe phase was hexagonal. Liu and DUb8ip
may have used commercial purity Al alloys for their study which would inclgagéicant
amount of Mn as impurity and this would mitigate the formation of thélSiFe phase with the
hexagonal structure and promote the formation of the cubic struct&d |

Westenger{55] reportedthat there are thee possible crystatructuresfor the h -AlSiFe phase:
cubic, hexagonal and tetragonal as showkigure3-17. The main difference between the
work of Westenger[{55] and Liu and DunlofbB] is that the former used more variations in
solidification rates and malyave used a higher purity of commercial alloy ingot.

Phase Struéiuré.’ : . “Ma-n'n- e-lements Refs,
lattice parameters
Al fce, a = 0.404 nm Al 1
a bee, a = 1.256 nm Al, Fe, Si 15
d hexagonal a = 1.23 nm, Al Fe, Si 18
c= 262 nm
& tetragonal, a = 1.26 nm, Al Fe, Si present work
c=3.70 nm
AlsFe monoclinic, a = 1.549 nm, Al, Fe 20
b = 0.808 nm,
¢ =1.247 nm, < # = 107°
AlsFe orthorhombic, c-centered Al, Fe 4
a = 0.649 nm,
b= 0.744 nm,
¢ = 0.879 nm
Al,Fe tetragonal, body centered Al, Fe 5
a = 0.884 nm,
c= 216 nm
Al,Fe unknown, defect crystal Al, Fe present work
structure
¥ monoclinic, a = 0.89 nm, Al, Fe, Si present work
b= 0.49 nm, c = 416 nm,
4 f§ = 92°
Si fce, a = 0.542 nm Si 1

Figure3-17: Phases observed in a commercial purity Al ingb8].

Skjerpeg[56] confirms the variation in the crystal structure of the varioug-Aland AFeSi
intermetallic phase sin commercial purity DC cast Al alloys as a function of the cooling rate
during solidification. Ausnmary ofthe observations§6] is shown inFigure3-18. InFigure

3-18, the cooling rates for distances of 10, 50 and 100 mm area8¢d@ Ks*, respectively.
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Figure3-18: Results from Selected Area Diffraction Analysis of Thin FBM Samples. The
table shows thenumber of particlesobserved atvariousdistances from the Ingot Surface
[56]. Please refer td=igure3-17 for the nomenclature and structure of the phases.

It is awell-knownand established fact thahe AlSiFe intermetallic phses significantly
influencethe mechanical properties of thal-Sialloys [16], however, it not universally accepted
yet that such intermetallic phase®rve as potent nucleation sites fthre eutectic Si;
neverthelessexperimental datdrom the literature [L4,15,17,36,51,53] presents a multitudef
evidence to support this theoryAdditionally, literaturg51,53,55] has shown thatthere is
enough evidence tehow that the AlFe and AFeSi intermetallic phaes could act as potent
sites to nucleate each other during solidification and heat treatment of th8iAlloys. Further,
there are evidences to show that several& and AFeSi intermetallic phases nucleate on the
primary Al phase during solidifigan [53].

It is an aim of this dissertation to throw further light on the nucleation of th&&8bi
intermetallic phases in the AAiFe high purity alloys arttie role these phases play in
nucleating the eutectic phases.

In the year 1981Rivlin and Raynofl] presented a comprehensive literature review of the
solidifiation and intermetallic phases in the-Ré&Si ternary alloy systemvherein the number

of ternary intermetallic phases reported was teim the year 1940, Takeda and Mutazdld] [
suggested six ternary intermetallic phases and numerous invariant reactions in-feSAl
ternary alloy systermRivlin and Rayno@f] a detailedchronologicahistory ofour

understanding of theernary AtSiFe phase structures, compositions and nomenclatuidse

@ (") and( (i ) are more common stable intermetallic phases observed as end products in the
Al rich corner of the AFe-S system 24]. A list of the variations in the composition and crystal
lattice parameters reported in the literature for thirominentternary intermetallic phass in
the Al rich corner of the AFeSi ternary alloy system was presented by Rivlin and Ragdpr [
and shown irFigure3-19.
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Analytic

composition, wt-9, Symmetry and
Phase Formula Al Fe Si lattice spacings,nm Rei(s).
Ty 35,3 12.8 Cubic 26,34
a=1.603
33—38 13-18.5 Monoclinic 27
a=1,78 0,01
b=1,025+ 0,005
¢ =0.89 £ 0,005
B =132°
Ta Tetragonal
a c
Al,FeSi, 47,08 27.04 25,01 0.6186 0. 949 22
0.612 0.948 32
Al Febi, 0.607 0.950 35
Al Fe ;Siyg 0.630 = 0,0005 0,941 + 0,0007 36
Al,,Fe Si,¢ 0.612 = 0.0005 0.953 + 0.0007 36
Cubic*
T Al, FegSi, 62.4 31.9 5.6 a=1,2548 32
a=1,256 (138 atoms/cell) 37
~32.5 8.4-10.3 Hexagonal 38
a=123+0,01
c=2,62+0.02
Monoclinic
. a b c B
553.2 27,4 13.6
Tg AlgFe,Si, ( g 0.612 0.612 4.15 91° 32
59.3 27.2 13.5
26.9 15,27 0.611 0.611 4,14 91° 26
AlgFe,Si, v 27.2 13.7 Tetragonal 39

a = 0,618 £ 0,006
c=4,25=0.05

*Cubic symmetry formed from hexagonal structure attributed in Ref, 27 to trace of dissolved manganese
and X-ray powder patterns are reported as identical with those of Ref. 33 (not published). Symmetry
and lattice parameters were confirmed by electron diffraction as ¢ = 1,23 nm and ¢ = 2. 62 nm.

Figure3-19: Variations in composition and crystal structurfer the prominent ternary
intermetallic phases in the Al rich corner of the &leSi alloy systenj24].

It is conjectured that the additions of Mn, Cr and/or Cu asanailoying elements is soluble in
i K Sphase and change the crystal structure from hexagonal to cubic or orthorhombic
[24,57,58,59]. In commercial ABi castinglloys the" -Al-SiFe observed and reported has a
cubic crystal structure and typically the-3i(Fe,Mn,Cr)§0] phase due to the existence of high
levels of transition elements in the alloy. 2 S @ S Nphasé edvedh the pure AlFeSi
systemthrough the solidification reaction path proposed bgkeda and Mutazakd®] has a
hexagonal structure and theJNB LJ2 & SR @ Nihdsdiwitietyeculsicktrudiuke8ue to
solubility of Mn, Cr and/or Cu presented by Rivlin and Raya#ffom their literature review
may not be accurate. The cubic structure wad\dto dzi SR G 2 kphadé shdply vy
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because the chind ONJA LJ0 Y2 NLIK2f 23& 27F U KpfhasOwd thed LIKIF &S 7
hexagonal structure as well. There is no evidence in the literature
[24,44,51,53,54,55,56,57,58,59,61,62,63,64,658 (i K |5 jhasé %ith the cubic structure

follows the same reaction scheme as that with the hexagonal structure during solidification. It
Ada LJ2aaAi gph&se coild etiolvéividtiSeither of the hexagonal or cubic structure,
however, there is no direct evidence that both these structure variants occur by the same
solidification reaction pathHence, for clarity, we would like to attribute the hexagonal

strudl dzZNB  gpRasaiaiidhe phase with the cubic structure with the other alloying

elements would be named. Additionally,Chenget al [63] carried out experimets wherein

steel containing Cr was dipped into molterl&%Si alloy at 70C for 10180 seconds. The

typical results obtained from this work3J] is presentedn Figure3-21 where we observe that

the  phase is forming almost immediately on top of the steel (Fe) surface and the ctiic Al

Fe/ NJ LIKJ)isf@mirgovertb GLIK | & S & dz3 3 S §phds¢ farmdiakdr théy § KS h
phase and not due to substitution of Fe atoms in thehase by Cr and/or MnHence, naming

the cubic phase ag as well P4,63] would be erroneous because they are two separate phases
forming by separate solidification re@on paths.

(a)700°C, 10 ©)700°C,

| i
- - 1* 'I'_|.
& - Ll L

O Al M Fe O 1sc-AlL(Fe,Cr):Si B 1sp-AlFe:Si Il t-AlFeSi: Il t-AlFeSi

Figure3-20: Phase maps obtained from aBBSD analysi the sample of5Cic0.5Mo steel
hot dipped in a molten bath of AJ10 wit% Silloy¥ 2 NJ @ NA 2dza AYYSNBeA 2y (A
nomenclatureh ; was used to replacék,in the bottom of the image[63].
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TheGQAYGSNXYSGFEtAO LIKFaS Aa |faz2 | ypedaoexistdithi = | yF
a monoclinic crystal structur@fl]. Typically, the stoichiometry of tHg phase could be written

asAl, sFeSi, AFeSor AlbFeSh [44]. Most researchers have reported a monoclinic structure for

the (4 phase P4,61,67,70,76] with lattice parameters o= 6.18 Ab=6.18 AcT Hndn ! | yR
= 90.2. However a few researchers have also suggested a tetragonal stru@dxd and an

orthorhombic structure 44, 66]. Since, the lattice angle A & yO& anNdhai thd- laitice
parametersaandb are nearly similar, a fewesearchers may have mistakerdgmtified the

monoclinic structure a tetragonal or orthorhombic. Ténadences from this dissertation also

suggesthat the (§ phase is monoclinic.

In the year 19873efaniayet al [67] presented the ranges of theomposition and crystal lattice
parameters for all the prominent intermetallic phases evolving in the Al rich corner of the Al
Si ternary systemThey also present the changes to the composition and lattice parameters of
these phases as a result of hegeatment of the solidified alloy sample.

In the year 2002Gupta et a[68,69] carried out several critically controlled diffusion
experiments with liquid ASi alloy of eutectic composition in contact with solid Gapta claims
use of 99.999 purity meta and 99.95 purity iron. Since description is not involving exact
composition of Al and/o6i of 99.999% purity it could be assumed that both Si and Al are
99.999% pure. Therefore the overall system is almost pure but regarding possible presence of
Mn andCr in the solid iron possibility of formation of cubic phases should not be dismigsed.
diffusion experiments were carried out at several temperatures well over the liquidus
temperature of the Al alloy for several time periods. The samples were sdidither by
guenching or furnace cooling to study the effect of solidification rates. r@fidts show that

there is a marked difference in evolution of the Fe containing intermetallic phases between a
1h and 4h diffusion experiment at aroud@83K {110 °C) [68] as shown byigure3-21.

Further, there is a marked difference in the intermetallic phases existing at room temperature
between samples quenched and furnace cooled from the diffusion experiment temperature
[68], respectively as shown Figure3-22. Another notable feature is the markelifference in

the intermetallic phases between the diffusion experimentd 388K {115°C) (refer to Figure
3-21) and1293K 1020°Q) (refer to Figure3-22) for 4 hours each. These results strongly
suggest that the evolution and stability of theP¢-Si intermetallic phases in the-8I alloys are
significantly sensitive to thmelt temperature and the rate of solidification.
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Average composition of the intermetallic compounds (at.%)

Intermetallic 1 h, 1100 °C, quenched 4 h, 1115 °C, quenched

compound Fe Al Si x Fe Al Si x
Fe(Al, _.Si,)s 23.95 70.61 5.42 0.0712 - - - -
Fes(Al; _ ,Siy)s 27.34 65.06 7.57 0.104 29.35 66.23 442 0.0625
Fe(Al, _.Si,), - - - - - - - -
Fes(Al, _,Si)s - - - - 37.33 51.34 1132 0.18
Fe(Al, _,Siy) 46.36 43.22 10.4 0.194 44.56 43.85 11.58 0.21
Fes (Al _,Siy) 71.69 2733 1.06 0.037 77.25 20.3 245 0.107
™ 39.2 4087 19.56 (Fe,ALSi)

T2 22.89 55.75 21.33 (FeoAlsSiz)

- 32.24 4418 23.55 (FesAlLSi)

T4 15.02 5915 25.70 (Fe,sAlssSizr)

s 202 69.09 10.69 (Fe,AlL;Si)

6 15.07 67.04 17.86 (FeAl,Si)

Ty - - - (FezaAlyoSisg)

To 35.6 35.07 29.31 (FesgAls6Sing)

Ti0 26.73 58.86 14.41 (FL‘zsAl(,()Si[s)

Figure3-21: Effect of time on the Fe based intermetallic phases in the diffusion experiments
by Gupta B8].

=

Intermetallic 4 h, 1020 °C, quenched 4 h, 1020 °C, furnace-cooled

compound Fe Al Si x Fe> Al Si x

Fe(Al, _,Si); 2295 714 5.64 0.073 23.09 7137 5.53 0.072

Fe,(Al, _,Siy)s 28.17 67.42 4.4 0.061 26.55 70.62 2.82 0.038

Fey(Aly _ Siy)s - - - - 38.45 55.92 5.62 0.091

Fe(Al; _,Siy) 45.13 38.62 16.24 0.296 46.45 36.21 17.33 0.3238
4491 42.6 12.48 0226 32.7 50.44 16.84 0.25

Fes(Al, _,Si)) 76.0 18.69 531 0221 76.22 19.89 3.89 0.163

T. . - - - 35.72 41.16 23.12

Tz 23.12 55.04 21.79 20.62 59.76 19.6

T4 15.05 58.9 26.04 - - -

s 202 69.11 10.69 - - -

e 16.31 66.10 17.59 - - -

™ . - - 2478 36.52 38.7

o . - - 36.01 36.13 27.85

o 242 62.45 13.34 . - .

Figure3-22 Effect of the solidification rate after the diffusion experiments by Guz8].

In the year 2002, rother contemporary reviewef the intermetallic phases in the Ale-Si

ternary system wasarried outby Raghavafiv0]. Summary of the phases reviewbg
Raghavaims preented in he Figure3-24. The only discrepancy observed in thigure3-24 was
that the composition of thd} phasecontradicts all the other reported in the literaturélypical
stoichiometry for thel} phase is around\l1:SigFex, [71]. In present work several references
[71,72,73,74,75,76,77,78] were used to identify and confirm the intermetallic phases observed
in the solidified microstructure.
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A notable work cited by Rivlin and Rayn®#][is that of Iglessis7/P] which suggests that in the

ALSi eutectic alloy with 0.24 wt%Fe, theevolves at solidification rates of less than 3 K:in

and there is no evolution of thé phase until above the solidification rate of 3 K.iin

increasing the Fe content in the alloy to 0.5 wt% increasing the critical solidification rate to 300
K.min' and at an Fe content of 0.8 wt% the rate increases to 500 K.niifot much discussion

was pesented of this work by Iglessigd by Rivlin and Rayno24] or by the two other

publications $1,64] who have cited this work7P]. A reason for this lapse in the discussion may
be attributed theanomalousand singular results reported by Iglessi§|[which contradicts the
known phase diagram and solidification paths of thé-&bBi alloy systemFigure3-23(a) and

(b) show the typical results from Iglessi§]|[for the AF1OWt%S+0.25wt%Fe and AlOwt%Si
0.5wt%Fe alloys, respectively; wherein a plot of the eutectic temperature versus square root of
the cooling rate at the eutectic temperature presents the regions of high cooling rates in which
the (" in the figure) phasesipresent in the solidified sample and low cooling rates in which
the 3 (I in the figure) phase is presenlt is notable that theesults of our experiments

presented in this dissertation corroboratke results presented by Iglessi®] as explained by
Rivlin and Rayno2f].
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Figure3-23: Plot of eutectic temperature and cooling rate during solidification of the eutectic

LK aSa aK2oAy3d (KS"NBRFAZKE aNEMBaAaOUKSYRYL I3Sa0
observed in the respective solidified samples. @}10wt%Si0.25wt%Fe and (b) ALO wt%Si

0.5wt%Fe alloys79].

Liu and Chan@p] presented a summary of the intermetallic phases in th&@S&i ernary alloy
system through rigorous thermodynamic models and simulations. Their work is quite
comprehensive and compare well with several experimental observations on the related topics.
One of the major drawbacks of mere thermodynamic models is thatreous behaviours of
solute redistribution during solidification, effect of trace level impurity elements in the alloys on
the resultant intermetallic phases and effect of solidification rates on the phase evolution
would not be fully captured Some oftie results of this dissertatiopresent typical examples

of such differencebetween thethermodynamic modepredictionsand experimental

observatiors. It was found in this work that both the Fe and Si atoms in the liquid Al alloy show
anomalous behavioun their distribution in the melt which leads to evolution of intermetallic
phases that contradict thermodynamic predictions.

29



Composition, at. %

Pearson Space Lattice Parameter,
Phase Al Fe Si Symbol Group nm Reference
Al,Fe,Si; (1)) 25.0 375 375 aPl6 Pl a = 0.46512 1996Yan
b = 0.63261
¢ = 0.7499
a = 101.375°
B = 105923
v = 101.237°
AlLFeSi (753) 50.0 25.0 25.0 (@) Cmma a = 0.7995 1989Ger2
b = 1.5162
c = 15221
Al, ;FeSi, 5 (1) (8) 45.0 16.7 383 24 H/mem a = 0.607 1969Pan
¢ = 0.950
or
oP24 Pbcn a = 0.6061 1995Guel
b = 0.6061
¢ = 0.9525
Al,sFesSis (15) (@) 57.7 23.1 19.2 (h) P6s/mme a = 1.2404 1977Cor
¢ = 2.6223
Al, sFeSi (1) (B) 69.2 15.4 15.4 mC52 A2la a = 0.6161 1994Rom
b = 0.6175
c = 20813
B = 90.42°
Al sFes 55116 (T7) () 63.5 20.5 16.0 (m) a=1.78 1967Mun
b= 1.025
¢ = 0.890
B=132°
Al Fe,Sig (14) 375 25.0 375 mP64 P2,/n a=0.7179 1995Gue2
b = 0.8354
¢ = 1.4455
B = 93.80°
AlyFe,Siy (77) 222 33.3 44 4 0C36 Cmem a = 0.36687 1996Yan
b = 1.2385
c = 10147
Al Fe, 5Si (1) 59.7 25.4 14.9 (h) P6s/mme a = 0.7509 1989Gerl
c = 07594

(0) = orthorhombic; (h) = hexagonal; (m) = monoclinic

Figure3-24: Al-SiFe crystal structure and lattice parameter data compiled BgghavanT0].

In the year2007, Krendelsbergeet al [81] published a comprehensive work on the phase
identification and characterization in the-ReSi ternarysystem by rigorous solidification
experiments using the DTA and characterization usingregy diffraction and SEMEDX
techniques. Most report data in the literature were verified and validate&Kigndelsbergeet
al [81] with addtional newdataas showrin Figure3-25; there are now eleven stable ternary
intermetallic phases in the AeSi system.
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Phase Composition Reference Crystal Structure Data
T Alsp s 45 Fesgs 375 Sig s 415 6 confirming Refs. 4, 5, 18, and 19
Al Fe;Sia 20 P-1, aPl6 a = 0.4651(2) nm, z = 101.38(2) deg
b = 0.6326(2) nm, i = 105.92(2) deg
¢ = 0.7499(3) nm, y = 101.24(2) deg
other names found in the literature: Al;FesSis, K1, D,E,F21 ¢ /2181
Ty Alszg g53 Fejas 205 Siiso 256 6 confirming Refs. 5,9, 10, 18, 19, and 22
AlzFeSi 9 eee mC* a = 1.78(1) nm
b = 1.025(5) nm, f§ = 132 deg
) ¢ = 0.890(5) nm
other names found in the literature: .1 o3 19 5 [7:922.231 ¢ [5:211 A1 Fe,Si,12 181
T3 Alsy s Feaz s a4 5 Siag 5925 6 confirming Ref. 4
Al FeSi 24 Cmma, oC128 a = 0.7995(2) nm
b = 1.5162(6) nm
¢ = 1.5221(6) nm
other names found in the literature: {,B Alj,FeeSis, Ko G521 1, 21 AlgFesSis, P F2U 1,123
T4 Alyss sq Fess 165 Sizos ag 6 confirming Refs. 4, 5, and 25
Al;FeSi, 26 A/mem, 1124, GaPds a = 0.607 nm
¢ = 0950 m
other names found in the literature: 8371021 g, ¥ *,"']2] AP AL FeSi;, P2 Al SFeSi, 427
Ts A](.,g_72 Ff]g_]g\j Si]()_]zj 0 C()ﬂﬁn'ﬂing Refs. 5,12, 18, 19, 22, and 28
Al 4FesSi 29 P6s/mimc, hP(244-7.4) a = 12404(1) nm
c = 2,0234(2[) nm
other names found in the literature: B K ¥ ¢ [1112:22.291 o) D01 5211 A1 FelSis 27 Al Fe,Sil!8-30
T6 A](-,4A5_(-,7A5 FelS.S—lb.S Si]7_]9 [ C()nﬁl"l'ﬂing Refs. 5, 12, 18, 19, 22, 28, 31, and 32
Aly sFeSi 33 C2le, mC52 a = 2.0813(6) nm
b = 0.6175(3) nm, i = 90.42(3) deg
¢ = 0.6161(3) nm
other names found in the literature: X, Kf,,w /L”‘““ 112221 15210 A]gFezSiz,m AhFeSi“g]
7 Alsgs 457 Fear s oa5 Slazg 363 6 confirming Refs. 4, 5, 18, and 34
AlsFe-Sis 34 P2y /n, mP64 a = 0.7179(2) nm
b = 0.8354(2) nm, i = 93.80(2) deg
¢ = 14455(4) nm
other names found in the literature: {7 K3, 73,10 B2 AlgFesSis, P! 155,23 AlgFe Siq, w527
T8 Al 286 Fearo 220 Sizos 4 6 or AlygFeSing!™ or AlyFesSird'™
Al,Fe;Siy 20 Cmem, 0C48 a = 0.3669(2) nm
b = 1.2385(7) nm
¢ = 1.0147(5) nm
other names found in the literature: €521 ¢/B7
Ti0 Alsz_so Fepy o5 Sigis 6 or Alb(JFEZSSiIS[S] or A]Si)—h}FeZd—Z?Si]}—Mlm]
this work hexagonal a = 1.5518(2) nm
= 0.7297(1) nm
other names found in the literature: F.” 153,12 AlFe, 581, 7 <27 AlgFe,Siy®
™m Algae.5 Feaq 25 Sio s 1 6
AlFe, 5S1 16 P6s/mimc, hP28, Co,Als a = 0.7509(3) nm

other names found in the literature

.
: {.PF (high-temp. modification) ! AlsFe,Sil®

0.7594(3) nm

Figure3-25: Comprehensive list of théernary intermetallic phases in the AEe-Si system
developed by Kendelsbergeret al [81].

In the year 2008Du et al 82] presented a comprehensive understanding of Hudidification
phases evolving in the A&leSi system through rigorous thermodynamic modeling using the

CALPHAD approach. They have verified and validate several stable equilibrium intermetallic

phases in the literature that were proposed through expennmse

31



In the year 2004Bosselekt al B3] followed by Roger et a8f] in the year 2011 presented a
comprehensive understanding of the temperature ranges at which the various ternary
intermetallic phases are stable in the liquid and solid alloy samplesir Whrk B3,84] presents
the maximum temperature at which each temyaintermetallic phase are stable solid phases
and further, present the solid state transformations among these ternary intermetallic phases
at various temperaturesFigure3-26 presents the findings dBosselett al [B3].

Compose Domaine Symmeétrie, structure, Température  Réfeérences.
et formule d'existence a parametres de maille (nm) de commentaires
approchée 1000 K décomposition
(at%) (K)
tl-9 Fe: 36.5-37.5 Triclinique, P-1. a = 0465: 1323 [14]

AlLFe;Si;  Si: 185415 b=0.633: ¢ = 0.750. o= 101.4°:
B=1059°:y=1012°

= Fe: 19.5-20,5 Monoclinique, a=1.78 : b=1,025: 1213 [15]
Al FeSi Si: 15.2-25.6  ¢=0.890:p=132°
3 Fe: 23.5-245  Orthorhombique, Cmima 1208 [16]
AlFeSi Si:20.5-22.5 a=0.799:b=1.516:c=1.522
4=90 Fe: 15.5-16,5 Quadratique, I4/mcm 1138 [17]
AlsFeSi, Si: 30.5-38 a=0.6061:c=0.9525
Orthorhombic, Pben Surstructure
a=10.6061 :b=10.6061:c=0.9525 [17]
15 =0=o0; Fe:l8-19.5 Hexagonal, P63/mme 1128 [18]
Al Fe,Si St 10-12.5 a=1.2404:¢=2.6234
=0 Fe: 15.5-16,5 Monoclinique, 42/a 940+5 [15.19]
Al ;FeSi Si: 17-19 a=10.616:b=0.617:c=2.081:
(vers 873K) (=904°
t7 Fe:23.,5-24.,5  Monoclinique, P2;/n, - [20]
AlFe,Si;  Si:27.8-36.3 a = 0.718: b= 0.835: ¢ = 1.445;
F=93.8°
8 Fe: 31.9-32.9  Orthorhombique, Cmicm - [14]
AlFe;Si;  Si139.543  a=0367:b=1238:c=1015
t10 Fe: 24-25 Orthorhombique 1050 (présent travail)
.&191:64S13 Si: 17-18
tll Fe: 24-25 Hexagonal, P6;/mmc Td = 1150 confondu avec
AlsFe,Si Si: 9.5-11 a=0751 :c=0.755 710 dans [21]

Figure3-26: Composition, sructure and gability temperature limitsfor Al-SiFe ternary
intermetallic phases $ource 83].

The data irFigure3-26relays a critical message in that, when theSAhlloys are prepared
commercially, Fe is an unavoidable impurity which exists as dissolved element in the primary Al
phase, or as binary or ternary intermetallic phases in the solidified Al ingot used as ra

material. Westenger{55|, Liu and Dunlopbf3] and Skjerped6] individuallydemonstrated that
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there several stablé-e containing intermetallic phases (binary and ternary) in a commercial

pure Al ingot as shown Higure3-17. The ASSi alloy in the industry made from Al ingots

contains a range of Fe based intermetallic phases. The most common phases in the commercial
purity Al ingot arehe binary‘ -AlisFe, or the § ternary AlFeSi phase. According Rivlin and

Raynor 24] the * -Al;3Fe, remains as stable solid phase in the melt ubi67K (194°C)and
Figure3-26, the (} ternary AlFe-Si phasés stable until 1128 K (85%) which would mean that

these phases could exist aftecammercialAl-Si castinglloy isprepared and influencéhe

preferential nucleation of certain ternary intermetallic phases over othiensngthe casting,

leading to anomalous deviations from thermodynamic model predictions.

Additionally, the cooling rate during solidification of theR&Si alloys significantly influence

the intermetallic phases found in the final solidified structure. Gregeal 61] prepared

specific compositions of the ternary-Ré&Si system and solidified them at various cooling rates
to show the variations in the phases obtained in the end sample as shokgure3-27.

Griger et al prepared different alloys with different techniques : atomization for fast cooling
rates, mechanical alloying for certain compositions since geaimiques are different from
regular casting it highly possible to get different intermetallic phases than comparing with
regular cast alloys with same compositiovioung and Clyn&%] carried out similar

experiments with binary AfFe alloys and reportethe influence of cooling rate during
solidification on the final solidified intermetallic phase as showRigure3-28.

Phase field ~ Composition (%) Cooling rate (*°Cs™ %)
Fe Si Fe/Si <10 100 500 1000 10* 10%
al-Al 0.9 0.25 3.6 As(Ag) - - - -
0.5 0.2 2.5 Ol e e - - e
0.5 0.5 1.0 R - - - - -
0.2 0.2 1.0 oo - - - - ~
0.5 1.0 0.5 [§ - nd. - n.d.
] 10.9 L7 0.4 — - - Ay +Si Ol =+ Oy o
10.0 2.0 50 - % 1+ Az o, - -
104 22 47 - o + Az o+ Ay o + (o) - -
7.6 2.1 3.5 - - - - - o
8.6 25 34 Ay +o, - - - - -
7.5 24 3.0 - O + A d + As e - -
33 1.1 3.0 As + o, - - - -
52 19 27 o+ As - - - - -
4.3 5.0 0.8 oy -+ o - - -
% 7.0 13.6 0.5 g+ Si - - - -
5.0 9.7 05 B+ i - - - - -
5.0 12.0 0.4 - - - - 8+B+Si Si+6+9p
B 1.5 9.2 0.2 B+ Si - - - - -

o, B and 8, -, B- and &-AlFeSy, respectively; ., cubic; . hexagonal.

Figure3-27: Formation of A-FeSi intermetallic phases as a function of Fe and Si contents and
cooling rateduring solidification[61].
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Figure3-28: Approximate cooling rate regimes for formation of the differefttinary AlFe
intermetallic phasesin hypoeutectic AlFe alloyd85].

Superheat effect upon AteSi intermetallic phases was investigated by Awano and Shimizu

[86] . Awano and Shimizu showed clear transition betwegrase through two phase region

to) phase region of ABiFe and ASiFeMg alloys depending on superheat. For same

composition at different superheats Awano and Shimizu observed mostly script like phases for

high superheat and plate like phases for drsaperheat. Effect was observed for different Si
concentrations from 6 to 22 wt986]. In pure alloy cast from 99.9999% Si and Al and 99.99 %

Fe two phases werebserved at all superheats. Duration of melt holding time or casting under
vacuum ruled out gas dissolution or oxides as source of the change. Phase identification

showed compositions which did not resemiisor ( phases, despite that Awano and Shimizu

cdled these phases andi . Xray diffraction of appropriate alloys identified phase called T

referenced to 1952 phase reference which now days is obsolete. No identificatioh furase

through XRay diffraction was made. Awano and Shimizu called sorperities responsible for

a change in the phases. Cooling rate was also mentioned tofavo2qBia G 022t Ay 3 Tl
FYyR aft2¢ Tl O2NR | & ¢KAa&a LI LISNI Aa y20 LINBaSyaa
reflects change in cooling rate. Abiltty change phases in cast alloy by superheat is important

fact to be mentioned in discussion part of this thesis.

In summary, the literature on the subject of the intermetallic phases in thHgiAé ternary

system, specifically, the Al rich corner of thestem presents a comprehensive and valid list of
all the intermetallic phases that evolve during solidification under near equilibrium conditions.
However, there is very little information presented on the identification of the intermetallic
phases inthe pure AlStFe system with the Si ranges between 3 and 12.5 wt% and Fe between
0 and 1 wt%, and the effect of the cooling rate during solidification and the effect of initial
superheat temperature of the melt above the respective liquidus temperaturtherevolution

of the intermetallic phases. A large number of researches have been carried out on the
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commercial purity ABi alloy system where the nature and formation of the intermetallic
phases during solidification is significantly affected by theamalloying elements in the alloys
such as Mg, Ti, Sr and transition elements. It is the aim of this dissertation to address the
abovementioned lack of detailed information in the literature to enable a better
understanding of the commercially importaAtSi hypoeutectic alloys.

3.3 MODIFICATION OF EUTECPHASES BYADDITION

Modificationof the morphology of the eutectic Si phase in commercial hypoeutédiBicast

alloys by addition of NaCl and/@al; waspatented by Pazin 1921[26]. Since thenthere tas
been a significantly number of publications in the literature about the methods and
mechanisms of the morphological modification of the eutectic Si phase {|kat® fibrous) by
trace level additions of several elemerstisch as Sr, Na, Yb, Y, La, Ce, etc.,
[2,16,17,30,31,32,33)]. Several contradictintheorieshave been presented from nearly a

century of research on the topic of modification of the Si phase, among these there are-four in
depth literature reviews o this topic[16,29,30,34]. Among these,le review byMakhlouf et al

[30] is the most comprehensive

In the year 1924Edwards and veher[87] first proposed that when trace levels of Na is added
to the melt, there is a significant undercooling of about 5 K or greater below the eutectic
temperatureduring the evolution of the eutectic phases in theSAbinary alloys. In the year
1984, Hanna and L2T] presented the liquidus and eutectic temperatures fioe binary AlSi
alloys with an without Sr modification, for a range of 1 to 25wt% Si in them, as shdwgune
3-29; wherein it can be observed that during the ¢iog of the alloys, the Snodified alloys
shows marked undercooling of the eutectic temperature which was absent during the heating
process. This shows that Sr addition alters the evolution of the eutectic phases during
solidification and not during thee-melting of the alloy thereby confirming that the lower
eutectic temperatures are not an artifact of the ternary3Sr alloy systemOther

publications 88,89,90] also validate and quantify the marked undercooling of the eutectic
temperature in the AS alloys because of trace level addition of a modifying element such as
Sr.

Liquidus °C Eutectic °C
Composition Normal Modified Normal Modified
Wt Pct Si (Cooling Only) Cooling Heating Cooling Heating
1.94 647.5 647.5 574.2 577.3 568.0 576.3
3.95 632.0 632.0 573.8 577.8 566.4 576.3
6.35 618.5 617.0 574.7 578.0 569.0 578.0
8.08 605.0 605.0 575.2 571.0 568.8 576.0
10.91 588.5 588.0 577.0 579.6 571.4 578.0
12.0 579.0 580.0 576.6 579.0 568.5 577.8
12.60 — 575.5 574.4 578.5 571.0 5717.1
13.78 588.0 580.0 576.2 578.4 573.0 577.0
14.56 599.0 585.0 5773 579.8 572.0 577.1
16.22 623.0 613.0 576.5 578.3 570.0 571.5
18.00 646.0 636.0 575.5 — 569.4 578.0
19.24 664.0 659.0 575.5 578.0 569.0 578.0
21.0 692.0 682.0 574.3 — 568.0 —
23.0 715.0 709.0 574.0 578.0 569.1 577.0
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Figure3-29: Liquidus and eutectic temperatures obtained by thermataysisfor unmodified
and Srmodified Al-Si alloys for boththe solidification and remelting at4 K/min [27].

In the year 2011, Srirangam et[fl] presented a very concise and comprehensive discussion
on the effect of Saddition on the morphological changes to the eutectic phases in the
commercially imporint AFSi hypoeutectic alloysModification of eutectic Si by addition of Sr

or Na vas studied by many researchgfis},15,17,92,93,94,95,96,97,98,99,100,101]; the

proposed theories and mechanisms are contradictive. There is no consensus on the how Sr
addition modifies eutectic SiSrirangam et al91] proposed that Sr breaks-Si clusters in the

melt thereby changinghe nucleation of eutectic Si during eutectic reaction through changes in
the physical properties of the melt suchascosity and interfacial energy. Since clustersaare
essential stage in the processlaimogeneous nucleatigrdelay in cluster formation would

delay nucleation of eutectic Sigthyed nucleation will lead to excessive amount of
undercooling. Thall andChalmers102] proposed that interfacial energshange is responsible

for change in morphology of eutectic phases. Gayé},[Gwyer §7] and Rothery39]

proposed similar theories for modification by Na and Sr elements based upon change in the
surface energy in the liquid. No experimental data relating Sr addition to liquid properties was
obtained duingthe 1970-s,80-s or 90s. The ability of Sr additioto limit S phase growth was
among other explanations of eutectic Si modificati@id,$2,93] proposed since the 1978

Another proposed mechanism wés®e inhibition of nucleation sites (oxides, phosphorous) by Sr
[91¢95,101]. Such theoriesouldnot explainthe refinement of eutectic Al observed by Shankar
et al [17]. An additional experimental outcomabserved in this project shows that addition of
trace level of Sr to the /i alloys significantly altered the nature of the Fe bearing intermetallic
phases thereby altering the heterogeneous nucleation sites for the eutectic Si phase during
solidificaton. The details of these observations are presented in the results and conclusions
chapter of this dissertation.

Bian et al. 103 reportedthat based upon scattering data frothe liquid melt, the atomic
structure of A{Si eutectic melt changes withe addition of SrMalik [104] showed that the
addition of Smalsochanges the melt viscosity tife AlSialloys.

The mechanism of Sr modification presented by Shankar &7phpd later by Srirangam et al
[91] where the effect of Sr alténgthe nucleation environment of the eutectic Si phase in the
interdendritic alloy mé during solidification seems to lthe more agreeablexplanation
coupledwith the observed experimental evidences. The earlier theb®p|[that the
morphological modification of the eutectic Si is attributed solely to the induced multiple
twinning by abms of Sr interfering with the growth ledges of the Si phase does not validate
several experimental observations. For example, there is an observed undercooling in the
nucleation temperature of the eutectic phases in the alloys modified with tedements are

not explained by the latter theory.

In the year 1957,Plumb and Led96] used radioactive Naddition to the AISi alloy and
found thatthe atoms ofNa resides ithe primaryAl phase in the solidified samplé&recent
work by Siemenseret al[107] used the nanoSIMS technology to confirm the work by Plumb

36



andLewis[106] and suggested that the modifying elements such as Na, Ca and Sr segregated in
different phases in the solidified microstructure of the®ilalloys and further suggested that

the mechanism of modification of the eutectic Si phase by each of these elements could be
significantly different from each other. Rad work by Timpel et 48] showedthat there are

two types of Sr segregatidan the AtSi alloys; e isthe elementalsegregation andhe other in

the form of cylindricalALSpSrintermetallic phase The elementasegregation isuggested as

beingNB A L2y aAotS F2NJ aSyOF Lladz I GAy 3¢ 328, whildzi SOG A C
Al-SiSrintermetallic phase occupies tH&11} sacking falt growth steps andniduce twinning

in the eutectic Si.

Samuel et al]08] have discoveredestabilization of -Al-SiFe((3) by Sr modificatiorand Cao
and Campbel[109] reported morphologicakhanges inhS O dzotari®etallicphases
(Ahs(FeMn}Sp and Als(FeCrSip) due to addition of Sr to the i commercial alloy. Kumaai
al [110] reportedthe refinement ofthe i -AlSiFephase morphology due to Sr addition to the
commercial ASi alloy, LM25Eidhed 111] reported that Sraddition to a commercial Ai die
casting alloynitigates the evolution of thé-Al-SiFe(($) and promotes the evolution of the
cubich -Al(Fe,CrSi phase in the solidified structure and theabvolume fraction of the
intermetallicphases in the solidified stricture reduces.

Han et al $0] carried out directional solidification experiments on the7&#0.9Fe alloy
containing 0.03 wt%Sr in them and found that the evolution ofith&-SiFe (§) is mitigated
and the evolutiorof the -Al-SiFe (1) is promoted. It is notable that both the )sandt (1)
havea similar platelike morphologiesvhich would be indiscernible when viewed in the
microstructureas shown byigure3-14 and Figure3-15. Further, theauthors p0] state that
the presence and volume fraction of the 3)dandt ({) intermetallic phases in the solidified
microstructure changes with the growth velocity during directional solidificatidra low
growth velocity of 4 mmmin™, thei (})exists in the microstructure while htghgrowth
velocity of 30 mm.mifl, thei ()adoes not exist while the (() exists The aithors[50]
presentthe results of theX-ray diffractionexperiments shown ifrigure3-30to substantiate
their daim.
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Figure3-30: X-ray diffraction spectra of directionally solidified Al7$i.9Fe alloysvith 0.03
wt%Srat growth rates of 4 and 30 mm/ming0].

In summary, the background literature strongly suggest that the addition of Sr to tH&i Alloys
impacts theatomic arrangement in the melt in addition to change in tia#ure and evolubn

of the Fe based intermetallic phases during solidification and the work presented in this
dissertation would present further evidens® support this observationThe priorart in the
literature solely discussion on the anomalous clustering of atontisa liquid AlSiFe alloy
system will be presented in the subsequent section to further understand the heredity of the
liquid structure during solidification of these alloys and its influence on the evolution of the
intermetallic phases.

3.4 ATomMIcQUSTERING! LOUIDAI-S ANDAI-Fe SYSTEMS

Liquics have no long range symmetrical orderiasolidwhich have specific long rangeystal
structure. Short range atomic arrangememtdiquid metallic systemwith inter atomic bonds

which differ in strenth depending on chemical elements are called clusters. Clusters are crucial
for liquid properties and change in the cluster structemldbe attributed to changes in the

phase evolution during solidification

First reported observation aflusters in ligid metalswas byEgelstaff112] in 1962through
Neutronscatteringexperiments of metallitiquids. The @ordination numbemwhich is
evaluated from the scattering experiments of the liquids indicates the average nuohber
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closest neighbourto a specifiatom. Short range order is typical for liquid with no repeatable
structure as found in therystalline solidsElliot fL13] considered 0.20.5 nmsize of atomic
clusters ashort range0.5-2 nmasmedium range angreater than2nmaslong range ordes

in the liquid state Structure factors calculated from scattering data obtained fror28%Sn
alloy by Xafang et al 114 is shown in

Figure3-31; pre-peak observed at 045 nmi'is indicative ot medium range order. This
medium rangeorder peak was attributed by Xafig et al £14] to formation of chemical
compounds or clusters composed of two different elemehtdzigure3-31, the ordering in the
liquid is function of the temperature anthe observed medium range ordéstally disappears
at temperature overl300°C.
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Figure3-31: Scattering factors obtained from C23%Sn alloystalifferent temperatures

[114

Relatiorship betweenthe change in the order to the physical propertieaild be illustrated by
abnormal changgin the melt viscosity asshown inFigure3-32[114]. The viscosity
measurements shown iRigure3-32is for the same alloy (E28%Sn) shown iRigure3-31;
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anomalouschange in the viscosity of the liquid alloy is ctated with loss of the medium

range orderingat high temperaturesClusters comprisingf atoms ofsametype usually have
weaker metallic bondsifl4]. Clusters coprisingof different atom species could typicaftyrm

with stronger bond of the covalent type.It is notable that the amount and type of clusters
existing at the initial temperatures prior to the solidification of an alloy is critical to the type of
phases evolving during the solidification; initial temperature plays a critical role determining the
nature and stability of the clusters in a liquid alloy melt.
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Figure3-32: Viscosity of Ci23%Sn alloy at different temperatures 4]

In this project, thalifference of 100 K (998nd 1093 K) in the initigiemperature of the AlSiFe
alloy melt played a significant role in altering the nature and type of the Fe bearing intermetallic
phases evolved during solidification.

3.4.1 Clusterdn the liquid Al-SiFe alloysystem

There is no experimental data ftre ternary AlSiFe system desdring clustering phenomena
and liquid structure However, there are ample evidence of anomalous clustering phenomena
in the binary AlSi, AlFe and F&i systems, independentlyt is notable that here isa marked
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difference betweerthe liquid structureand clustersn the liquids; the lusters are defined as
agglomerate®of atomswith inter-atomic bonds stronger than those found in the liquid
solution. However there is no general agraent on definition of cluster.

In 2001 Yurkevich 139 performeda series of density measurementstime molten AlSi alloys
with Si concentratiorbetween 0.2 and 1.2 wt%; thénange in the density as function of
temperature and Si concentration is showrFigure3-33, wherein theStAl bonds were
described as donor acceptor bondgwSi accepting electrodonated by the Al Five zones
with different micro segregations were identifi¢ti39 asshown inFigure3-34 (a); Gibbs free
energy of the alloy for all the proposed bond configurations were calculated as shdwguie
3-34(b).
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Figure3-33: Change in the density as function of temperature afidconcentration for Al (1)
0.2,(2) 0.4 and (3) 0.6 wt% Si molten alldy3p]

Figure3-34 shows that the Gibb&ee energy of the alloy is in direct relation with type of

atomic microsegregations and bond typensequences of change of free energy of the alloy

are changein the stability of thenuclei, driving force for phase formation aptasestability.
Reported structural transformation of the -8l microsegregations are related to changes in
stability of certain caofiguration at given temperaturel[39].

IN2002L f QAY a1 AA SG |t LldzdHe KgaikaGAe and BiF2 systeinsl] a
[115116]. In their works[115116], both theoretical calculations based ¢ime model of micre
inhomogeneous structurand experimentalX-Ray scattering data wer@mbinedto state that
in both the Fe-Si and AFeliquid alloysystemghere arestable configurationsf atomic
clustersin the liquid an example are thEeAl and FgAlatomic clustergound inthe liquid at
appropriate compositionslfl6] as shown irFigure3-35.
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Figure3-35: X-Ray scattering data from Afre alloys line; experimental data and circles are

calculated at 1820 K1[16].
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In the AlFe system115], pre peakbservedaround 0.1nn the medium range order similar
to those observed byifuang et al114] in the Cu23%Sn alloy; thenspe and intensity changes
in this pre peak indicate changm the cluster configuration. Similatata obtained in F&i
system [L16] presentspre peaks at 0.15 nthas shown irFigure3-36; sructures attributed b
this prepeakare Fe,Si, FeSi and R8i It also was mentionedl[L5| that typically the average
composition of the atomiclasters observed ithe liquid do not have a direct coetation to the
stoichiometry of the intermetallic phases evolved during solidification of the liquid

In 2001 Li at al 117] conducted calculation of cluster behavior inFd alloy. Li et alL[L7]
proposed existence of several cluster configurations in the ligaidhown irFigure3-37.
Existenceof severatypes ofco-existing clusteconfiguratiors in the alloy melvas proposed
and there was a varying amount of each atomic cluster type in the melt at any given
temperature [117)].

43



I{Q), el. units

Figure3-36: Experimental Xray scattering intensity functions of Fgi liquid alloys at 1550 C
[115.
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Figure3-37: configuration of atomic pairs in AFe alloy L17]

It was reported by Kanibolotsky et 411[g that the enthalpy of mixing in ABtFe liquid system

is exothermic witha calorificationof up to-35 kJ/mol. Such behaviour of the system has been
related to strong bondingendenciesbetweenthe pairs ofAl-Fe and Skeatomsand formation

of binary Sie clusters. Kanibolotsky et allg| showed thatexpaimental results

demonstrated alependence of enthalpy of mixing on concentration of the mixed elements but
it was stressed that $ie interaction determinethe thermodynamics othe ALSiFe system.

Yu et al 119 showed higher energy of activation forffdision of Fe in a liquid Al compared to
other impurities seeas shown irFigure3-38.
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Figure3-38: Activation energyfor diffusion of impurities in liquid Al £19]
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Bian et al 120] reportedthe existence of anomalousedium range aer in the liquid AFe
alloy and these atomiorder disappeagd at high melt temperatures of greater than 1700 K
Change irthe liquid atomicordering was related to change tihe morphology of AFe phases
in solidified samplesBian et al 120] mentioned thatanomalousclusters are AkFe, but no
meaningfulproof of that hal been presented. Considering other workkd4,116 clusters
should be of thd=eAls type but in general Bian did not present sufficient datagtment to
substantiateany specificcluster configuration.

JingXianget al [L12]] reported that in theAlFeCe systenthere is anincrease of icosahedral
short rangeatomicorder with addition of CeReverse Monte Carlo simulation was performed
on the liquid scattering dat@o match experimerdl results andtiwas confirmed 121] that the
liquid AlFe-Ce alloy have abnormal (comparedAlFe) structuring order Addition of Ce
promotes icosahedral orderirgnd thusreduaes thenumber of otheratomicconfigurations
presentin the liquid Tanaka [L22] proposed that local icosahedral ordering acts against
crystallization from supecooled melts and promotes glakgmation. Formation of local
icosahedral structures reduces the Gibbs fe®ergy difference between the supercooled
liquid and crystaland also increasebe liquidg cluster interfacial energy; 1, which makes
crystallization more difficult]22). Ce is known to modify eutectic Si similar to1J in the
Al-Si alloyhowever, it less effectivehan Sr.

Isono et al 135 showed clear dependence of diffusion of Fe in the liquid Al both by
experimental data and theoretical calculations. In their wdr89 diffusion experiments were
conducted at conditions were convective curremghe solidifying melt were absent
Comparison between diffusion of Cu and Fédgunid Al (Cu was taken a benchmark) showed 3
times slowerdiffusionof Fe compared to Cu; however, basgtithe 9 Ay A G SAy Q& NBf | G A
diffusion it should be almost equal. Isono et EHY attributed it to the formation ofanomalous
clustersleading tolower mobility of the Fe ithe liquid Al. Gebhard et al132] have reported
higher in viscosity of Afe alloys which was explained by cluster formation similartitad
observed by Xiufang et H114] in the Cu23%Sn allayiscosity of the alloy e direct indicator
of the nucleus stabilityn the liquid; herefore any changsin the viscosity care attributed to
achangein the stability of certain nucleting phase favoring formation of specific phases
during solidification

In summary, it is notable that there are several evidences in the background literature to
suggest that anomalous clustering of atoms (both like and dislike pairs) occur in thestapeid

of the AlSiFe alloy system, especially in the Al rich corner of the phase diagram. Considering a
hypothetical case of a solidification front moving into the liquid phase of €@ alloy rich in
Al, typically, there would be a rejection ofdlsolute atoms of Fe and Si ahead of the growing
primary Al phase. The extent of the rejection would be governed by the partition ratio of the
respective atom type in the alloy composition; that for Fe being significantly lower than Si.
Hence, the rejeabn of Fe atoms would be more pronounced than the Si counterparts.
Additionally, the extent of solute rejection increases with decreasing cooling rate of the liquid
phase during solidification. The solute atoms of Fe and Si rejected ahead of thecgotd/li
interface would be transported into the liquid phase by two prominent mechanisms: diffusion

46



and convection. Typically, during solidification, the diffusion mechanism is instantaneous and
spontaneous, however, natural convection driven by thermal égewlsity gradients in the liquid

is sluggish in the beginning and increases with time of solidificati®4.[ The velocity of the

liquid stream due to natural convection will be higher for slower cooling rates during
solidification. Thermodynamic modeliagd simulations of phase diagrams based on

equilibrium and SchefBulliver assumption of solute redistribution in alloys consider the Gibbs
Free energy diagrams of the phases which incorporates the solute redistribution fields ahead of
the growing dendrite and predicts the nucleation of stable phases during solidification

favoured by the lowest free energy in the system. However, these models fail to incorporate
anomalous behaviour of atoms in the liquid alloys which will significantly alter the freg@gner
curves of the system during solidification. In case of thee8i, the only intermetallic phase
predicted to evolve for the AtSiyFe (x=2 to 15wt% and y=0 to 0.8wt%) is ihalFeSh for

both the equilibrium and Schetulliver assumption of safe redistribution during solidification

as typically shown by thigure3-4. Thel§ phase is characterized by a typical ratio of Fe:Si as
approximately 1:1. However, if there were anomalous clusters of any combination of Al,Si and
Fe atoms in the liquid ahead of the solidifying primary Al phase, as amply substantiated in the
backgrounditerature and additionally, if the diffusion of the Fe atoms into the liquid is more
than three times slower than that assumed by the thermodynamic models, then there would be
a significant difference in the actual map of the Gibbs free energy in thiel ladnead of the
solid/liquid interface which may favourably present the lowest free energy to an entirely
different intermetallic phase than that modelled and predicted. Isono et 3#[showed that

the Fe atoms in the liquid Ae alloy is typically surrounded by 15 Al atoms resulting in an
anomalously reduced diffusion of the Fe in the liquid leading to an anomalously higher viscosity
of same. fithis were to occur in the Ate Si alloy melts as well, then two situations will occur:
firstly, there would be a higher concentration of the Fe atoms ahead of the kglid!

interface during solidification and secondly the effect of natural convedtianhigher viscous

liquid would be decreased. This situation will lead to a higher ratio of Fe:Si atoms ahead of the
solid/liquid interface which may result in the evolution of a differenfaiSiintermetallic

phase such as theg-Al8Fe2Sivhich wouldbe an anomalous occurrence. It will be later shown
Ay (GKS NBadz (Ga 2phasé itk ahighaNPesSiSdlididods Kviolve pribki®the_
_c LKIFIAS gAGK F CSY{A NIXYdA2 2F dzyAdGeo CdzNIi K S
atomsin the liquid could also lead to the initial formation of the binaryF&Iphase albeit the
presence of the Si atoms in the liquid if the free energy of such a phase is the lowest at any
temperature during solidification. Similar anomalous clusteringheffe and Si atoms are also
confirmed in the Fe&Si system as presented earlier in this section. This would possibly lead to
further deviation from the prediction of the nature of intermetallic phases evolves during
solidification of the AFeSi liquids.

It is notable that there has not been any prior art in evaluating the liquid structure and
clustering tendencies in the AliFe ternary alloy system, as yet. Hence, it can only be
hypothesized based on the anomalous clustering tendencies shown intlal 8+Si, AlFe and
FeSi binary system, individually that such anomalies could be expected in the terra@BAl
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system as well which will lead to evolution of unpredictable solid phases during solidification of
these alloys.

The background literaturalso suggests that clusters present in the liquid state at a high
temperature with specific composition of atoms from the various elements in the alloys does
not necessitate that these atom compositions will be reflected in the stable solid nucleus that
ewlves during solidification. It can be safely suggested that the location of such clusters in the
liquid presents favourable sites with energy states lower than the surrounding homogeneous
liquid and hence, could act as a potent site on which nucleatidheonew solid phase may

take place. The initial atom composition of the clusters in the liquid state may have an
influence on the final composition of the solid nucleus. However, in the case of amorphous or
glassy metals, the anomalous clusters of asamcaptured with their original atomic

composition and retained at room temperature without any nucleation event for a solid phase
during the cooling process.
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CHAPTER 4.0BJECTIVESND PROJECT PLAN

The background literature on the nature and evolution of the &sdldl intermetallic phases in

the ALSi hypoeutectic casting alloy strongly suggests that there is several information critical to
our comprehensive understanding of the subject matter that are missing. The motivation to
carry out this project work is twinlds: (1) to better understand the solidification conditions

that lead to the evolution of specific Fe based intermetallic phases in the Al rich corner of the
Al-StFe system with a range of 2 to 12.5 wt% Si @)do better understand the role of trace
additions of Sr to the alloy melt on the nature and morphology of the Fe based intermetallic
phases in these alloys. With this motivation the objectives are proposed for this research
project.

4.1 OBJECTIVES

1. Quantify crystallographic and morphologichiaracteristics of near equilibrium and non
equilibrium intermetallic phases evolved during the solidification ebiAlypoeutectic
casting alloys while studying the effects of the following independent parameters.

a. Variations in the compositional leved$ Si and Fe.
b. Superheat of the alloy melt above the respective liquidus temperature.
c. Cooling rate during solidification.

2. Evaluate the effect afrace levels of Sr additiorah the characteristics dhe
intermetallic phases present in the high purity@dFe alloys.

4.2 PROJECT PLAN

The objectives of this project mentioned above entail solidification experiments to be carried
out with a variety of independent parameters maintained at several levels. The alloys prepared
were of high purity and the followingdependent parameters were considered for this study.

1. SiConcentratio, about 2, 4,5,7,9, 11&nd12.5 (eutecticwt%.

2. Fe Concentratio®, about 0.05, 0.15, 0.25, 0&nd0.8wt%

3. Cooling Rates During Solidification for the liquid pt#gaabout 0.0170.1, 0.8, 5 and 50
Ks—l

4. Liquid alloy superheat above liquidus temperatéyeabout 60, 100 and 200 K

The above mentioned levets the independent parameterdid not deviate more thar0.25
wt%s of the targeted valuesSeveral combinations of the leveltthe independent
parameters were used in the experiments. These combinations stemmed from the ongoing
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observation of the results from previous experiments to enable explanation of certain specific
observed phenomenon in the results.

The combinations ahe independent parameters used in this study is presentebaibles-1

Table4-1: Combination of independent parametsrused in this study.

Parameter Levels
Si (Wt%) 2 4 5 7 9 11.5 12.5
0.05, 0.15, 0.05,
Fe (wt%) 0.25 0.25 0.25 0.25, 0.5 0.25 0.25 0.25, 0.5
and0.8 and1
Sr (Wt%) 0 0 0 0and0.02 0 0 0 and
0.02
0.017, 0.1,

Cooling 0.10.8,5 0.8,5 0.8,5 0.8,5 08,5 0.1,0.8,

Rate (6") and50 and50 and 50 0'8’5‘2 a4 and50  and50 5 and 50
Liquid

Alloy 60, 100

Superheat 200 200 200 and 200 200 200 200
(K)

Figure4-1 presents a schematic graphical representation of the experiment matrix with the
independent parameters for the solidification experiments with a minimum initial liquid alloy
temperature of 1@3 K (820C) and held for a minimum of two hours isothermally prior to
solidification. Figure4-1 (a), (b) and (c) are for the-8kFe system ané&igure4-1 (d) is for the
Al-StFe Sr system. Each point showrFigure4-1is a solidificabn experiment and there were
at least tworepetitions of the experiments shown Figure4-1 (b) to ensure repeatability and
reproducibility of the resultsA totalof 47 and 13 different solidification experiments were
carried out for the AlStFe and ABtFe Sr alloy systems, respectively.
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Figure4-1: Schematic representations of the experimental matrix with the independent
parameters used in this study. The initial alloy temperature was a minimum of 1093 K (820
°C) and held for a minimum of two hours isothermally prior to solidification. (a) pldt o
concentrations of Svs. cooling rate during solidification for A{S+0.25Fe system(b) plot of
concentration of Svs. Fe concentrations in the AiStyFe system(c) plot of concentration of
Fe vs. cooling rate for a AIStyFe systemand (d) plot of concentration of Fe vs. cooling rate
for a AF7StyFe0.02Sr system
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The dependant variables in the solidificatiexperiments were the observations in the
microscopes (optical and electron), composition of solidified phases measured with Energy
Dispersive ;RaySpectroscopyEDX) in Scanning Electron Microscope (SEM), crystal structure
of the phases by the techniqué@s a Transmission electron Microscope (TEM), ainayX
diffraction data obtained from Cu land high energy synchrotron radiation, respectively.

A brief overview of a typical experiment and analysis is presentédjures-2.

Thermodynamic Simulation
of Alloy Raw
Phase Diagram Materials

Alloy Making Electric F
(e.g., A7TWit%Si0.02Wt%FeD.02wt%Sr) ectric Furnace

Solidification Heat Treatment
) (813 K for various times)

I |
v v

] Composition
Thermal Data Solid Sample (GDOES)

Microstructure
Analysis

w ‘ éD X-Ray Diffraction

Figure4-2: A Schematic of a typical solidification experiment and analysis.

Cooling Rates Phase Identification

A detailed description of the techniques used for the analg$ dependant variable in the
experiments will be presented in the next chapter of this dissertation.
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CHAPTER 5.EXPERIMENTMETHODOLOGY

In this chapter, more details will be presented on the several items in the schematic of a typical
solidification experiment pcedure is presented iRigure4-2.

5.1 THERMODYNAMISMULATION

The thermodynamic simulations for phase diagrams and solidification were carried out using
the PANDAD ", version 8.1, equipped with the PanAl8 database for aluminum alloys. There
are 182 phases for the Al alloy system and 33 phases used to evaluateSHeeAr alloy

system. The simulations were carried out for normal atmospheric pressure conditiorscdine
lines for the simulation of-D phase diagrams were 0.01 units for both the temperature and
composition. PANDAY 8.1 uses the CALculation of PHAse Diagram (CALP$24R25]
approach. Both the equilibrium and $eil-Gulliver conditions were used independently as
assumptions in the thermodynamic simulations.

5.2 RawWMATERIALS

The purity of the elements and compositions of the master alloys used in the experinrents a
presented inTable5-1.

Table5-1: Purity and/or composition of elements and master alloys used to prepare the
alloysin this study.

Elements Composition

Al 99 % for commercial and 99.999 % for high purity grade

Si 99.9999 % high purity grade

Fe Al-25 wt% Fe master allowith 0.3wt% Si, 0.2wt% Mn and 0.05wt% Cu

Sy Al-10 wt% Sr master alloyith 1% Ti,0.2wt% B, 0.2wt% Si, 0.3wt% Fe and

0.02wt% Ca

5.3 ALLOYREPARATION ANBEATTREATMENT

Electric resistance furnaces were used for alloy preparation from raw materials, melting and
holding of liquid alloys, and heat treatment of the solidifiedglséamples.The liquid alloy in
each experiment was prepared and held in a new high purity alumina crucible

" Panda© version 8.1, Compu Therm LLC., Madison, WI, USA. http://iwww.computherm.com
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5.4 CASTING ANSOLIDIFICATION

The solidification was carried out at five different average cooling rates of the liquid phase
during solidificationabout 0.017, 0.1, 0.8, 5 and 58K

The cooling rate of 0.017 Kwvas achieved in an electric furnace equipped with a high precision
controlled (+0.2K)for temperature mmp up and ramp down cycleFhe cooling rate of 0.1s%

was attained when the ligid alloy was placed in a ceramic crucible in the electric furnace and
allowed to cool down with a furnace shut down from a high holding temperature of 100 or 200
K superheat above the liquidus of the alloy. The cooling rate ofd).@/#s achieved whethe
liquid alloy in a crucible was removed from the electric furnace at the prescribed superheat
temperature and placed on an insulating plate to be solidified in normal atmospheric
conditions. A cooling rate ofs! wasachievedby casting the alloy ia preheated(673 K

(400°C) steel mould equipped with three thermocouples. The liquid alloy was poured into the
steel mould with the ceramic crucibleThe cooling rate of 508k was achieved by casting the
alloy in the steel mould maintained at roo@mperature without any preheat.

5.5 THERMAIDATAACQUISITION

The cooling rates were evaluated from the thermal data (T versus t) acquired during the
solidification experiments with a-tgpe ungrounded thermocouple (open and/or exposed).

The size of the tirmocouple was about 1.6 mm. The thermal data acquisition was carried out
with the National InstrumentsSCXI 1600 hardware module equipped with the SCXI 1303
terminal block and coupled with the LabView 20&6ftware at the rate of 100 data per
second. The liquid alloy temperature was also monitored by a similar thermocouple attached
to a ame temperature monitor.

5.6 CHEMICAICOMPOSITION

The composition othe prepared alloys and master alloys were evaluated using the Glow
Discharge Optical Emissi@pectroscopy (GDOES). The GDOES unit was calibrated before each
measurement procedure using several ASTM standard alRygsision of the measurements is

+2% of the measured value.

"National Instruments Corporation 11500 N Mopac Expwy Austin, TX 735(E0
" Product of National Instruments.
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5.7 MICROSTRUCTUAEALYSIS

Themicrostructure of the solidified sampldéiom preferredsectionedocationswere analysed
using both theight optical microscope and SEM. Analyses of images from the optical and
electron microscopes were carried out by the Imagaitware.

5.7.1.1 Metallographic Sample Preparation

The standard metallogrdpc sample preparation techniques were used for the microstructure
analysis of the solidified samples using both the light optical microscope and SEM: sample
mounting using thermosetting Bakelite, coarse grinding using SiC papers of increasing grit,
polishing using increasing grit levels of diamond polishing suspension and final polish using
colloidal silica gel. No chemical etching of any kind was used on the samples.

5.7.1.2 Light Optical Microscope

A Nikon Eclipse LV 100 light optical microscope equipped hétiNtSElements software was
used for image acquisition from the microstructure of the solidified samples.

5.7.1.3 Scanning Electron Microscope

AJEOL 7000 Scanning Electron Microscope ($&Ma cold Field Emission Gun (FEG) and
equipped with an Oxford instrunrgés Energy DispersiveRay Spectrometer (EDXpdel 7558
was used. Both the secondary and back scattered electron detectors wereuseo working
distances of 6 and 10 mto obtain microstructure imagesEDX spectrums were obtained at
two acceleratig voltages of 10 and 20 KeV and the working distance was maintained 10 mm.

5.8 PHASHDENTIFICATION

The identification of the phases in the solidified microstructure was carried out by the SEM
(EDX), TEM (EDX), TEM (electron diffraction) aRdyXdiffractio(Cu K and synchrotron beam
source).

5.8.1 TEM

Two TEMs were used for this studyPhilips CM12 with acceleiag voltage of 120 KeV
equipped with digital and traditional film camesaand EDX detector ad&OL 2010 High
resolution TEM with acceleratyvoltage of 200 Ke¥quipped with 2 digital cameras for high
resolution and regular imagin@xford Instruments Link PentaflEDXmodel 6494 STEM and

s Image Processing and Analysis in Java (ImageJ), National Institutes of HealthitjpS&b.info.nih.gov/ij
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EELS detectorsThe samples for the TEM were prepared using the Focused lon Beam (FIB)
milling technige.

5.8.1.1 FIB folTEM

A LEO 1530 dual beam and crbeam SEM equipped with a FIB milling machine was used to
prepare the TEM samples in this study. Using the FIB nelisigres thathe TEMsample is
taken froma specifiplace ofinterest in themicrostructure Specific eeas of intereston the
microstructureidentified in the SEMprotected byl to 2>m thick layer of platinum deposit
milled into thin foils (5 by 2Gm rectangle area and <100 nm thick) using a focussed high
energy Ga ion beaniThe TEM sample foils were mounted on a holder compatible with the
TEM Figure5-1 and shows the process of making a TEM sample foil using a FIB.

(b) (©)

SEI 10.0kV X950 WD 7.9mm 10pm

(d) (e) )

Figure5-1: Micrographs showing the typical procedure for making Tem sample foils using the
FIB milling technique. (a) selection of area of interest on an SEM image, (b) milling with a high
energy GA ion beam and (c) to (f) final sample on the holder for further TEM studies.
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5.8.1.2 EDXin TEM

TheJEOL 2010 High resolution Tk equipped with mOxford Instruments Link Pentaflet
EDXmodel 6494EDX systemwith INKA data acquisition and processsygtem

5.8.2 X-Ray Diffraction

Two methods of >Ray diffraction experiments were carried out in this study: one using the Cu
K« beam source on powder alloy sample obtained by dissolution process to eliminate most of
the primary Al phase that formed the mati the solidified sample and the other using the
high energy Synchrotron beam source on polished surface of cast alloy samples (micro
diffraction).

5.8.2.1 Powder Diffraction (Cu: beam source)

The Al matrix from the solidified alloy samples was preferentiailigieated using a dissolution
technique. The analysis of the powder also revealed that the Sr containing intermetallic phases
were also dissolved along with the primary Al phase matrix.

5.8.2.1.1 Preferential Dissolution of Al alloys

Different dissolution techniquesere reviewed in th&Gupta et al 126] work with specific focus
on suitability for AIStFe intermetallic phases extraction. Phenol dissolution technique was
chosen as one providing reasonably fast dissolution times and preserving phases of interest.
Duringdissolutionreaction between phenol and Al gives solualeminum phenolate

Aluminum phenolatds removed by dissolution in benzyl alcohol plus toluene solvent mixture.

5.8.2.1.2 Cuanode XRayDiffraction (XRD)

Conventional XRD experiments were carried out witBraiker D8 diffractometer equipped with
SMART6000 CCD detectord Cuanode generatinghe standard 0.1541 nm wavelengbeam
at 40 KeV.The sample pwder was mounted witla drop of distilled water ora polymer

holder. The goniometer detector was rotatdzetween 10 and 90 degree angles with an
angular least count of 8min™

5.8.3 Synchrotron radiation experiments

High Energyynchrotrorbeam source at the Line D of Sectdi27] in the Advanced Photon
Source (APS) at tilrgonne National Lat) Argonne, IL, US#as usedor the diffraction
experimentdn this study. The energy of the beam wids1 KeVwith a wavelength 00.1275

nm. In addition to a goniometer with the sample, a CCD camera detector for the diffracted
beam intensities, an-Ray Fluorescence (XRF) detector was used to obtain elemental map from
the microstructure of the solidified specimen surface. Fwure5-2 shows the photographs of

the goniometer with the sample holder, CCD camera detector and XRF detector.
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Cast samples werguitably sectioned and polished as for @BEMstudy. Sample wagplaced on
the sample holder in the goniometer such that the entire beam in entrained on the lsamp
surface.

Figure5-2: Photographs of the diffraction experiment saip at the Line D of Sector 2 at the
APS, ANL, Argonne, IL, USA. The rotating goniometer with the Al alloy sample, CCD camera
detector and XRF detector are shown.

An elemental XRF map of the microstructure was initially obtained by the XRF detector and this
gl a dzaSR G2 RSUOSNXYAYS (KS NFBIA 2RAy diffictidn faiaS NI & (i
from. The size of the incidentRaybeam is about 50 nm in diameter.

As an example, the XRF maps of Al and Si distribution on a region of it8e0A5Fe0.022Sr
alloy sample solidified at 50 from a superheat of 100 K above the liquidus temperature has
been shown irFigure5-3; wherein the scale of intensities is provided on the right side of each
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image. IrFigure5-3 (b) the regions that are blue are nearly devoid of any Si atoms and those

that are green and red have higher Si atoms. The entire regibigine5-3 is subdivided into

dljdz2r N aINAR&a 2F W >Y fSyaiK aiRSo ¢tKGS / /5 OF
the incidentbeamand KS RAFFNI OGA2y RIFIGF A& 200GFAYSR FTNP
region. The goniometer moves the sample surface such that each of these square grids comes

in direct line of the incident-Ray beam and the diffraction data is collected by the CC2ram

as diffraction rings shown in Figure5-3 (c). After collecting the data from all the grids in

marked on the sample surface, the CCD camemoigedto an angleof 43 and 58 to the

incident beam, respectively and in each angular location of the camera, the diffraction data is
obtained for all the grids in the region of interest. The each of the three angular positions of

the CCD camera detector (28, 43 anc®&8the incident beam), the detector acquired

diffraction data from-12°to +12°0n either side of the angular position.

An SDI application software was used to appropriately translate the intensity images obtained

by the CCD camera detector into digita RIF G 2F Ay iSyairde GSNEdAzA | y:
shown by a typical example Figure5-3 (c). In addition, the CCD camera detector was placed

at 0, 3, 6,912 and 12 angles to the incident beam and images of the incident beam were

obtained without any sample in the experiment to evaluate the location of the centre beam

and the precise distance between the camera and sample surface.
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Figure5-3: A typical XRF element map of (a) Al and (b) Si obtained from thé3D.25Fe

0.022Sr alloy sample solidified at 50K from a superheat of 100 K above the liquidus

temperature. (¢) typical XRay diffraction pattern obtained by the CCD camera from one

locatonoy G KS INAR aK2gy Ay o6F0 IyR 600X YR 0RO
obtained from processing three images as in (c) for the three angles of the CCD camera

detector, respectively.

61



CHAPTER 6.RESULSAND DISCUSSIONTERMETALLRHASESN THEAL-S-FECAST
ALLO®

The results and discussion section of this dissertation is covered in two chapteARTER 6
presents the identification and evolution of the intermetallic phases in th8iAk alloys and
CHAPTERpfesents the same in the AliFe Sr alloys.The measured chemical compositions of
the AFSiFe alloys in this study are presented in a table in APPENDIX A of this dissertation.

To enable detter clarity for the readers, the summary of the identification and evolution of
the intermetallic phases in the A-Fe alloys is presented in the beginning of tthapter
followed by evidences and discussion from the various experiment results atgsago
validate the summary

All the alloy compositions presented in thisseértation from this chapter atie weight
percentage of the respective element. However, all the results from the quantified EDX analysis
of the phases are in atomic perceneagf the respective elements.

6.1 SUMMARY OANALYSIS dRESULTS

One of the critical resutobtained in this studpf the AtSiFe alloyss that the(§ (AFHFe Si)
intermetallic phase forms in all the compositions of Si and Fe showalle4-1 for all the
average cooling rates observed for the liquid phase during solidification of the alloys. This
result is cotrary to the predictions of the thermodynaimsolidification and phase diagram of
this alloy system in botassumptionof equilibriumand ScheilGulliver conditionsrespectively.
All the thermodynamic phase simulation during solidification for th&ile alloys with 2 to
12.5 wt% Si and 0 to®wt% Fe predicts the evolution only thiec AbFeSh phase and not the

U ¢ AkFesSi.

Figure6-1 shows typical isopleths from the equilibrium ternary phase diagram of tk& P
system wherein within the compositional ranges of interest for this study the only intermetallic
phase predited to evolve during solidification is th¢c AkFeSh phase.
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Figure6-1: Typical simulated phase diagrams for the @dFe system. (a) A2Si with
increasing Fe, (b) Al 7Si withcreasing Fe (c) Al2.5Si with increasing Fe and (d)}@R5Fe
with increasing Si content.

Although the terminal phase durir@gquilibriune solidification for any combination of €hAk
StFe alloy in this study lsdbeen observed athe 4 ¢ AbFeSh phase, thely ¢ AFeSi always
evolves prior to thd} ¢ AbFeSh phase anduindergoes a transformation through a peritectic
reaction (L €4 ¢ AkFeSiA ¢ AbFeSh) to enable the formation of th& phase. In alloys
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with cooling rates during solidifation that are sufficiently high, the peritectic reaction is
suppressed and th& ¢ AkFeSi is retained in the solidified microstructure of the sample at

room temperature. The(§ ¢ AkFeSi phase has a hexagonal crystal structure with a space group
of P&/mmc, and lattice parameters of at52404nm and ¢ 2.6234nm. Thel} ¢ AbFeSh

phase has a monoclinic crystal structure with a space group of C2/c with a0.6161, b= 0.6175, c=
Hdénymo YR i T dondnH

The schematic graph between cooling rate and Fe concentration in the alloy shéiguie

6-2 isa pictorial representation of the type of intermetallic phagbatexist in the sample
microstructure after solidificationf the alloysfrom atemperatureof about1093 K (820C) It

can be observed that thg phaseis observedat higher cooling rates and lower Fe

concentration and the(§ phase is the terminal phase for higher Fe concentrations and lower
cooling rates. During solidification, when there is enough time given for the alloy in the two
phase region (Liquid + Abjictated by the cooling rate}he peritectic reaction (L & ¢ AkFeSi

A [ ¢ AlFeSh) will yield thel as the terminal phase in the solidified sample. Further, higher
Fe concentrations in the allayill enhance the kinetics of thegeritectic reaction yielding the
terminal (4 phase. IrFigure6-2, certain transition cooling rates during solidification and Fe
concentration of the alloy results in the presence of both thand( phases in the
microstructure; features suchsathe( being fully enveloped by theiphased & & Yo 2t Gt ¢ AY
Figure6-2) couldalsobe observed in the microstructure presenting a direct evideoicie
peritecticreaction Solution heat treatment of the solidified samples containingghase in

the microstructure resultedn the transformation of all intermetallic phases to the termindl
phase which shows that the type of intermetallic phase present in the solidified microstructure
is an artifact of the kinetics of the solidification process.

It is evident fronFigure6-2 that there is a band of critical cooling rate above which thphase

is retained as the stable phase during solidification and below whichehgectic reaction

would be completed during solidification yielding thgphase in tle solidified structure. This
band of critical cooling rate is a function of the Fe concentration and contains bott #mel (
intermetallic phases in the solidified microstructure: caused either by the solidification arrest
during the peritectic reactin or the evolution of an independeti phase prior to the eutectic
temperature for the alloys with 0.5wt%Fe.
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Figure6-2: Schematic graph of Cooling Rate vs. Fe concentration showing the type of
intermetallic phase existing in the sample microstructure after solidification from a
temperature of about 1093 K (828C) after being held for two hours. The band shown by
dotted line presents the conditions in which both th& and (5 phases ceexist in the sample.
CKS aedvyoz2f at &phhss suNdrRd&ybyithel phadseSas arrested during the
peritectic reaction: L ;A (.

The concentration of solute Si is alsouefhesthe nature of the intermetallic phase in a
solidified structure The phase diagram kigure6-1 (d) presents the equilibrium isopleth for
the alloys shown; where the compositions of 2 éhat% Si creates a condition to form tlg
phase prior to the eutectic temperature. In addition, the freezing range in the two phase
region for the compositions of 2 arfiwt% Si is quite large compared toet others and it is our
hypothesis that apart from the formation of tHg phaseand its subsequent transformation to
the  phase by the peritectic reactiocsuringsolidification the solute conditions ahead of the
dendrites are favourable for the formation of thgphase as well prior to the eutectic reaction.
Thus, inFigure6-3, the maximum cooling rate at which thigphase is retained in the solidified
microstructure is increasing falecreasingsi concentratios between 5 an@ wt%. Further,

the critical band of cooling rate that differentiates the type of intermetatihases in the
solidified microstructure igearlyconstant between 7 and 12.5 wt% Si as showRigure6-3,
because, in this range of Si, thigphase only appears with the eutectic phases in the
equilibrium phase diagram shown kigure6-1 (d) and hence, the only intermetallic phase that
forms beaween the liquidus and eutectic temperatures during solidification isighase
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which may undergo a peritectic transformation at the sémwooling rates of about 0.8nd 0.1
Ks®. Itis noteworthy that the size of tHg phase decreases with increasing Si concentration
between 7 and 12.5 wt% Si in the alloy because of the decreasing freezing ratigesitdy
resulting in a decreasingrowth of the(y phase.
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Figure6-3: Schematic graph of Cooling Rate vs. Si concentration showing the type of
intermetallic phase existing in the sample microstructure after solidificatiohAl-St0.25Fe
alloysfrom a temperature of about 1093 K (8AT) after being held for two hours. THeand
shown by dotted line presents the conditions in which both thgand () phases ceexist in

the sample. The grey shaded boxers are hypothesized because these experiments were not
carried out.

Alloys solidified from the lowdemperature of about 99 K (72®C)shows the presence of
several stable and metastable intermetallic phases and those solidified from a higher
temperature of about 1093 K (82C) orty shows the presence of tHg and/or (} phases
(depending on Fe content and cooling rate). The presence of the BinaliyFe, intermetallic
phase in the commercial purity Al ingot and theF&l master alloys shown irable5-1 does not
completelydissolvein the liquid alloy maintainedt atemperature ofabout 993 K (72€C)
(about 100 K superheat) unless these alloys are maintaindieaguperheated temperature for
prolonged periods of time to enablehe dissolution of the binary phase through diffusion and
peritectic reactions. Hencgén alloy solidified from a temperature of about 993 K (@) the
presence of solid-AlsFe, phase particles will trigger alternate solidification paths resulting in
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additional stable andnetastable intermetallic phas®rmation during solidification. These
phases may include theAlsFe, AkFe,3-AkFeSk, and several other metastable phases in
addition to the( and/or (4 phases.

The most critical question that needs to be answered in this summary is the reason for the
evolution of theld phase in the microstructure which is contrary to all available thermodynamic
model predictions.

In the subsequent subections of this chaptervidences from the experiment results will be
presented to validate the clainis the above mentioned summary and a discussion presented
to hypothesize the anomalous observations.

6.2 APPEARANCE ANBIARACTERISTICS OEGHANDUL PHASES

TheFigure6-4 shows four magnifications of the light optical micrographs for th& 3t0.25Fe
alloy that was solidified form a temperature of about 1093 K (20at a cooling rate of.®
K/s*. The intermetallic phase observed in this condition isliheAkFeSi phase which
typically has an irregular scriike morphology in three dimensional space and commonly
observed as a Chineseript morphology in a two dimensional microsttuie (pointed out in
Figure6-4 (d)).
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Figure6-4: Typical microstructure obtained in a light optical microscope of the7&+0.25Fe
solidified from about 1093 K (82€C) at a cooling rate of 0.8/s™. (a) to (d) shows increasing
magnification images wherein the light grey phase is primary Al matdark grey phase is the
script-like (} ¢ AlsFeSi phase and black phase is eutectic Si.

TheFigure6-5 shows four magnifications of the light optical micrographstfier AF7S+0.25Fe

alloy that was solidified form a temperature of about 1093 K (820at a cooling rate of

0.1 K&. The intermetallic phase observed in this condition islheAkFeSh phase which

typically has a morphology of a plate in three dimensional space and commonly observed as an
acicular morphology in a two dimensional microstructure (pointed otigure6-5 (d)).
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Figure6-5: Typical microstructure obtained in a light optical microscope of the7&+0.25Fe
solidified from about 1093 K (82€C) ata cooling rate of 0.K/s™. (a) to (d) shows increasing
magnification images wherein the light grey phase is primary Al matrix, dark grey phase is the
plate-like (} ¢ AlsFeSh phase and black phase is eutectic Si.

Typical morphologies of thg and (§ phases observed in a SEM is showRigure6-6
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Figure6-6: Typical morphologies of thék and (} phases observed in an SEM. The alloy is Al
7Si0.25Fe solidified from about 1093 K (820)at a cooling rate of (a) 0.84 showing the(}
¢ AlsFeSi phase and (b) 0Kis® showing the(} ¢ AlfFe:Si phase.

Figure6-7 (a) and (b) presents the typical quantified data from the EDX analysis Gfahe (}
phases, respectively, in the-A5i0.25Fe alloy solidified from about 1093 K (820 4 0.8 K&
and 0.1Ks™, respectively. The typical ratif Fe:Si atoms in th& phase is 2:1 and that in tHg
phase is 1:1.
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30pm ' Electron Image 1

Al Si Fe Al Si Fe
Spectrum (Atomic %) Spectrum (Atomic %)
Spectrum 1 68.67 10.16 21.16 Spectrum 1 63.17 18.66 18.17
Spectrum 2 68.15 10.71 21.14 Spectrum 2 62.79 17.81 19.40
Spectrum 3 67.83 10.90 21.26 Spectrum 3 63.42 18.25 18.34
Mean 68.22 10.59 21.19 Mean 63.13 18.24 18.63
Std. Dev. 0.42 0.38 0.07 Std. Dev. 0.32 0.42 0.66
Max. 68.67 10.90 21.26 Max. 63.42 18.66 19.40
Min. 67.83 10.16 21.14 Min. 62.79 17.81 18.17
|
(@) (b)

Figure6-7: Typical quantified data from the EDX analysis in the SEM fot{g)AlsFeSi phase
and (b)( ¢ AlgFeSh phase obtained from the microstructures of AISH0.25Fe alloy shown in
Figure6-6. The ratio of Fe:Si itk is nearly 2:1 and that inis nearly 1:1.

6.3 HOMOGENIZATION OF TAEALLOY LIQUID

In the initial couple of years of this project, all the Al alloys in this study were melted at about
993 K (720C)and 953 K(680C),and held at that temperature for an hour or two prior to the
solidification. It was later observed that the Fe bearing intermetallic phases that were present
in the solid raw materials used for preparing the final alloy composition oreptaa the

solidified alloy stock used for4melting did not completely dissolve into the alloy liquid at 993

K (720°C) in an hour or twolt was observed that a critical stage in effecting a valid study of the
phase evolving during solidification ofetiAlSiFe alloys is the complete homogenization of the
alloy melt at high temperature. Hence, the study was carried out in alloys solidified from about
1093 K (820C) or more (held for at least 2 hours) to ensure complete compositional
homogeneity in tle liquid phase prior to solidification. As an exampigure6-8 shows the

typical difference between the observed intermetallic phases in théSAD.25Fe alloy

solidified at 0.8s' from two different initial temperatures of the liquid alloy. The allo

solidified from 953 K (68®) has a multitude of mettable intermetallic phases in addition to
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the stable and (} phases, as well (refer teigure6-8 (a)); thealloy solidified from 1093 K (820
°C) only showed the presence of thigintermetallic phase in the solidified microstructure,

— F Tt 5 <

L P st

MCMASTER 3 COMPO  10.0kV X400 WD 9.3mm 10_(1: McMaster SEI 10.0kV X220 WD 10.1mm 100um

(@) (b)

Figure6-8: Typical microstructure of the AISi0.25Fe satlified at a cooling rate of 0.8
from an initial liquid alloy temperature of (a) 953 K (68C) showing several types of stable
and metastable intermetallic phases and (b) 1093 (82X) showing the existence of only the
(k phase. The small whitphasein (a) arethe various metastable binary and ternary
intermetallic phases in the AFe-Si system.Both the alloys were held for two hours in their
respective melt temperatures.

The aim of this research study is to enable a clear understanding afitdrmetallic phases
evolving during solidification of AiFe pure and homogeneous liquid alloy and hence, the
initial alloy temperature prior to solidification was maintained at greater than 1093 K°@BR0
for a minimum of two hoursAll the resultdrom this point onwards in this dissertation are for
alloys solidified from this temperature alone unless otherwise mentioned.

6.4 BE-FECT ON INTHEAL-S-FEALLOYS ON THE INTERMLLIC PHASES

There are two stable intermetallic phasésand (, that couldevolve during the solidification

of the AlStFe alloys with 2 to 12.5 wt% Si and 0 to 0.8 wt%Fe in thEme. effect of Si was

studied for the Al alloys containing 0.25Fe at several cooling rates during solidification as shown
in Figure4-1 (a) and (b).Figure6-3, which shows the schematic of the observations of the
intermetallicphases in the solidified microstructure has been presented agdhtigase6-9 to

enable easy reading of this dissertation.
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Figure6-9: Schematic graph of Cooling Rate vs. Si concentration showing the type of
intermetallic phase existing in the sample microstructure after solidification of#40.25Fe
alloys from a temperature of about 1093 K (820) after being held for two hours. The band
shown by dotted line presents the conditions in which both ttig and (; phases ceexist in

the sample.The grey shaded boxers are hypothesized because these experiments were not
carried out.

The results presented in this sglection will be microstructure images the solidified samples
with cooling rate just above, within and below the critical band shown in the matrix presented
in Figure6-9.. Typical microstructures ohe solidified AFeSi alloy showing the morphology of

the critical solidification phases in both the SEM and light optical microscope are shown in
Figure6-10.
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Figure6-10: Typical morphology of the critical phases evolved during solidification of the Al
FeSi alloy in the Al rich corner of the phase diagram) @EM Backscattedéctron Image
(BSH), (b) SEM Secondary Electron Image (SEl)and (d) light optical microscope images,
and (e) nomenclature of the observed phases.

In the results of the microstructure images shown in this chapter, a combination of light optical
microxope, SEM/SEI and SENEB microstructure images will be presented and readers are
advised to refer td-igure6-10 as a typical example of identifying the images ai¢a by these
individual microscopy techniques.
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Figure6-11 presents the SEMlectronimage of the ARSi0.25Fe alloy solidified at Bos®
(Figure6-11 (a) and (b)) and Bs® (Figure6-11 (c) and (d)); the presence of both tkikand (§
phases are observed in the B8* cooling rate whereas, only thg phase was observed in the
lower 5Ks* cooling rate during solidification. Further, only tligphase was observed in the

lower cooling rates of 0.8 and OKs™.

JSM-7000F OMPO  10.0kV X7500 WD 10.0m

(b)

JSM-7000F 3 COMPQO  10.0kV X600 WD 10.0mm

JSM-T000F 3 S 0.0kV X600 WD 10.0mm

() (d)

Figure6-11: Typical microstructure images dl-2St0.25Fe solidified at (a) and (b) B@s-1
showing the presence of both th& and U phases; and (c) and (d)K¥/s-1 showing the
presence obnly the (} phase

Figure6-12 presents the SEM imagef the AFSi0.25Fe alloy solidified at 8™ (Figure6-12

(a) and (b)) and Bs* (Figure6-12 (c) and (d)); the presence of only thiphase is observed in
the 50Ks™ cooling rate whereas, only th@ phase was observed in the loweks* cooling rate
during solidification. Further, only tHg phase was observed in the lower cooling rates of 0.8
and 0.1ks", as well
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Figure6-13to Figure6-17 showthe typical microstructure@mages of the solidifiedamples of

the AFSt0.25Fe alloy$or the various Si levels &f 7, 9, 11.5 and 12.5 wt%, respectively
Figure6-13to Figure6-17, the images (a) and (b) show the higher cooling rate at which only the
( phase exists,; (c) and (d) show the intermediate cooling rate at which bag tired (} phases
co-exist; and (e) and (Thew the lower cooling rate in which only thgphase exists in the
solidified microstructure

JSM-7000F 3 COMPO  100kV  X4,000 WD 10.0mm

X
= i ) -
JSM-7000F 3 SE 10.0kV X200 WD 100mm 100gm JSM-7000F 3 SEI 10.0kV X400 WD 10.0mm 10zm

() (d)

Figure6-12: Typical microstructure images @l-4Si0.25Fe solidified ata) and (b) 56s™
showing the presence of only th& phases;and (c) and (d) &s™ showing the presence of
only the ( phase

77



() (b)

(©) (d)
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Figure6-13: Typical microstructure images @§l-5Si0.25Fe solidified at (a) and (b) B&*
showing the presence of only th& phases; (c) and (d) K showing the presence of both
the (4 and (3 phase; and (e) and (A\l-4.5 Si025Fe0.1Ks™ showing the presence foonly the (4

phase.
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