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RESUME

La crise de I'énergie fossile et la direction mondiale pour réduire les émissions de gaz
a effet de serre, ont attiré I'attention des chercheurs segHarche de matériaux légers pour
les applications d'économie d'énergie, en particulier dans les secteurs de lindustrie
automobile. Des alliages a base d'aluminium, Iégers et a haute résistance, avec une résistance
comparable a celle des matériaux loutdls que les aciers inoxydables et la fonte, pourraient
r®vol utionner | 6i ndustrie automobil e. Cepel
entraver leurs applications industrielles. L'un de ces facteurs est que la plupart des alliages
d'aluminium nesont pas capables de maintenir leurs propriétés optimales a des températures
supérieures a 150 °C ou 200.°En conséquence, d'autres études sont encore nécessaires
pour une compréhension globale du comportement des alliages d'aluminium dans le contexte
des composants automobiles. La présente étude de recherche a été entreprise pour cette
rai son. Le projet visait ~ ®tudier | '"effet
individuellement pour améliorer les performances des alliages étudiéAlB®Si2.4Cu
0.4Mg0.4Fe0.6Mn-0.15Ti (poids %) et (DOAI-8,0Si2,4Cu0,4Mg-0,4Fe0,6Mn-0,15Ti
(% en poids).

La premiére phase de ce travail consistait a étudier I'effet d'ajodt é¢5,0% en
poids de RE (Céd) sur le comportement de solidificatioet la caractérisation
microstructurale des alliages (AC) étudiés sous faible taux de refroidissemet@ (Os].
Les expériences d'analyse thermique (TA) et DSC ont permis d'examiner le comportement
de solidification des alliages, tandis que la caraafon microstructurale a été réalisée a
l'aide de SEM / EDS et EPMA / WDS. Les résultats de I'analyse thermique ont révélé que
les principales phases observées dans les alliages étudi€stgpbitFe, AFSi, Al2Cu + Q.
Les résultats ont également prdtgeune baisse des paramétres de solidification, y compris
les températures de nucléatid/l) et la température eutectique ¢(8I) est causée par
I'ajout de RE (Ce / La), la baisse est plus nette avec I'ajout de 5,0 wt % de 1,0% en poids de
RE (Ce / La)DSC a révélé que I'addition de métaux RE (La ou Ce) conduit a l'apparition de
pics exothermiques dans les courbes de solidification et de chauffage entre la précipitation
de la phase primaifg-Al et la réaction eutectique (A4412Cu). De plus, les résaits de DSC
montrent que dans ce cas, le pic correspondant a la ph#3e édt clairement perceptible
dans les alliages de base et devient trés réduit avec 1,0% en poids de RE (Ce / La), et disparait
avec 5,0% en poids de RE La) ajouts. Les résultatsméetastructure ont révélé que deux
types principaux d'intermétalliques contenant des ER ont été documentés: une phase grise
sous la forme de boue avec une composition fixe (AIRE (Ce / La)). En outre, RE (Ce /
La) réagirait avec Si, Fe et Cu conduisara formation de phase intermétallique contenant
du RE blanc avec plusieurs compositions: (i) Alliage BQRE (Ce / Lak (Cu, Fe)sSi,



Al4CesSip, AlsLasSiz et AlsLaz (Cu, Fe)2Si); (ii) un alliage DO (ARE (Ce / La)sCu:Sia,
Al2RE (Ce / La) Si eAl.CeSi). Lanthane et Ce peuvent se remplacer.

La seconde phase de | 6® ude a consist®
0,5 et 1,0% en poids de RE (Ce / La) sur les propriétés de traction des alliages testés a
température ambiante, suivativerses conditions de traitement thermique: AC) et solution
traitée thermiquement (SHT). Les traitements de vieillissement (T5, T6 et T7) en référencent
aux propriétés meécaniques présentées par les alliages de base et leurs équivalents modifiés
par Sr onggalement été considérés. Pour soutenir les résultats obtenus, I'analyse quantitative
des phases secondaires et la mesure des particules de Si pour les algiges ADO) ont
été analysées pour les alliages étudiés. Les résultats ont révélé que lfadstjtion de RE
(Ce / La) augmente de 0,2 a 1,0% en poids, les quantités relatives d'intermétalliques
augmentent, ce qui est attribué a la formation de nouveaux composés intermétalliques
contenant des RE qui sont observés dans les régions interdemdritiees phases RE
intermétalliques sont également observées dans les échantillons traités thermiquement AC et
T6 indiquant la nature insoluble de la phaseiitarmétalligue. Comme attendu, dans
l'alliage DO modifié de Sr moulé a montré la morphologieefise du silicium eutectique.
Alors que I'addition de 0,2% en poids de RE (Ce / La) a entrainé une modification partielle
de la structure du silicium eutectique. L'efficacité de la modification, cependant, dépend du
niveau d'addition de RE (Ce / La). Lessultats des essais de traction ont montré que pour
tous les alliages, que ce soit l'alliage de base, le Sr modifié ou ceux contenant des ajouts de
RE, les alliages T6 traités thermiquement présentent des valeurs élevégpdUiepport
aux SHT, T5 et TZonditions de traitement. Les alliages traités thermiquement en solution
présentent des valeurs de ductilité supérieures a celles obtenues dans les autres conditions.
En ce qui concerne l'effet des ajouts de terres rares, les résultats ont indiquéige&ule
utilisé de RE joue un réle efficace dans la détermination de l'influence de La et Ce sur les
propriétés de traction de l'alliage. Les alliages présentant de faibles niveaux d'additions de
Ce et de La présentent des valeurs UTS relativement medlj@urigendent a diminuer avec
une concentration de RE plus élevée. Les résultats ont également conclu que l'influence de
0,2% en poids de RE (Ce / La) sur les propriétés de traction est plus ou moins la méme que
celle provoquée par I'addition de 150 ppenSt.

La derni re phase de ce travail ®t ai t ax
0,5 et 1,0% en poids de RE (Ce / La) sur les propriétés de traction des alliages traités au T6
a haute température (280) aprés 1 et 200 heures de stabilisai@b0°C avant les essais.
En plus d'étudier les caractéristiques de rupture des échantillons testés en traction dans les
directions paralléle et perpendiculaire a lI'axe de traction en utilisant la microscopie
électronique a balayage (SEM) et la microseaptique (OM), respectivement. En général,
pour les deux alliages BO et DO, les résultats ont montré quee208s de stabilisation a 250
°C entrainent une forte diminution de 'UTS et du YS, couplée a une forte augmentation de
la ductilité par rapporaux valeurs obtenues apres une heure de stabilisation a méme
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temperature. En ce qui concerne l'effet des ajouts de terres rares, semblable aux résultats de
la température ambiante, 0,2% en poids. % Caa m®I| i ore | ' UTS et YS
DO d'envion 1015 MPa apres une stabilisation d'une heure, avec peu ou pas de changement
dans la ductilité. Comparer aux résultats des tests de traction a température ambiante, les
alliages a RE plus élevé (Ce / La) conservant de bonnes propriétés de résistamtse a h
température avec une diminution négligeable comparable a celle des alliages de base, apres
une stabilisation d'une heure. L'examen au MEB des surfaces fracturées des alliages de base
traités & T6 obtenus aprés 200 h de stabilisation &280évéldéa présence d'une microvoid,

une structure de fossettes fine et uniformément répartie, indiquant une plus grande
déformation plastique avant la fracture, en particulier les alliages BO. Dans le cas des alliages
renfermant 1,0% en poids de RE (Ce), les tirgaphes au MEB ont révélé des
caractéristiques considérablement différentes avec une grande taille de fossettes, plutét que
des fossettes distribuées uniformes observées dans l'alliage de base. En outre, une fracture de
clivage, considérée comme une cagastique d'une fracture fragile, a été observée. Le
résumeé des résultats de fractographie au microscope optique a montré que le processus de
dommages des alliages étudiés se compose de trois événements mixtes: (i) fissuration des
particules (}Fe, Si) (ii) la formation et la croissance des microfissures, et (iii) microfissures.
Cependant, la présence de composés intermétalliques contenant du RE influence le
comportement a la rupture des alliages en fonction du pourcentage de RE ajouté. Lors de la
déformation plastique, des contraintes sont imposées par la mak#de ur les particules

dans les microstructures. Des contraintes internes peuvent étre induites sur les composés
intermétalliques contenant dd}Fe, du silicium eutectique et du RE en raistiune
déformation inhomogeéne dans les alliages étudiés avec addition de RE.
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ABSTRACT

The fossil fuel energy crisis and worldwide direction to reduce greenhouse gas
emissions havériggeredthe attention of researchers to lofmk lightweight materials for
energy saving applications especially in the automotive industry-sfighgth, lightweight
aluminum based alloys with strengths comparable to heavy materials such as stainless steel
and cast iron could revolutionize the autwbile industry and contribute in solving
environmental concerns. However, certain limiting factors may hinder their industrial
application. One of these factors is that nadstminum alloysarenot ableto maintain their
optimum properties atemperature above 150°C or 200 °C. Accordingly, further
investigations are still required, to acquire a comprehensive understanding of the behavior of
aluminum alloys in the context of elevated temperature applications. The present research
study ains at investigatig the effect of individual additions of Ce and La rare earth elements
on improving the performance of Al.2Si2.4Cu-0.4Mg-0.4Fe0.6Mn-0.15Ti (wt.%) and
Al-8.0St2.4Cu-0.4Mg-0.4Fe0.6Mn-0.15Ti (wt.%) alloys, coded BO and DO, respectively.

The first phase fothis work was to study the effect of 1.0 and 5.0 wt.% additions of RE
(Cel/La) on the solidification behavior and microstructural characteristics of-tfasia(AC)

alloys under low cooling rate conditions (0Q/s). Thermal analysi§TA) anddifferential
scanning calorimetrySC) wereused to examine the solidification behavior of the alloys
Microstructural characteristics were examined using scanning electron microscopy/energy
dispersive spectrometry (SEM/EDS) and electron probe microanalysis/wgivelen
dispersive spectroscopy (EPMA/WDS) techniques. The thermal analysis results revealed that
the main phases observed in the investigated alloystate U-Fe, ALSi, Al.Cu and Q
AlsCwpMgsSis phases. The results also showed a drop in the nucleation temperaike of

and eutectic temperature ¢8l) caused by the addition &E (Ce/La); the drop was more
clearly observed with the 5.0 wt.% RE (Ce/La) addition. DSC analysis revealeddhtra

of La or Celeads to the appearance eothermicpeaks between tharecipitation of the

p r i maAl phasdland the (AAI.Cu) eutectic reactiom the solidificationand heating
curves. Also, the peak corresponding to the formation of ta€éphased clearly noticeable

in the base alloys (BO and D0), becomes smaller with 1.0 wt.% RE(Ce/La), and disappears
with 5.0 wt.% RE(Ce/La) additions. Microstructures revealed twatrhain typesof RE-
containingintermetallicphasesvereformed:a giey phase irthe form of sludgewith a fixed
compositionAl2:Ti.RE (Ce/La) andwhite REcontaining intermetallic phases (resulting
from reaction of theRE (Ce/La) with Si, Fe, and Cu)The latter exhibited several
compositions: Al11RE (Ce/Laj(Cu,Fe)Si, AlsCesSiz, AlsLazSiz, and AbLax(Cu,Fe)Si) in

the BO alloys, andii) (Al9sRE (Ce/La)CwSis, Al.RE(Ce/La)Si ,and ALCeSi)in the DO

alloys. Lanthanum and Ce can substitute each other.

The second phase of this study focused on understanding the influence &,Q.2), O.
wt.% additions of RE (Ce/La) on theom temperature tensile properties of the alloys,
following various heat treatment conditions-cast (AC) solution reattreatment (SHT),
and aging 15, T6 and T7)with reference to the propertieghibitedby the base alloys and
their Skmodified counterparts. To support the results obtained, quantitative measurements
of the volume faction of intermetallic phases and Si particle characteristics were carried out
for the investigated alloys. The resuksealedhat increasing the RE (Ce/La) additioarh
0.2 to 1.0 wt.%, increases thaative amount ointermetallics formed, which are attributed



to the formation of new RIEontaining intermetallic compounds observed in the
interdendritic regionsThe REintermetallic phasesrealsoobserved irboth the AC and 6
heattreated samples indicating the insoluble nature of theirtarmetallic phaseAs
expected, thesutectic siliconparticlesin the ascast Sr modified DO alloyhad fibrous
morphology While adlition of 0.2 wt.% RE (Ce/La) resulted in partial modification of the
eutectic silicon structurehé modification efficiency however,dependedn theaddition

level of RE (Ce/La). The tensile test resutsowed that thd@6-treated alloyswhether the
basealloy, the Skrmodifiedong or those containing REdditions,exhibited higher (UTS)
values comparetb theSHT, T5, and Theattreatmentonditions.The solution heatreated

alloys displayed ductility values higher than those obtained for the otinelitions.With
respect to the effect ofre earth additions, the results indicated that the added amount of RE
plays aneffectiverole indetermininghe tensile prop#ies. Alloys with low levels of Ce and

La additions exhibited relatively better UTS values than those with higher RE concentrations.
The results also revealed that the influence of 0.2 wt.% RE(Ce/La) on the peapieties

is more or less the same as that caused by the additici® gfpm Sr.

The last phase of this work investigated the impact of 0.2, 0.5, 1.0 wt.% additions of
RE (Ce/La) on the tensile properties of thetfigated alloys tested at high temperature (250
°C) after 1 and 200 hrs of stabilization at 280prior totesting. The fracture characteristics
of the tensilgested samples in bogfaralleland perpendicular directions the tensileaxis
were examined, using optical microscopy (OM) and scanning electron microscopy (SEM),
respectively.In general, for both 8 and DO alloys, the results showttat 200 hrs of
stabilization at 25F°C producesa sharpdecrease ithe UTS and YS, coupled with a
noticeable increase in ductility values, compared to the values obtained following one hour
of stabilization at the santemperatureRegarding theffect of rare eartblementadditions,
0.2 wt.% Ce ot.a improvel the UTS and YS of the BO and @floys by about 1615 MPa
following one hour of stabilizatignwith little or no change in thauctility. Compare to the
room temperature tensile testsults,alloys with higher RE (Ce/La) still maintainggbod
strengthvaluesat 250 °C, with negligible decrease&eompaed to those of the base alloys,
following one hour of stabilizatiorBEM examination of the fractured surfacéshe T6
treated base alloys obtained after 200 hrs of stabilization &iC2Efvealed the presence of
microvoids, and a fine, and uniformly distributed dimple structure, indicatiagyer amount
of plastic deformation prior to fractuespecially in he BO alloys. In the case of alloys
containing 1.0 wt.% RE(Ce) the SEM fractographs, revealed considerably different
characteristics, with large size dimples, rather than the uniformly distributed dimples
observed in the base alloy. In addition, cleavaaetfire, which considered as a characteristic
of a brittle fracture, was observed. Examination of longitudinal sections beneath the fracture
surface using an optical microscope showed that the damage process in the investigated
alloys consists of three mexd event s: (i) -Fe@ &i), (i) mi¢rezrack r a c k i
formation and growth, and (iii) local linkagé microcracks. However, the presencdR&F
containing intermetalliccompounds influenced the fracture behavior of the alloys as a
function of the pecentage of the added RE amount. Duphgstic deformation, stresses are
imposed by the matriX¥Al) on the particles in the microstructures. Internal stressgsbe
i nduc e d-Fe eutettib slicol] and Réntainingintermetallic compounds due to
inhomogeneous deformatiamthe alloys with RE additions.
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CHAPTER 1
INTRODUCTION AND OBJECTIVES

1.1 MOTIVATION BEHIND THE THESIS

A growing environmental awareness in both the political and public perspective has
led to new guidelines and market demands for limitatmfngreenhouse gas emissions in
many industries, especially ftrose related to transportati@figure 1.1(a)). One approach
to conserving energy and reducing emissions is by minimizing moving m&sgese (1.1
(b)). In addition, the rapid escalation of energy prices in the recent years has driven an
increasen industrial demand for weigtgaving materials in the automotive and aerospace

industry as well athroughout the rail and road transport sefiop].
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Aluminum basedlloys areof great interest in this area of application du¢htir
relatively high strengttio-weight ratio, low cost, and provision affordableimprovement
in the fuelefficiencyas shown irFigure 1.2). However, still most of aluminum alloys are
soft and have inherently low mechanical strength, which hinders more widebshestial
application so further investigation and developmeadwhinumalloys are still needeéor
this reason, the current study was motivated by interesting challenges arising from an interest

in the development of aluminubased alloys foautomotive applicatian
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Figurel.2: Evolution of aluminum as a cylinder head material over
approximately the past two decadiés5].



1.2 ORIGINALITY OF THE WORK

Aluminum-copper(Al-Cu) basedalloys are well knowifior theirexcellent properties
suchashigh strengtkto-weight ratio, excellent ductilitygndgood casting performance. In
particular, such properties are very attractive to the transpwlustry,from aerospace to the
automotive and naval sectors, where better performance and lower environmpatalcan
be achievedby decreasing the vehicle eight as maintained in the previous section.
Neverthelesshesealloys cannot be produced by recycling aluminum scrap becaligh
degree of purityis requiredfor castingwhich, inturn, increaseshe production cost. In
addition,the high copper cont¢ in the AFCu castingalloys increasethe density and cost
of this categoryf alloyssincethe density ofCu is9.92 g/cmi. Forexample,f the amount
of copper iddecreasettom 3.5 wt.% to 2 web, it decreasethe calculated alloy density from
approxmately 2.93 g/criito 2.78 g/cm3, this can be a good achievemesgpeciallywhen
taking into consideration the sizef the casitomponentwhich will be producedrom the
newalloy [6]. Another issuéo consider is that the Al-Cu alloy contains &igh Sicontent,
this increases the fre&i in the aluminum matrix which causes probsefrom the
machinability point of view7, 8]. To overcane thelimitation of Al-Cu alloys, extensive
efforts have beemade fomproducing new lightweighhl-Cu casting alloyswvith acceptable

levels of tensilgoropertiesandthat areeasyto recycle. One of these neadloys isGM220
alloy, being developed bJfAMLA (TechnologieAvancée dedM étaux Légers poules
Applications Automobiles) researgnoupat Université du Québec a Chicoutimi (UQAC)

and GeneralMotors, as apromising alloyfor usein engine blockand cylinderhead

applicatiors[9].



GM220 alloy contains 2.4 wt.%u, 1.2 wt.% Si, 0.4vt.% Mg, 0.4wt.% Mn and
0.15wt.% Ti. Based on thisompositionthe new alloyhasthe same phases found in A319
alloy expectfor the Al-Si eutecticphase,which ensures a significant response to the
precipitation hardeningrocessin addition to thisits chemicaktompositionrmakes thenew
alloy lighter andcheaper to produce than A3a8oys that contains5.56.5 wt.% Si and
around 40 wt.% Cu Accordingly, the new alloy can replacl9 alloysin similar
applications sincé provideshigher yield and tensile strengths thdoes the319 alloy[7].

Despite theyood properties expectedtbenew alloy,it exhibits a high susceptibility
to hot tearingwhich, inturn, leads to a decreasethe castabilityand lowers the casting
quality, thus leading to deterioration in the tensile properties. The reasons for hot tearing in
the newalloy arethelow contentof Si andCu which decreases thenount ofeutecticsilicon
formedand results ithe longfreezing range athe alloy[7].

These drawbacks hindered the usthefAl-Cu alloy GM220 intheindustrialsector,
so that thealloy required further research addvelopmentin this contect, the TAMLA
research grouponducted varioustudies to enhance the performance of this atlaypake it
suitable forautomotive industrial application¥he findings of these studies are discussed
briefly andsummarizedn the following paragraphs.

Nabawy [7] investigated the influencef zirconium (Zr) and scandium (Sc)
additions on themicrostructuretensilepropertiesand hot tearingusceptibility(HTS) of
GM220 alloy.It was found that the hot tearing susceptibilyf S) decreased proportionally
as themold temperature was increasetcreasingrom 21 to 30 as themold temperature
was increaseffom 250° to 450°C. Also, it was found thaTi-B or Zr-Ti-B grainrefinement
additions enhancethe hot tearing resigtae ofthe alloy to asignificant level, whereas

increasing the Si content reduced HES of GM220alloy [10, 11].



Elgallad[8] investigatedhe effect of additives of Sr, Ti, ZFe,Mn, andAg as well
as free cutting elements,specifically Sn and Bi,on the mechanical properties and
machinability ofGM220 alloy in boththe ascast and heat treated conditions. The results
showed that:

f The additions of Sr refined the morphology of thEe Chinese script phased led
to a slight improvement in the ductility.

1 The additions of Zr improved the tensile properties due to grain refining action.

71 Increasing the amount of Fe increased the precipitatidcheCh i nes e-Fescr i pt
phase particles, thukecreasing the tensile properties.

1 The addition of Ag has nobvious effectto the strength; this is attributed to the
presence of Si, which hinders the vital roléAgfin precipitation hardening.

1 The addition of Bi reduces the strength properties iréa-treated conditions as a
result of the BFMg interaction which suppresses the precipitation of the-Mg
hardening phases

1 The addition ofSn decreasdhe strength propertiedue tothe softeningffect of Sn
and the replacement of Si with Sn in tiig-hardening phase M8§i, as well as the
formation of porosity arising from the melting of Sn during solution heat treatment.

1 From the machinability point, the results shovikdt, with respect to machining
performance,GM220 alloys display an acceptablecompromise inmachining
performance between that 8856 and B19 alloys on the onkband, andhat of the
A319 alloy on the othgr2, 13].

In another study, ZaKil4] investigated the effects of different alloying additions of

Sr, Ti, Zr, ScandAg, individually or in combination, on the performanceGi¥1220 alloy



The tensile tedbars usedh this study were preparesnployingthelow pressuralie casting
(LPDC) tecique. The results shaathat the alloy containing (0.5 % + 0.15% Ti ) was
the most effective in maximizing the alloy tensile properties over the range of aging
temperaturefrom 155° to 300°C. Also, addingAg simultaneously with 0.27 wt.% Zvas
bereficial at high aging temperatures,tive range of 240-300°C; with high addition of Zr
(about0.62 wt%, however,addition of Agwas less effective at the same levETi [6].

In spite of these previous studiésrther investigations are still needed to fill in missing
gaps of information in regard to the effeatsmetallurgical paranters @lloying additions
heat treatmentonditionsand teting temperaturegn themechanical propertiesf thisalloy
to acquire a comprehensive understanding of its behavior in the context of automotive
components particularly in regard tats performanceunder high temperatureervice

conditions Thepresent research study was undertaken for this reason
1.3 DEFINITION OF THE PROBLEM

Eutectic silicon is a dominant constituent phase\irSi alloys, and refining its
morphology can further enhance the attractive characteristics of these alloys. The gfactice
eutectic modification has been developed to produce a refined eutectic structure and can be
brought abouby using modifier additions, termed chemical modificafibs 16] and/or by
applying a high cooling ratéermedquench or chilmodification[17, 18].

In chemicalmodification, commonly used modifier additions such as strontium (Sr),
sodium (Na), calcium (Ca), and antimony Y@beadded to the alloy melt in trace amounts
to modify the eutectic silicon morphology from an acicular to a fine fibrous form. However
thesetraditionalmodifiers are associated with certain limitations such as fast fadintpe

case ofNa, formation of parosity with the addition of Sr, antbxicity in the case of Sb.



Nevertheless, strontium is most commonly used in industry due to its overall advantages
compared to the otherslowever, the fact that its utilization increases the amount of dross
restricts is usage in practice.

Rare earth (RE) metals have also been investigated as modifiers, one of the reasons
being their availability in abundance in nature in the form of mischmetal (K&f)Jum (Ce)
and Lanthanum (La) elements together comprise approxyr2®@b of mischmetal (MM)
in additionto praseodymiuniPr) and neodymium (NdThesetwo elements La an@e are
alsothecheapest among the sixteen members of theeeth metal family19].

In the case ORE metals their atomic radii relative to that of siliconrg) liesin the
order of ~1.65, a value conducive to modificationtii@ twin plane reentrant edgePRE
mechanism, which promotes the fibrous cdit@ growth of the eutectic silicophase.
Generally, from the point of view of modification of the Si phaskethal rare earth metals
have an atomic radius ratio that theoretically satisfies the modification efficiency criterion in
that the ratio of the modifier element atomic radius relative to tHai @iz., r/rs;, is closeto
the optimal value of ~1.6%s fiown inFigure1.3.

Although the previous studies reported in the literatli®] investigated the
modification effects of rare earth metals, the mechanism of modification using these elements
is still unclear. For example, Nogita et f20] investigated the role of Eu and Yb in the
modification of AF10%Si albys, selecting these two rare earth elements as having the most
optimal rfs;j ratios. They found, however, that despite these optimal ratios, only Eu showed
a uniform distributionof the modified eutectic Sifibres similar to the case of Sr
modification; whereas Yb precipitated, but not in the eutectic Si or Al, resulting in a
refinement of the platbke eutectic Si rather than a flakefibrous transition. They

concluded that therg ratio used to predict impuriyduced twinning behavior observed in



Si fibres is not sufficient initself and that all microstructures exhibiting fibrous eutectic
silicon must exhibit a uniform distribution of the modifier in the Si phase.
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Figurel.3: Ratio of atomic radii vs. atomic numbex1].

In addition to eutectimodification,the ability ofRE metals to refine theicrostructure
of analuminumalloy, namely the grairsize[22], secondary dendrite arm spacing (SDAS)
[23, 24] andtheb-iron AlsFeSiintermetallic phaskas alsdeen documented in the literature
[25]. However previousliterature reveals that thers a lack of investigations oft) the
morphology, size and distribution of the RBntaining intermetallic compounét¥med,and
(i) their influence on thé&ensile properties.

As theuse of RE asnodifiers hasncreased irthe recenpast,this area ofesearch

hasbecomencreasinglyimportantand needs tbe addressed more comprehensivélith

this in mind the main contributionof the currentstudy wasto investigatethoroughly the



effects of Cerium (Ce) and Lanthanum (La) on thierostructure angerformance of
GM220 alloy.A small addition of Strontium ($rin the amount 0150 ppm, was also used

for purpose®f comparison

1.4 THESIS OBJECTIVES

The main aim of thi®h.D.research project was to investigate the effetlsa and
Ce additions orthe tensileproperties oftwo seriesof GM220 alloys subjected to various
heat treatment conditions. The two series were prepared usiog 8) (1.2 wt%) BO alloy,
and(ii) high Si (8.0 wt%) DO alloy as the base alloys. The influeéendividual additions
of La and Ce on thmnicrostructureandtheresulting propertieand fracturdoehavioumwere
also studied. The main objectives of the current sthesefore covered
1. Examining the influence of 1.0 and 5.0 wt.% of&&lLa on the microstructural
features and solidification behaviour of the alloys prepared in order to have a better
understanding of the phases and intermegghiiesent in the structure.
2. Studying the effect of the following metallurgical parameters on the tensile
properties and the quality index valuesB@f and DQalloys :
i. Laadditions (0.2, 0.5, 1.0 Wb);
ii.  Ce additions (0.2, 0.5, 1.0 @4);
iii.  Sraddition(150 ppm);
iv.  Heat treatment conditions.
71 Solution heat treatment (SHT) at 5D for 8 hours ;
1 T5 (aging at 180C for 8 hours) ;
1 T6 (SHT at 510C for 8 hours followed by hours aging at 18tC);

1 T7 (SHT at 510C for 8 hours followedy 8 hours aging at 24%C);
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3. Studyingthe high temperaturéensile properties of Fheated BO and DO alloys
subjected to one and 20@s of stabilization at the testing temperature of Z50
with the different additions of Ce and (@2, 0.5, 1.0 wt.%)

4. Correlating the room andhigh temperature mechanical properties with the
microstructural features of the corresponding alloys.

5. Using quality chartdased on theensile properties obtaindadr various alloy/heat
treatment conditions in ordés recommendhe optimum parameters /conditions
for improving the properties of GM220 alloys for use specific industrial

applications.

1.5 THESIS ORGANIZATION

This thesis is scientifically organizéuto eightchaptersas follows:

The opening chapteCHAPTER 1 defines themotivation and objectives of this
research work.

CHAPTER 2pertains tahe literature revieweovering the general aspsctf Al-Cu
alloys, followed by anextensive reviewof the previous studies and investigations on the
effect of different types dRE metals on the performance of aluminum alloys.

CHAPTER 3presentghe experimental procedures used and provides details of the
alloys and additives used in tberrent studythe casting and heat treatment procedures used,
and the various mechanical testing and microstructural characterization methods employed
for determining the alloy properties and examining the microstructures of the alloys obtained

in this study.
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CHAPTER 4 presentsan analysis ofthe solidification behaviour of the alloys
investigated using differential scanning calorimetry (DSC) and thermal analy3i&)
techniques.

CHAPTER 5presents the results of the microstructural characterizatdnphase
identification using{(i) Scanningelectron microscopéSEM) with Energy dispersive xay
spectroscopy(EDS) facilities, and (ii) Electron probe micranalyzer (EPMA) with
wavelength dispersive spectroscopy(WDS) facilities.

CHAPTER 6presentshe tensile test results of the investigated alloy obtaatexbm
temperature, while CHAPTER 7 provides the results obtained at elevated temperature,
together with a section on the fracture behavior of thtedealloy samples.

CHAPTER 8presents the conclusions of this study based on the fmgiregented
in CHAPTER 4 through 7, and recommendations for future wonkllly, alist of references

and appendices areguided at the end of the thesis.
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CHAPTER 2
LITERATURE REVIEW

2.1 FUNDAMENTALS BACKGROUND OF Al-Cu ALLOYS

2.1.1 Microstructure of Al-Cu Alloys

The solidification ofAl-Cu alloys stagwith thedevelopmenbf a dendritic network
followed by a eutectic reaction in the interdendritic regions by means of which the eutectic
Al>Cu is formed in combination with the remaining aluminy&6]. Consequently, the
microstracture of AICu alloys consists mainly aftimary JA1 and theAl.Cu phaseln
orderto meetthe requiremesstof rapidly developing industriapplicatiors, majoralloying
elementssuch as Si and Mgninor alloying elements such as Ni and 8ng elements like
Ti, Sr, and Mn which modify the microsturcutre are adedl-Cu alloysto improve their
mechanical propertiggigure2.1) [27]. The addition of these elements is associated with the
formation of much more complex intermetallic compouymdst of which are insoluble.

One of the critical issigewith respect tahe microstructure of ACu alloysis the
unwantedoresencef impuritiesin Al-Cu alloys, in particular, iron (F&hich in turn leads
to the formation ofinsoluble Fe-intermetallicsuchas " -AlsMgsFeSk, b-AlsFeSi, and U
Al15(Mn, Fe,CuysSk. Theseintermetallics are harmfulandadversely affect thenechanical
propertiesof the alloy, especially ductilityandlead to formation of excessive shrinkage
porosity defects ithe casting. Anumberof investigatordhavementionedhat thepresence
of the b-AlsFeSi iron intermetallic phag@events the liquid metééedingby blocking the

interdendritic liquidmetal channel|ghusresulting in the formation gforosity[28-30].
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Figure2.1: Effect of albying elements on the performance of@ui alloys[27].

2.1.2 Heat Treatment of Al-Cu Alloys

Heat treatment is one of thmain techniques applied to enhance the mechanical
properties of aluminum castirgloys. Aluminum-copper cast alloys are considered heat
treatable alloysFigure 2.2 illustratesthe temperature ranges of the heat treatsegplied
to Al-Cu alloys FromFigure2.2 it may be noted that iarder to produea complete solid
solution,the solution heat treatment range of4AbCu alloy is 515 to 550°C in which the Cu
completelydissolves(Figure 2.2). This solid solution will becomsupersaturated as the
temperature decreases to below 515°C. In order to produce the age hardeninghb&uAl
alloy, it should be maintained within a temperature range of 150°C to 220°C for a pre

determined aging periof31]. In general, in aler to age harden ATu alloys,it is important
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to conduct the heat treatment process thhothree steps, as follows: @plution heat

treatment(ii) quenching, and (iii) agingvhich will be discussed briefly and summarized

subsection2.1.2.1 2.1.2.2 and2.1.2.3 respectively
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Figure2.2: Heat treatmentemperature range for heat treatofgAl-Cu alloys[31].

2.1.2.1 Solution Heat Treatment

The solution heat treatmentprocessis carried out tomaximize the solubility of
elements inlte matrix such as Cu and Mg help in dissolvinghe intermetallicphases
which are formed during solidification and to increase the homogeneity of the
microstructure Temperature ahtime are themain parameters which contrtile ®lution
heat treatmenprocess. etemperature of solution treatment, in particularcasisideed a

critical parameter in Gagontaining alloys due tthe occurrence of incipiembelting of the

Cu phases
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Samuel32] summarized the topic of incipient melting AfsMgsSisCu and Al>Cu
intermetallics in319type alloys and concluded that, althoughigh solution temperature
enriches the Cu concentration in the supersaturated solid solution structure, tleiteca a
temperature for Ggontaining aluminum alloys such as 319 alloy which cannekbeeded
due to the occurrence of incipient melting. This critical temperature is deterbased on
the lowest eutectimelting point of the intermetallic constitution am, otherwords, of the
melting pointof the phases last to solidifgopperrich intermetallicssuch as AICu (d) and
AlsMgsCwSis (Q), are the main intermetallics facing the possibibfy melting during
solution heat treatment because of their togliting points of 507°C areR5°C, respectively
[26] . The incipient melting takes place at and above the correspoguti®tjc temperature
as a result of the reduction in the Gibbs free energies as postuld®eisbyet al[33].

In alloys containingiliconas an alloying element, tt& particle morphologyasa
vital role in characterizing th@echanicaproperties. Under normal cooling rates, the silicon
particles appear as coarse aciculaedles, which act as craakitiators and reduce the
mechanical properties to an observat#gree. This type of deleterious silicon morphology
is responsive to treatment by meanslémical or thermal modification. When applying
thermal modification, the casting ssibjected to &igh temperature solution heat treatment
for the required length of time. Aumber of studies by Apelian et #B4], Tillova and
Panuskov#35], and Li et al[36] investigatedhe effects oftermal modification on silicon
particles. In these studies, it was found thatsilicon particles became modified through a
special sequence triggered by the breaklogin of silicon particles into small fragments
followed by the gradual spheroidizatiasf these fragments. Prolonged solution heat

treatment causes the undesired coarsenisgiodn particles. The high solution temperature
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leads to high rates of spheroidization atwhrsening. The main driving force for the

spheroidization and coarseninsilicon particles is the reduction of surface energy.

2.1.2.2 Quenching

The purpose of this stage is to maintain a high degree of supersaturated solid solution
as well as to provide excess vacancies, all of which may be obtained by applying a high
cooling rate Quenching is a critical heat treatment stage in which the subsequent
precipitation behaviour is determinedeterogeneous precipitation occurs intensively at
intermediate temperatures under low cooling rates because of relativeupmgisaturation
and high diffusion rates. Accordingly, the resulting heterogengmesipitation at low
quenching rates will consume the solutes from the matrixaam$equently, will reduce the
subsequent ageardening response. This outcome lead®wer ultimate tensiland yield
strength, as well as lower ductility values and fractoughnes$37-39]. The high quenching
rate in AFCu alloys or Cecontaining alloys tends &nhance strength values.

It should be noted that theignching medium is the factor, which determines the
quenching rate and heat extraction rate. The quenching medium for wrought alisyalig
cold water, whereas the castings and complex shape parts are immeuseacbed in warm
water between 65°C ar@D°C or in solutions such as polyalkylegigcol. Molten salt and

low-melting eutectic baths have also been used as quenuleutig[40, 41].

2.1.2.3 Aging

The age hardeningf aluminumcopper alloys has been the subject of intensive
scientific investigation for a number of decades now by numerous reseaidiai.
Throughout tle aging process, the supersaturated solid solution is decomposed by heating it

to a point below the equilibrium solvus line as well as to below the GP solvus fireiace
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artificial aging, or otherwise by keeping it at room temperature for an extésrgt of time
in order to produce natural agingigure 2.3 illustrates the solvus lines dlfie different
metastable and stable phases of th€Abinary system. Ahe beginning ofhe precipitation
process, the solute atoms segregate in spagistiallographiglanesof the matrix forming
zones (GPkand GP1l). These zones are fulgoherent with the matriand measure 5
nm. Depending on the aging temperatared aging time, these zones dandevelopedo
subsequent sergbherent metastable and equilibrium phases.

The fully coherent precipitates usually form and remain more stahlglaraging
temperatures than the seaaherent andhoncoherentprecipitats because of their lower
solvus lines, as may be seerrigure2.3. The presence otilly coherent zones and tkemt
coherent metastable phase strengthensntlgrix by inhibiting and/or hindering the

dislocation movemenj#5g].
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Figure2.3: Partial equilibrium diagram of ACu alloys representing treolvus lines
of the metastabland equilibrium phasdg5]
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2.2 QUALITY IND ICES OF ALUMINUM -SILICON ALLOYS
2.2.1 Concept ofthe Quality Index

The mechanical properties of -8i casting alloys are relatetirectly to various
metallurgical parameters involved in the production process. The quality $f &dsting
can be expressed in terms of their mechanical propénti@sgh aconcept knows as quality
index. The quality of Al-Si castingalloys is considesd a key factor in selectingn alloy
casting for a particular engineering application. Deciding upon the right alloy quality thus
involves reaching a suitable compromise between numerous factors to present the least
possible risk with maximum performancecombination with adequate cost effectiveness.
Alloy composition, solidification rate, heat treatment procedures, casting defects, and such
microstructural features as grain size and intermetallic phases, are all parameters, which
closely affect alloy gality since they also influence the mechanical properties of the casting.
The concept of quality indices and quality charts has been proposed by several researchers
aslistedbelow inchronologicabrder. In what follows,only themodek proposedy Drouzy
et al andCéaceresbeing the ones most commonly useill,be presented isubsection2.2.2
and2.2.3 respectively.

a) Quality Index (Q)roposed by Drozyet al [46].

b) Quality Index (Q) proposed by Din et al47].

c) Quality Index(Qc) proposed byCacere$48, 49].

d) Quality Index (@) proposed by Alexopowlos arRantéakis[50-53].

e) Quality Index (@) proposed by Tiakioglu et al[54].
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2.2.2 Quality Index (Q) Proposed byDrouzy et al.

Based on their investigations of the tensile properties-a®A5+Mg alloys, Drouzy
et al.[46] were the first to propose the concept of quality index in 1980 to define the quality
of aluminum alloy castings, where the quality index Q provided a correlatioe terikile
properties of the alloy, through the use of an equation relating the quality index to the ultimate

tensile strength and elongation to fracture as preségtEduation2.1:

1 A Al T Equation2.1

where Q is the quality index in MPayrs refers to the ultimate tensile strength in MPga; E
refersto the percentage elongation to fractused the parametetis material constant and
was empirically found tcequal to 15MPa for AF7%Si-Mg alloys.

On the other hand, the study of correlations between tensile strength, 0.2% yield
strength, and peentage elongatieto-fracture in cast aluminum alloyshowedthat the

probable yield strength, YS (MPa), may be estimated uSsjugtion2.2 .

A AR AlT© o Equation2.2

where the coefficients a, b, and c for-A5FMg were determined as 1, 60, antB,
respectively, while the constants b and ¢ are expressed in units dbbJPa

From the above equations, quality charts can be generated, where the two equations
represensets of parallel is® and iseYS lines.Equation2.1 is used to generate the 1§
lines in the quality charts proposed by Drouzy ef48], whereas€Equation2.2 is used to
generate theso-probale yield strengthines. The quality chart generatesingEquation2.1
and Equation2.2 is shown inFigure 2.4. Thesequality charts are generated for use as a

simple method of evaluating, selecting, and also predicting the most appropriate
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metallurgical conditions which may be applied to tastingsto obtain the best possible

compromise between tensile properties aastingquality.
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Figure2.4: Example of quality chart proposed by Drouzy ef46)

2.2.3 Quality Index (Qc) proposed byCéaceres

The drawback of the quality index concept proposed by Drouzy[éBfis that it
was given no proper theoretical grounding or explicit physical meaning. This gap in its
physcal basis has been bridged by the anedytmodel created b@aceres[48, 49 which
allows calculation of the quality index from knowledge of the parameters détbemation
curve, namely, the strength coefficient of the material and the-$matleningexponentThe
analytical model byCaceress basedn the assumption that thefrmationcurves of the
material can be described wittollomanequationgiven inEquation2.3 and represented by

log-log plot of true stress versus true strain, as shovAgire2.5 [56, 57]
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v

” Q Equation2.3

werell is the true stresélis the true plastic sin, n is the straimardeningexponent, and
K is the strength coefficienThe values of n and K may be calculated frolmgalog plot

of true stress versus true strain, as showsigare2.5.
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Figure2.5: True stress strakturve plotted in log scale

The strain hardeningxponent n calculatefdom Equation2.4

hY - ,Q ”
& - Equation2.4
The true stres§ and the engineering streBsarerelatedoy Equation2.5

., 0 0O Equation2.5

where A and A are the initial and final cross sectional areas, respectively. According to the

assumption that the volume is constant during deformé&figuation2.6 can be obtaineds

follows:
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0 ion2.
. o Equation2.6

where(is the total true strain which has elastic and plastic components Heroation2.3,
Equation2.5, andEquation2.6, Equation2.7 can be determined.

0 0U-Q evYQ Equation2.7
whereSis the engineering plaststrain. InEquation2.7 , the sigre indicates that the elastic
strain component as well as the difference between the engineering and true séraieemav
disregardedThe latteris a reasonablassumption for casting alloydue to their limited
ductility.

Equation2.7 has been used to draw the family of solid flow curves for the 4869
(Al-7%SH0.4%Mg) with K = 430 MPa, as shown Figure2.6. The curves are identified by
values which vary between 0.2 forgsenched samples and 0.08 for samples at 1#0°€
hours The values of the strength coefficient, K, and the strain hardening exponent, n, were
obtained from the true stressie strain curves of AT%SiMg alloys[49]. The YS-values
on the right hand sidexe indicate the flow stress (MPa) at an offset strHi®.2%. As
reported by Céacerggg], for a given aging condition the flow curvd the most ductile
samples represents the locus of the UTS/elongatidracture points of the samples with the
same Yyield stress but lower ductility. Thus, the solid flow curves in Figure 2.10 may be
interpreted in terms dhe concept obrouzy et al[46] as corresponding tdiso-YS" lines,

relatingUTS and elongatiofio-fracture, each for a particular aging condition.
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Figure2.6: The quality index chart proposed by Caceres for A356 {8y

In the case of high ductility castings, tensile failure involves some amonetkihg.
Necking begins when the Considere criterionis [/B&t59], that isy =1, wherey is thestrain

hardening parametelefined as

P

'Q ”
Q- Equation2.8
On comparison betwedfquation2.4 andEquation2.8, it can be found thdt €7-.Thus,
when!  p, thisimplies that® &, where-* is the true plastic strain at the onsetking.
Assuming théY -° ¢, the relative ductility parameteg defined as the ration between
the engineering plastic strain at failgr@efined as the ration between the engineering plastic
strain at fdure, "Y, and the engineering plastic strain at the onset of netKirig given by
. Y Y
N § T Equation2.9
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FromEquation2.7 andEquation2.9, Equation2.10 can be defined as

0 0Y"Q Equation2.10
Figure 2.6 illustrates thatEquation2.10 can be used to generate the lines representing
contor s of constant risdgatliivree sd,ucdddh dVpiuece | il ceall
The usefulness of g resides in the fact that it expresses how far a particular sample is from its
maximum possible ductility. The sample, which deform up teeyond necking (i.eg® 1)
have the highest combination of elongation and UTS or be of the best quality possible, while
the samples which fail before the onset of neckinggO 1) wi | | be of | ess
concept provides a straight forwarbysical meaning for the quality inde®, in terms of
the relative ductility parameter, itimpliestliigoqgd | i nes ar e rouigohl y eql

Q0 generated .[46hy Drouzy et al

2.3 REVIEW ON THE EFFECTS OF RARE EARTH METALS

In this section,the microstructures and mechaniqaioperties ofalumirum alloys
containing different rareearth elements additionare discussedA numberof scientific
investigationsare reported in the literature dhe effectsof rare earth elementsand
mischmeal (MM), which is a mixture of RE element®und in abundance in natuvéth
Cerium (Ce)and LanthanunfLa) together comprisg approximately 90% ofmischmetal
The RE metals investigated includéerium Ce), Lanthanum I(a), Yttrium (Y) [60-70],

Erbium Er) [21, 71-83], Neodymium(Nd) [84-88], Ytterbium (Yb) [21, 60, 61, 89-95,
Samarium &m) [19, 96-10]], Scandium( S¢ [102-111], Europium Eu)[21, 112114, and
Gadolinium(Gd)[115. Amongthese, as the effects of MM, Ce, La and mixture additions of
Ce and La were investigated in the present study, only these will be discussed the

subsection2.3.1 2.3.2 2.3.3 and2.3.4that follow.
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2.3.1 Effects of Mischmetal(MM) Additions

Yuyong et al[116§ investigatedhe effects of small amountsf mischmetal (M)
on the dendrite arm spacin@nd the Brinell hadness of Al1.0% Mg-0.5% Si alloy Their
results showdthatin the range of 0.54.0wt.% MM the hardness increaséy more than
30% and dendrite arm spacing decreases fropmb® 18um. Ravi et al[117] investicated
the mechanical propertieadmicrostructuref cast A7Si0.3Mg(LM25/356)and reported
that the additiorof above 10 wt.% of MM lowered the YS, UTS and percent elongation
with increase in the Brinell hardnesehe mechanical properties decreased duéh¢o
formation of Ce and La hard intermetallic compounds in the matrix and consumption of a
certain amount of Mg toward formatiar these compoundsvhich led to reduction inthe
strengthening constituent Mg formed,contributing tothe observediecrease

Chang et al[118 119 reported orthe microstructure anthermal analysis of Al
21wt.% Si alloys withMM addition.Theirresults showethat2.0 wt.% MM additions lead
to a morphological change the primary Si crystals from stdike to polyhedral shape
[118. The thermal analysigesults revealedhat addition of 30 wt.% of MM leadsto
depressiorof 12-17 °C in the primary Si reaction temperature and72°C in euectic Si
temperature Zhang et al[12( reported that increasing the leveldM additionsto in situ
Al-15M@Si composite alloy leads:t@) a reduction in thesize of MgSi particles (i) a
changen the morphology oéutectic M@Sifrom a fibrous to a flake likeand (iii) formation
of RE-containing compounds in the form ofiAREs.

Ravi etal. [121]] studied the effect df.0 wt% MM additions on the microstructural

characteristicendthe room and elevated temperatuensile properties of ATSi0.3Mg
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(LM 25/356) alloy containing excess iraip to 0.6 wt.%. Withraddition of 1.0 w6 tothe
LM25 alloys, the results showed that:

() Alloyswith Fe contents ranging froth2 to 0.6 wt.%exhibit grainrefinement
and partial modification ofhe eutectic silicon and the finer intermetallic
compounddormed withCe, La, and other elements, thereby improving the
strength as well as the ductility of the alloy relativéhe same alloys without
an MM addition.

(i)  Alloys containing 0.6 wt.% Feledto theformation offine and fibrous shaped
intermetallic compounds containing Fe and Si with famel fibrous shape
which reduced the effective amount of Fe available for formatidnaofd
phasesthereby reducing theize and volume of Feontaining intermetallic,
which, in turn, reduced the deleterious effect of Fe and improved the strength
and ductility of the alloy

Weiwei et al[127] investigated the influence of different lesef MM up to1.0 wit%

additionsto microstructures and properties of a high strength aluminum cast alloy. The
foundthat MM addition refined the grain size of the alloy studiedchangedhe eutectic

Si morphologyfrom needlelike and laminar to a granuléype Also, with the increas of

the MM level, the tensile strength and elongation of the dlisf increaseand then begin to
decreaseAlloy with 0.7 wt% MM exhibited the highesthechanicaproperties. In another
study, Chonget al.[123 studied the combined effects of P and MM on the microstructure
and mechanical pperties of hypereutectic A0%Si alloy. It was observed thain general,
alloys with the additiomf 0.08% P and 0.60% MMxhibited highest mechanical properties
and had the optimal microstructure compared with the ality no addition; refinement of

theprimarySi particles from66.4pum to 23.3um, andthe eutectic silicon from 843mto 5.2
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pum, was also noted. With respedo the mechanical propertiebetultimate tensile strength

improved from 256 NPa to 306 MPaand the ductilityncreasedrom 0.35% to 0.48%

El Sabaie et a[124-127] investigated thenfluenceof MM, cooling rate and heat

treatment on thbardnessnd microstructural observationf unmodified and Smodified

A319.1 A356.2 and A413.1 AlSi casting alloys. Frorthese studies, the autharsted the

following:

()

(ii)

(iii)

(iv)

In general, thhardnessneasurements revealed that the hardness values of the
ascast alloys were higher at high cooling rates than at low cooling Wids
additionof MM, the hardness decreased at both coalies][125.

The addition of MM to the norrmodified ascast alloyspartially modified the
eutectic silicon particles. This effeatas more pronounceih the A413.1 and
A319.1 alloyscompared to A356.alloy [12]).

The effect of MM as a modifier is more effective at high cooling rate
(corresponding to DAB40 um) than at the low cooling rate (DA820um) for

all the ascast noamodifiedalloys[12§].

MM -containing intermetallic phases wesbserved at highnd low cooling rates,
each exhibiting a specific Ce/lLa ratio and malogy. Many of these MM
containing intermetallic phases were found to contain Sr, which confirmed the

interaction of MMwith Sr[127].

Li et al[128 studied the effect ofombinedadditiors of MM, Fe and Mn on the

microstructure and performance of A390 alloy. yisbowedthat the combined addition is

an effective way tamprove the strength of A390 at elevated temperature, which increased

by 25%. Otherstudies by Zhu et 129 130 reported the effects of GIL0 wt.%Ce-based

MM additions on the microstructyreensile properties and fracture behavior etast and
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T6-treated A356 alloys The main findings from their work are listed below for the

conditions.

MM -modified a&-cast A356alloys [129

() MM-containing intermetallic compous@annot act as potential nucleate sites
for primaryU-Al phases

(i) The modification effect of MM depends on the addition leighor additiors
of MM (less than 0.2 wt.%) resutt partialmodification while more than 0.3
wt.% MM leads to full modification

(i) The fracture path goes through theésrdendriticregion composedf eutectic
silicon and MMcontaining intermetallic compounds.

MM -modified T6 A356alloys[130

(i) T6 heat treatment has great influence on the spheroidization of eutectic silicon
particlesin MM -modified A356 alloys than than the unmodifiedalloys.

(i) The UTS, YS, andoEL of the T6treated A356 alloys with and without
modification areimproved due to the &proidization of eutectic silicon
particles and MghSi precipitation hardening.

(i) SEM images show that the Miodified T6 A356 alloyundergoes ductile
fracture It is worth noting that theesutectic siliconand MM-containing

intermetallicparticlesprovide the weak locatiorfer initiation the fracture

Mousavi et al[13]] investigatedhe effectsof differentlevel of additions(0.0-1.0
wt.%) of La-based MM andheat treatment on the microstructure and tensile properties of
two different sections of A& casting alloy A357The results showed that optimum levels

of MM additions are 0.1 w and 0.3wt.% for thin and thick sectianof the casting,
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respectivelyExamination of the merostructure characterizati@mowed that atigh levelof
addition, a new AlSiLa intermetallic phase was detected. In addition, the results
demonstrated that T6 heat treatment imprihe tensile properties of the modified alloys.

Jiang et al[23] reported the effects of MM addition on the microstructure, tensile
properties and fracture behaviorastcastand T6 A357 alloy. The resultbtainedshowed
that addition of MM reduced the sizetbe primaryU-Al dendrites i.e., the SDAgalue and
alsoimproved the eutectic Si particle morphology. Accordingihe MM -modified A357
alloy exhibited improementin the tensile properties, particularly tel®ngation in theT6-
treatedcondition. The fracture surface ahetensiletestedsampleof the unmodified alloy
showed a clear brittle fractyrevhereas that of the Mivhodified A357 alloy exhibited
dimple rupture and cracked eutectic Si particles, resulting in superior ductility.

Zhang et al[22] studied the cooling rate sensitivity of AlTdgain refiner MM and
ALTiB-MM additions and the resultanteffects on themicrostructureand mechanical
properties of A356 alloyn laboratory scale experiments andactual industrial application
(production of alloy wheelsYhe results demonstrated that the AFVB/ addition provided
the most effective and synergetic refinement compared to the individidaB Ar MM
additions. In additionhie properties oA356 alloy wheel refined by the AITIiBMM addition
wereimproved significantly. The tensile strength, yield strength, and elongattbewheel
spokesimproved by approximately 11.3%, 10.8% and 44.1%, respectively.

Dang et al[137] investigated the effects odire eart{RE) additiors in the form of
Al-10%RE master allognd pouring temperatufel124 K through 1524 K in increments of
100 K)onthemicrostructureand mechanical properties di6-treatedAl-25%Si alloy. The
authors observetthat fortheunmodified alloy, the primary Si morphology was transformed

form platelets to fine polyhedrfdrm, and the average size decreased with increasing pouring
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temperaturéfrom 125um at 1124 K to- 62 pm at 1524K). With a1.2 wt.%RE addition

the primarySi exhibited a small blocky morphologwith an averagearticlesize of 47um.

In addition, the study showed thEé MM-Al-25%Si alloy exhibited an improvement in the
mechanical properties comparéa the umodified alloy wherethe maximum tensile
strength and elongation ( 208.3 MPa and 1.01% ) where obtained for the sample modified
with 1.2 wt.%RE followed by the T6 heat treatmeiithe RE contained a mixture of Ce and

La derived from mischmetal.

In anothe study, Zhang et al[133 reported he effect of MM additions on the
microstructurendperformance of AB.0 wt.% Mgalloy used foproducingelectromagnetic
shielding wire The strengthreached the highest value with 0.3 wt.% Middition; the
elongation varied little whethe MM addition was no more thah2 wt.%MM. However,
the excessive addition of MM would be harmful to the microstructure anemiegof At

3.0 wt.% Mg alloys

2.3.2 Effects of Cerium Additions

Xiao et al[134] investigated therecipitation hardening response, microstructure and
mechanical properties of three-BU-Mg-Ag ba®d alloys containing .0, 0.20and 0.45
wt.%Ce using transmission electron microscopy (TEM) and differentsdanning
calorimetry (DSC). It was founthat increasinghe Ce content from @ to 0.45 wi%
increased the tensile strength at all test temp@siup to 350C. The high strengtbf the
alloys with Ceis attributedto the high density and high thermal stability fofe q
precipitates. In anothetudy,Xiao et al.[135 reportedthatthe minor addition of 0.2 wo
Ce to the alloytogetherwith 0.25 wt% Ti induced aharmful effect on the mechanical

propertes. This was attributed to the formation of the intermetallic AlxTisCeCu
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intermetalliccompoundthat decreased the tensile strengftithe ascast alloy and reduced
the age hardening response.

Zhang et al[13§] studied the effect of Ce additions on the modificatitechanism
of the hypereutectic AL8Si alloy under different casting conditiohheyreportecthat with
Ce additionthemorphology otheprimary Si changgfromabranched shape &fine shape.
Also, the modificatiorof theeutectic Si improved with increasing the Ce additatie melt,
wherethe modificatiorof theeutecticSi in areasway fromtheprimarySi wasmore obvious
than inregions close tde primary siliconparticles

Songet al.[137] reportedon the efect of combined and individualdditionsof 0.3
wt.% Ceand 0.2 wt.% Tion themicrostructure and mechanical properties ofAlMg-Ag
alloy. The resultsarising from this investigatioshowed that individual addition &eor Ti
can decreas¢he grain size of thescast alloy increase the nucleatiorate of the q
(metastable AICuU) phase inhibit the growth ofthe q phase during aging, arttiereby
increase the volume fraction and decrease the spacing phase. Based onthese
microstructual effects,the yield strength and tensitrength of the alloyare increased
However,combined addition of Ceand Tileads tothe formation of Ce Ti)-contairing
intermetalliccompounds and increasthe grain size duringcasting, buhaveno influence
onthe nucleation and the growththie q phase during aging. The alloy containingth Ce
and Ti has a relatively lower Vieks hardness and strength compared to the alloy containing
individual additiors of Ce or Ti. In anotherresearchSong etal. [138 reported that Ce
improves the thermal stability tfie q phaseby decreasing the diffusion velocity thfe Cu
atoms and hence decreasing the coarsening speed of the phase, as well as through the

aggregatioomf Ce atoms at the q phase/ Al matrix i
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the thickening of the q phase plates whi
The strength of the ACi-Mg-Ag alloy is improved, as a result

Koreset al.[139 investigatedhe effectsof different leves of Ce additions on the
microstructure, theral behaviour and mechanical properties of hypereutectic AlSi17CuMg
alloy. The resultshowed that additionsf Ce (up to 10 wt.% Ce ) can achieve refinement
of the primary and eutectic Silicon morpholody general the alloy with 1.0 wt.% Ce
addition exhibited the best result#th respect to the microstructural and strength properties
It was also observed thtte addition of 1.0 w¥% Ceproduced the greatest reduction in the
liquidus temperature from 686°€ to 5919 °C.

Tsai et al[14( investigatedhe modificationeffect of different levels ofCe on the
microstructure, thermal analysasid mechanical properties of cast A356 aluminum alloys.
Theyreported that A356 allognodified with 1.0 wt.% Ce greatly improveditecticsilicon
modificatiorr however the thermal analysis veakdthat there is no direct relation between
the eutectic growth tempmure and silicon modification.The microstructual
characterizabn showed that two kinds of @mntaining intermetalliphass were found,
includingCe23Al-22Si and Al17Ce12Ti-2S2Mg (in wt.%). While the ductility of the Ce
modifiedalloys was enhanced for Ce addition of 0.6 wt.% and above, there was no positive
effect on the ultimate tensile strength, which watisbuted to the formation de Al-17Ce
12Ti-2S+2Mg phasewvhich reduced the amount of free Mg available for precipitatidgheof
Mg-Si strengthening phase

Voncina et al[141, 147 reported the effectsf variousconcentrations o€e (QO,

0.01, 0.02, 0.05 and 0.1 wt.%) on thelidification and mechanical properties AR A360
(Al-10%S+0.5%Mg) alloy .The results shoed that the solidus temperatutecreasd with

increasing Ce additionThe eutectic (a+Mg,Si) temperaturealso decreased with Ce

34

c h



addition. It was found that therecipitation enthalpy decreabwith the Ce addition, while
precipitationoccurredmore rapidly and intensively, indicating increased reaction kinetics.
Mechanical properties like tensg&rength and hardneaksoincreased witlihe Ce addition
wherethe hardness of the investigated allogty be attributed to tk phaseomposed of Al,

Ce, Mg and Si.It is worth notingthat in anotherstudyVoncina et al[142 reported that
addition of Ce to A80 alloy led to achangean the morphology oéutectic AbCu phasdrom
ecrumbl edé (fioer dutactielikg to hloxky fornihnd causedhe formation of
small primary crystals ofUy which resulted in grain refining of the alloy. A needlaped
AlCeCusSi phase (ACexCusSis) was also detcted.

Chen et a]143 studied the effects of Ce and Sr addition omilnaeation oprimary
U-Al phasedendritesn hypoeutectic Ai7%SiMg castalloy. They found that witladdition
of Ce and Srthe grain size 6the dendritic Al phase becomes well refinedecreasing
from 150um to 90um, and is attributed to the exponential increase in nucleation frequency
(10°%, compared to the unmodified alloy, and restricted growth.

The effect of Ceaddition(0.0, 0.3,0.5, 0.8 and 1.0 wk) on the microstructure and
mechanical properties of hypereute®ic20%Si alloywere investigated by Li et 41144,
where theyfound that with increasinthe Ce addition levekhe primary Sicrystals were
significantlyrefined andhe morphology of theutectic Si phaserasmodified from coarse
platelet liketo afine fibrous structureAccordingly, the ultimate tensile strength (UY&nd

elongation (%El) increased by 68.2% and 53.1%, respectasdyresult of these effects

Ye et al.[14] investigated the influencaf Ce conten{0.2% and 0.4vt.%) on the
impact properties and microstructure2b19A aluminum alloy, a new version of 2519 alloy

(with a higher Cu/Mgatio) used for armor materidasel on the resultsf theirresearch, it
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was found that 0.2 wt.% Ce addition leads to an incr@aske volume fraction othe
precipitation phase, in addition to more dispersive and homogeneous distribdinem dd
(AlCu) precipitates, which result in improvitize ability of the alloy forabsorbing impact
energy.Formation of A(CwCe phasevhichis thermally stable at high temperature is also
expected to enhance the high temperature mechanical properties ltth€iget al. [146
reported that the addition of Ce in the ZR4Si alloys refined the Si primary phaseths
Ce additionsvereincreasedThe results also showdtat additiorof Cein the rangef 0.46
to 2.24 wt.% led tahe formation of fine cellsdispersed in the Amatrix. These cells
consisedof a mixtureof eutectic Si particles and @entaining intermetallic phas€AlsCe
and Cd&l1> Siog). The amount of thentermetallic phasesncreasd with increasingCe
addition.

Promising scientific investigations were made by Ahmad and cowofRér4d47,
148 onthe influenceof Ce on the microstructure of a commeréibl11%Si-Cu-Mg eutectic

castalloy (ADC12). The mainfinding from their studies amummarzedbelow.

) The addition ofCe toADC12 alloy leads tamprovement irthe Siparticles
modification and redusghe Si particlesizeby 62% [147].

(i) Cooling rate has no signifcant effect in the 1.Wt.% Cemodified ADC12
alloy, compared to the base alloy and this may be attributed to formation of
intermetallicphase$147].

(i) Investigation of the ASi eutectic phase using the thatranalysis technique
showed that additioaf Ce had a significant effeon the nucleation, growth,
and minimum temperatures of-8l, and decreased as the Ce concentration

increased, and refinement of the Si structure was observed up to 1.0 wt.% Ce.
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In addition the growthand nucleation temperatures of thel @l phase,
which is the last phase to solidifglsoincreased with the incread with
increasing level ofCe. The formation of Ceontaining intermetallic
compounds such as Ali-Ce and AISi-Cu-Ce affected the degree of Si
modification [14§).

(iv) Ce addition refined thesecondary dendrite arm spacing (SDABY
approximately 36%ln addition thetensile strength and qualitgydex of Al
11%SiCu-Mg increased to 237 .BIPaand 265 MPatespectively, after the

addition of 0.1wt.% Ce[24].

2.3.3 Effects of Lanthanum Additions

Yi and Zhand 149, 15Q investigated thénfluenceof La added in pure rare earth
element fornmon the modification ofiypereutectic AL7%Si and At22%Si alloys. Different
morphologies of the primary Si phase were observed, namely, feathery, polygoral, star
shaped and platelet forms. Theported that the eutectic Si immodified Al Si alloys
appearsin the form of long needike crystals while discrete anthterconnected coral and
rod-like eutectic Si particlesre observed in alloys with the addition of Lahey aso
observed that with La additiptheLa rich containing intermetalliphase formedrowsinto
a variety of morphologiesuch as needlike, broken rodlike (in pore3, sphericaland flat
platelet. With the addition of Lato hypereutectic AlL7%Si alloy, La begins to form
intermetallic compoundspeciallywhen La additiorexceeds approximatelydwt%. These
compoundscould be represented ad:8i:La; containingLaSk and an unknown ternary

AlSiyLa phasq144. In another research Yi et 451 reportedthat the addition of .B
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wt.% La toA390 alloy leadgo only a slight modificatiorof the silicon particlesas a result
of theformation of the compounds AizCwLazsand AEMgsCusSie.

Ouyang et al[157 stated thataddition of Lato hypereutectic AlSi aloys can
enhance the effect of phosphoamsthe modification of the primary Si phaaed he higher
the La contenat the ALSi interface, the smaller the primary [@irticle size obtainedn
another esearch, the influence of different amounts of La on the microstructure and
mechanical properties of A356 alloyssinvestigated by Tsai et dl153. Their findings
indicated that the modification efficienayith respect to thenicrostructuresand mechanical
propertiebtainedwith 1.0 wt.% La are similar to thosdserved with the use 6f01 wt.%

Sr. Furthermore, the results of thermal analysis reddhht there is no direct relationship
between eutectic groWttemperature and silicon morphology/modification rating.

A mechanism by which La modifies the-Bearing intermethcs in a 6xxx series Al
alloy was proposetdy Mosseinifar et al.154]. They reportd thatduring solidification, the
addition of lanthanum redts in the formation of the I(Al,Si), phase deplethg the
remaining melt of Siln addition theyhypothesized that the decreased Si/Fe ratio in the melt
caused by the presence of La favors the formatioh bfeAlFéSi phase, which is less
detrimental to the formability of the alloy than thé\IFeSi phaseYuan et al[155 reported
that La addition decreased the peajed hardness durinlge aging process of AMg-Si-Zr
alloys based on AA 6201However,increasingthe La content to 0.3% tkto a poor
elongation at fracture

Huang and Yan[15€ investigated the effects of variousa additiors on the
microstrwcture of ascast ADC12AI-11%SiCu-Mg) aloy. Theresultsindicated that the+
Al and eutectic Si crystals were modified with the addition of 0.3 wt.% La. The eutectic Si

crystals showed a granular distribution. At the same time, the alloy possessezbithe b
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mechanical propdads However,as the La addition was increased beyond 0.3 wihi,
microstructure coarsedgradually and the mechanical propedecreasedsaresult

In another studySong et al[157] analyzed the impact of different additive amaunt
of La (0.0, 0.3, 0.6 and 0.9 wkb) on the microstructure and hot crack resistancemE 12
alloy. The results showed thats the La added increased fror@% to 0.6 wt%, thetructure
of tAhphasdjradually varied from a wetleveloped dendritic crystal into fine dendritic
crystal, equiaxed crystal and spheroidal cryshaeutectic silicon varied from needli&e
or tabular shape into fine rdike shape; the hot crairlg force ofthe alloy alsogradually
decreasedOptimum alloy modification, alloy refinement and hot cracking resistance were
achieved at 0.6 wt.% La additiorlowever, when the additive amount of La reached 0.9
wt.%, the excessivamount ofLa segregateat the grairboundaies, forming intermetallic
phases

A scientific studymade by Chen et dl158 to investigate the effects of combuh
addition of La and Rboron) onthe grain refiremen of Al-Si castihg alloys, revealethat
such additiongan effectively refine thgrains of AlSi alloys compared to the individual
addition ofboron This work also reported that with addition of, tlae tensile propertiesf
the alloy, in particularthe elongatiorare enhanced.

The effects of trace addition of L&.03%- 0.1 wt.%) onthe microstructures and
tensile properties oB-refined and Smodified AlF11%Si-1.5%6Cu0.3%Mg casting alloys
were investigatedoy Lu et al [159. It was foundthatintroducing La/Bin the weight ratio
of 2:1 producedvell refined of Al grains and modified eutecti8i particlesin the alloy
studied as well as strengtheningntermetallic precipitateswhich improved theultimate

tensile strength anelongationfrom 234 t0270 MPa androm 4.0 t05.8% respectively.
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Ahmad et al.[16( carried out a systematic study the effects ofvarious La
concentratioaon the solidification parametersaiitectic AtSi-Cu-Mg alloy. Theyreported
that the nucleation and growth temperatures of eutectic Si decreased when 0.3 wt.% La was
added, whereas with 1.0 wt.% ,La largedepressionin temperaturevas obtained. fie
thermal analysis results recorded ada$reezing time with La addition.

Qiu et al.[16]] investigatedhe synergistieffect of Sr and La on the microstructure
and mechanical properties A356.2alloy. It was foundthat, with the additionof 0.5 wt.%
Al-6Sr7La master alloy, the alloy exhibitedptimal microstructure and mechanical
propeties with the secondary dendrite arm spacing (SDA®Ycr easi ng the 17.
acicular eutectic silicon transforming a&dibrous form. With the improved microstructure,
the ultimate tensile strength, yield strength and elongation of the alloy @itivt. % A}l
6Sr7La) increased to 228.MPa, 108.13VPa and 11.92%gespectivelywhich were much
better than that of thétraditionally treated A356.2 alloy(using 0.2 wt.% AISTi-1B for
grain refining and 0.2 wt.% ALOSr for Si modification)Similary, Tang et al. 156 studied
the effect of Sr and La addition othe microstructure and mechanical propertiesaof
secondary AISI-Cu-Fe alloy. Themetallographic quantificatiorresults indicatedthat
addition of different levelof Sr and Lamodification agents, added in tfem of Al-10%Sr
and Al10%La,producedvaried refinement effects on the mean length efiiedlike phases
and SDAS valueThe total dosage of Sr and La varied from 0.04 to 0.2 W&fAa=1:1).

The minimum mean length of needike phases (Sr/La=1:1) and the SDAS value
(Sr/lLa=1:5) were obtained by setting the addition amount of the modification agent at 0.12
wt.%. The mean length of the needike phase dropped from 364 to 53uf, while the

SDAS decreased from22 to 9.7um, i.e., by 84.5% and 55.8%, respectively.
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Further to the above studigk61, 167, Ding et al.[163 investigated theffect of
solution treatment otine microstructure and mechanical properties of A356.2 alloy fieadi
with Al-Sr-La master alloyThe optimal solution treatment parameters for A356.2 aluminum
alloy treatedwith AlT6Sii 7La comprisedsolution treated at 54%C for 3 h followed by
guenchingn warm water a0 °C. In addition it wasreported that undegheseconditions,
the alloy exhibitedhe optimal microstructure, eutectic silicon morphology, UYS, and
%EL values whichprovedbeneficial to the subsequent aging process.

In a recentrticle Li et al.[164] haveinvestigated the effects of Ti and khdditions
on the microstructure and mechanical properoé®8-refined and Smodified Al11%Si
alloys. Their findings showthatthe addition of 0.05 wt.% Biduces a transformation tife
eutectic Si from finely fibrous to coarse phlitee morphology in the AlL1%Si alloy
modified with 0.02 wt% Sr, owing to the poisoning oimpurity induced twinning I(T)
mechanism, so that theutectic Sigrowth occuronly by the twin plane rentrant (TPRE)
mechanism. Botili andLa can neutralie thepoisoning effecbf the interaction betweesr
and B in the Al11%Si alloy, however,the neutralizing effect of La is dependent on the
addition sequence. The combéthaddition of La and B elements promotes the effective
r ef i ne mMdgrdins, but anthhomogeneous modification of eutectic Si phases is also

observed, leading to a sligtecrease in the elongation.
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2.3.4 Effects of Mixed Cerium and Lanthanum Additions

Aguirre-De la Torre et al[169 investigated The effect omicrostructure and
mechanical properties of the automotive A356 ahwm alloy reinforced with 0.2 wt.%Al -
6Ce3La (ACL). In thisstudy, the ACL was added tdhe molten A356 alloy in the as
received condition andlsoprocessed bgnother routeemployingmechanicamilling and
powder metallurgy techniquesScanning electrormicroscopic observationsdicated a
homogeneous dispersion of /Ca& phasesising bothroutes.In regard to thanechanical
properties however,the modified A356 alloy with the ACladded inthe asreceived
condition, showed an improvement in the mechanical performance of the A356 alloy over
that reinforced with the mechanically millécCL. Also, Wang et al[165 166 studied the
effects ofmixed La and Ce rare eartidditionson the microstructure and propertidsAb-
0.7306Mg-0.6%Si alloy. The results showed that the mixed addition of La and Ce had a
positive effect on the grain refinemeott the investigatedalloy. Accordingly, the tensile
strength and elongation of Al.7306Mg-0.6%Si gradually increasedith the ncrease in the
amount of La and Ce added.

Anotherstudy carried ouiby Du et al[167] investigated the effect of 0.25 wt.% and
0.50 wt.% mixed additions of Ce and La on the microstructure and mechanical properties of
an AFCu-Mn-Mg-Fe alloy With mixed addition two intermetallicphass, AlsCwCe and
AlsCusLa, were formed. The results alskowed thathe 0.25wt.% additioncould promote
the formation ofa denser precipitation of AICwMnz and Ak(Mn,Fe) phases, which
improved the mechanical properties of the alloy at room temperature. However, up to 0.50
wt.% Cela addition promote the formation of coarse ACwCe phase,in addition to the

AleCusLa and Ak(Mn, Fe) phasg which resulted in weakened mechanical properties.
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2.4 SUMMARY

The review of the literaturpresented in this chapter has highlighted the numerous
studies that have been carried out on the effects of rare earth elements, in particular, Ce and
La, on the microstructure and mechanical properties of aluminum alloys. While a number of
theseinvestigdions have been undertaken by Chinese researctieedikely to the easily
available natural source of rare earth in the form of mischmetal, studidkdyyresearchers
arealsoreported.

Previous studies carried out by TAMLA research group have imgeatet the
influenceof rare earth elements and mischmetal on the performance of A356, A413.1 and
other Al-Si alloys[168-174. With the more recent focus on the development of ne@WAl
based alloys for high temperature performance of automotive comppitevas considered
worthwhile to also investigate the effects of Ce and La rare earth metal additions to these
alloys, taking into consideration low and relatively high Si levels.

Putting the importance of rare earth elements (REES) into proper perspeety
recently, University of Kentucky researchers have reported producing nearly pure rare earth
concentrates from Kentucky coal sour§®g5. The patent pending process developed by
Honaker and Zhang is a low cost and environmentally frieratigvery process. Interest in
rare earth elements is currently at its peak in the U,Sviéh the Department of Energy
investing millions in research, as REEs constitute essential components of diverse

technologies in the higtech and renewable energylustries.
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CHAPTER 3
EXPERIMENTAL PROCEDURE S

3.1 INTRODUCTION

Figure3.1 shows a detailed summary of the experimental procedures¢hatised
in the current study to carry out Phases I, Il and Il of the work. Microstructural observations,
phase identification antthe solidification behaviourof the alloysinvestigated werearried
out in Phase Iwhile the tensileproperties ofthesealloys at ambient and elevated
temperaturesvere studiedn Phase Il andPhase Il respectively.

As will be described in the next section, ingots of the base alloy GM220 used in this
study were supplied in two lots, the first being the original alloy comtgibil wt.% Si (low
Si level alloy), and the second, containing a higher amount of Si, namely 8 wt.% (high Si
level). These two alloys represent the base alloys BO and DO to which the rare earth additions
of Ce and La were made to produce the B and Dssefialloys studied.

The casting procedures used to prepare test bars for tensile testing, the thermal
analysis and DSC experiments used to examine the solidification behavior of the alloys, the
heat treatments and tensile testing procedures, and theigieethnemployed for

microstructural characterization are presented in subsequent sections of this Chapter.



[Experimental Phasey

v

| Material Selection|

v

Material Processing

v

IMaterial Characterization|

v

stabilization @25C°C prior to testing)

1 Base Alloys 1 Casting usinggraphite mold 1 Microstructure observation using
B0& DO alloys (Cooling rate:0.7 °C/s) (EPMA/WDS) &(SEM/EDS)
- 9 Additions 1 Solidification behaviour analysisusing
1.0 &5.0 wt% La& Ce (DSCITA)
\ 4
1 Base Alloys 1 Casting using Metallic Mold 1 Eutectic Si particle measuremerg
BO & DO alloys (Cooling rate10.0°C/s) OM and image analysis software
Phasell | (mmp l Additions 1 Heat Treatment 1l Intermetalic volume fraction
(0.2,0.5&1.0wt% La & Ce) (SHT, T5, T6 &T7) SEM and image analysis software
and 150 ppm Sr 1 Mechanical tensile test at RT
v
9 Base Alloys i Casting using Metallic Mold 9 Mechanical tensiletest at HT
BO & DO alloys (Cooling rate 10.0°C/s) 1 Fractography
Phaselll q 9 Additions 9 Heat Treatment Fracture behaviour (SEM)
(0.2,0.5 &1.0wit% La &Ce) (T6 with one hr /200 hrs Section beneath the fracture (OM)

Figure3.1: Synopsis of experimental procedure
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3.2 MATERIALS SELECTION

The mainraw materials used in the present study were GM220B and GM220D
alloys (sipplied by General Motors, USA), as shown kigure 3.2, with chemical
compositios of Al-1.1% Si#2.1% Cu0.35% Mg0.4% Fe0.05% Mnr0.05%Ti (wt.%)and
Al-8% Si2.1%Cu-0.35% Mg0.4% Fe0.05% Mnr0.05%Ti (wt.%), respectivelyRare earth
elements Ce and Lat high purity (99.90) weresupplied by Stanford Advanced Materials,
USA[179 andwere usedfor making the various Ce and La additions to the base B0 and
DO alloys.Alloys so preparedwere classified based othe Sicontent,andthe Ce andLa

additionlevels made as listed able3.1.

Miscellaneous Alloy

% oo o HB0| s B BN scid No: H20499

u el Yiom 3 4 v v bor ..

iscellaneous Alloy 5 —
ht -

Skid No: H20498
Heat Numbor . g

Not weight

Figure.2:GMO ‘ M220D agceivedngots
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Table3.1: Classification of alloys tested in the current study

Composition (wt.%)

Alloy Cu Si Mg Fe Mn Ti La Ce ©Sr
Low Si
BO 24 12 04 04 06 015 0 O 0
BO+0.2wt% La 24 1.2 04 04 06 0.15 0.2 O 0
BO+0.5wt% La 24 1.2 04 04 0.6 0.15 05 O 0
BO+1.0wt% lLa 24 1.2 04 04 06 015 1 O 0
BO+5.0wt% La 24 1.2 04 04 06 015 5 O 0
BO+0.2wt% Ce 24 12 04 04 06 015 0 0.2 0
BO+0.5wt% Ce 24 12 04 04 06 015 O 0.5 0
BO+1.0wt% Ce 24 12 04 04 06 015 0 1 0
BO+5.0wt% Ce 24 12 04 04 06 015 0 5 0
BO+150 ppm Sr 24 1.2 04 04 06 015 O O 0.015
High Si
DO 24 8 04 04 06 015 0 O 0
DO+0.2wt% La 24 8 04 04 06 015 0.2 O 0
DO+0.5wt.% La 24 8 04 04 06 015 05 O 0
DO+1.0wt%lLa 24 8 04 04 06 015 1 O 0
DO+5.0wt% La 24 8 04 04 06 015 5 O 0
DO+0.2wt% Ce 24 8 04 04 06 015 0 0.2 0
DO+0.5wt.% Ce 24 8 04 04 06 015 0 0.5 0
DO+1.0wt% Ce 24 8 04 04 06 015 0 1 0
DO+5.0wt.% Ce 24 8 04 04 06 015 0O 5 0
DO+150 ppmSr 24 8 04 04 0.6 015 0 0 0.015
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3.3 MATERIAL PROCESSING

Casting of the alloys used in the current study were prepared theiggavity die
(permanent moldasting process, followed by heat treatment. Details of the casting and heat
treatment procedures employed are described below.

3.3.1 CastingProcedures

The raw material ingots were cut into smaller pieces and melted wKg 48pacity
SiC crucible, using an ettrical resistance furnace as shawikigure 3.3(a). The melting
temperature was maintained at 750 + S5AC alloys prepared were grain refined using Al
5% Ti1% Bto obtain levels of 0.1&t.% Ti. Additions of La andCe rare earth metals were
made in amounts of 0.2 , 0&nd1.0 wt.% usingAl-15% La and Al15%Ce master alloys
(seeAppendix Afor details of these master allQy&or purposes of comparison, individual
additions of 150 ppm Sr weresalmade to the two base alloys. In each casenelts were
degassed for 230 min employinga graphite impeller rotating at 130 rpm, using pure dry
argon, and then the melt was carefully skimmed to remove oxide layers from the surface
before casting.

The melt was poured into an ASTMEB8 permanent mold (preheated at 450°C to
drive outmoisture), for preparing the tensile test bar castings, as shofigure 3.3(b).

Each casting provides two test bars, with a gauge length of 70 mm and -setiossl
diameter of 12.7 mmas shown irFigure 3.3(c) and (d) Three samplings for chemical
analysis were ab taken simultaneously at the time of the casting; thas done at the
beginning, in the middle, and at the end of the casting process to ascertain the exact chemical
composition of each alloyrhe chemical analysis was carried out usii@pectrolabJrCCD

Spark Analyzer. The Average values of the actual chengompositions of the alloys
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prepared are listed lppendix B Master alloys were added just before degassing to ensure

homogeneous mixing of the additivegether with the degassing.

I

casting and (d) Geometry of thenisile test bar (Dimension in mMnThe labeledarrows
in (a)indicate (1) electrical resistanfignace, (2) K-typethermocouple(3) temperature
control units(4) graphitedegassingmpeller, (5) argonssupply hoses, (6) step mot67)
chemical analysis samplingold, and (8) Chemical analysis sample
3.3.2 Heat Treatment Procedures
The heat treatmestor this study was carried out usitige Lindberg Blue M electric
furnace shown irFigure 3.4. The tensile test baggepared folPhase 1l of the stly were

subjected to solution heat treatment (SHT), as wdlbag 6 and T7 heat treatmerggimes

Details of the heat treatment parameters @igethe alloys arsummarzed inTable3.2. In
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Phase Ill,while all the tensile test barsnderwentT6 heattreatmenthowever half of the
test barswere stabilizedin the testing furnace at 250°C for 200 hrs prior to the
testingAppendix Cpresented attached informatioglating to optimization of the solution

heat treatment regina BO and DO alloys
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Figure3.4: Lindberg Blue M Electric Furnace

Table3.2: Heat treatments for the cast alloys tested

€ c 0’5l o_, 2 g 051 .
R .§§H %E %5_, o8 .E._
PP T if iET 5P E

FO 9 o EE O ks 5 S
SHT 510 8 70 None None

15 None None None 180 8

T6 510 8 70 180 8

T7 510 8 70 240 4
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3.4 MATERIAL CHARACTERIZATION TESTS
3.4.1 Characterization of Solidification Behavior

In order todeterminethe solidification behaviour d80 and DO alloysandidentify
the main reactionsccurring during the solidification and their corresponding temperatures,
the commonly used technigeeof thermal analysis and differential scanning calorimetry
(DSC) were employed. Details of each technique are presentedbsections3.4.1.1
and3.4.1.2

To prepare the requiraloy compositionsingots of the aseceivedGM220B and
GM220D alloyswere cut into smallepieces, cleaned, and then drigtie melting proess
wascarriedout in acylindrical graphitecrucible of2-kg capacity usinga smallerelectrical
resistance furnace; the melting temperature was maintained at; T88&loys were grain
refined by adding A5%Ti as AF5%Ti-1%B master alloy in rod formAdditions of Ce and
La were made to the two base alloy melts using3%La and Al15%Ce master alloys, in
order to study the effect on the microstructure and the pli@geed in the corresponding
alloys. The relts thus prepared were used for carryingtbatmal analysis experiments, as
described in the next subsection. In this context, the Ce and La additions of 1.0 and 5.0 wt.%

were made to facilitate the formation and identification of the RE phases formed.

3.4.1.1 Thermal Analysis

To determine the reactions taking place during the solidification process, the molten
metal was poured inta 600°C preheated cylindricajraphite molddimensions: 100 mm
height, 60 mm top diametesp asto obtain neatequilibrium sdidification conditions at a
slow cooling rate of 0.?7C/s, and facilitate identifying the phase obtairfeat. the analysis,

a highsensitivity TypeK (chrometalumel)thermocoupleinsulated using a doubleled
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ceramictube,wasinserted through a hobd the bottom of the graphite mold and reaching up
to one third the mold height along the centerlifleethermocouple was connected toNin
SCXI-1000 high-speed data acquisition system ked to a computerto record the

temperaturdime datausing DASY LA B software as shown irrigure3.5.

(@)
Liquid|Metal D
e
Data analysis software
DASY Lab_| 1 Matlab
{Data Acqui rmmlfwm Laboratory 1_[ S|g map|0t
NI SCXI-1000

Thermocouple
25 mm

Cross-Section

25mm

. St Ui r'_‘za ]
Figure3.5:(a) Schematic diagram, ar(th) actual setip used for thermal
analysis. The arrows ffb) indicate(1) final casting, (2) graphite nha, (3) K-
type thermocouplg4) 2kg capcity crucible(5) NI SCXI-1000 data

acquisitionsystemand (6) DASYLAB software
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The data was collected continuously every 0.1 second, and plotted in the form of
cooling curves. The curves were smoothed using MATLAB software, the program for which
is provided in Appendix C. Finally, the $irderivative cooling curves were produced using

SIGMAPLOT dataanalysis software to analyze the data.

3.4.1.2 Differential Scanning Calorimetry (DSC) Test

Differential scanning calorimetry, or DSC, is a thermoanalyteehniquein which
the differencein theamountof heat required to increase the temperature of a sampla and
reference is measured as a function of temperaifure.referenceand sampleare both
maintained at nearly the same temperature throughout the experiment. Generally, the
temperature program for a DSC analysis is designed such that the sample holder temperature
increases linearly as a function of time. The reference sample should havedafimel
heat capacity over the range of temperatures to be scpr@drigure3.6(a) is a schematic
diagram of tle setup used for conducting the DSC analysis.

A PerkinElmer DSCB8000 differential scanning calorimetepperating under a
protective atmosphere of pure argoas used to study the solidification behaviour of the
alloys used in the current stydys shownn Figure3.6(b). The mass of the DSC sample was
approximately 20 mg. The scansreperformed irthreestagesas follows: (i) heating from
400 to 700 °C at a heating rate of 10 °C/min, (ii) holding at 700 °C for 1 min, and (iii)
cooling from 700 to 400 °C at a cooling rate of 10 °C/min. Three samples were tested for
each alloy condition anthe results were found to be almost identical. Theated DSC
curve of each sample wdstermined byubtractinghetwo DSC scans. The first scan was
conducted with the sample, while the second one was conducted without the sample under

the same testing conditions of the sample scan. The purpose abitesiygpre was to obtain
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baselinecorrected thenogram data. The DSC curve of each alloy condition was
subsequently obtained by averaging the three corrected curves of the three respective samples

where the uncertainty in determining the peak temperatullasotliexceed +2 °C.

@)

Reference P¢

Temperatur
Sensor

P - E

P t

Heaters Computer to monitor hea
flow and temperature

|

o S| |
Figure3.6:(a) Schematic oDSCanalysis (b) PerkinElmer DSC 800Wsed
for conducting the DSC analysis.
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3.4.2 Microstructural Characterization

In the current study, microstructural examination of the alloy samples and
characterization of the phases obtained wardedout employing both optical and electron
microscopy techniques, in conjunction with image analysis, and EDS/WDS analysis
facilities, respectively available with these techniques, for quantification and phase
identification purposeslable 3.3 summarizes the tasks for which these various techniques

were used and in which phases of the study they were employed.

Table3.3: Microscopictechniques used for microstructuchlaracterization
Experimental

MicroscopeType Characterizatioescription Phases
I Il I
Eutectic Si particle measuremeunsing image
analysis software a
Optical
Microscope (OM)
Microstructures of tensilested samples beneat n
the fracture surface (parallel to tensile directior -
Microstructuralcharacterization anghase n
identification using EDS -
Scal\?irglrr(l)%clfolsgtror Intermetallic volume fraction usingiage analysis N
(SEM) software -
Microstructures of fracture surface of tengisted N
samples (perpendicular to tensile direction) -
E/:ﬁ;(;ggr?aﬁ)rggf Microstructuel characterization anghase n
y identification using WDS -

(EPMA)
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The microscopes used in each case are showigure 3.7 throughFigure3.8. The
optical microscope shown Figure 3.7 was used in conjunction with a Clemex Vision PE
image analysis system for quantificatipurposes, namely, measurements of secondary
dendrite arm spacing (SDAS) and eutectic Si particle characteristics.

A JEOL JSM6480LV scanning electron microscope coupled with an energy
dispersive Xray spectrometer (EDS) was used for examining the ntraaisres and semi
guantitative analysis of the phases observed using EDS, measuring the volume fraction of
intermetallic phases formed, as well as examining the fracture surfaces oftiestsitballoy
samplesFigure3.8).

A JEOL JXA8900 electron probe microanalyzer (EPMA), equipped with a
wavelength dispersive spectrometer (WDS) was also employed for examining the

microstructures and identificatiocof the new intermetallic phases formé&ayure3.9).

Figure3.7: Optical microscop&€lemexVision PE image analysis system
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Figure3.8: JEOM6480Lanning electron microscopquippedwith
an energy dispersive-Ky spectrometer (EDS)

Figure3.9: JEOL JXA8900L WD/EDeIectron probe mlcroanalyzer
coupled with a wavelength dispersive spectrometer (WDS)
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For examining the microstructures of the alloys/casting prepared, polished
metallographic samples were prepausihg standard polishing procedures. Samples were
sectioned from the graphite mold casting as well as from the tensile test bars htdlsg as
heattreated and tested condition, and mounted akebte using a $tiers Labopres8
Mounting Pres. The samles were then ground and polished to the desired fine finish by
means of a Struers Tegrag®8 GrinderPolisher(seeFigure3.10). The grinding was carried
out usingSiC abrasivepapersof 120, 240, 320, 400, 600, 800 grit sizes in order of sequence
The polishing was carriedut usingpolycrystalline diamond powdesuspension, with
particle size3.0 um and 10 um for rough and fine polishing, respectively. Struéxds-
lubricant wasused in both stages as a cooling and lubricating medium. Finally, to produce a
mirror-like surfacethe ultimate polishing stage was completed usifgufn colloidal silica
suspension with water as a coolant and lubricant. After polishiagntlunted samples were

washed with a mix of soap and alcohol, and then dried using compressed air.

Figure3.10: (L) Struers LaboPresssand (R) TegraFore® machinesfor
mounting and polishing samplé&s metallography.
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3.4.3 Mechanical Tensile Testing

The tensile test for the purposes of gurrent study were carried outsabient and
atelevated temperaturA.detailed description of the testing procedures used in the two cases
is provided in subsectiorg4.3.1and3.4.3.2
3.4.3.1 Tensile Testng at Ambient Temperature

All test barsamplesused in Phase 1l of thetudy were tested at ambient temperature
in theascast solution heatreated(SHT), and T5 T6 and T7 heat treatembnditionsusing
an MTS Servohydraulic mechanical testing machseshown irfFigure3.11, at a strain rate
of 4 x 10* s1. An extensometer (with a 50.8 mm range&s used to measure the extent of
deformation in thesamplesThetensile propertiesjield strength (YS) at 0.2% offset strain,
ultimate tensile strength (UTS), and percent elongation (%El), were obtained from the data
acquisition system of the machjrend analyzed using thieestworks 4 software designed
for tensile tsting Five samples were tested for each allognditionexaminedn Phase II,
giving a total 0200 bars per allotype (8 alloying additions x 5 heat treatment conditions x

5 bars) and a total of 400 bars for the BO and DO alloys investigated.
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Figure3.11: (a) MTS tensiletesting machingb) Straingaugeextensometer attach

to tensile bar being testea@hd(c) tested sampld he arrowsndicate (1) hydraulic
grips (2) extensometeand(3) tested sample

3.4.3.2 Tensile Testing at Elevated Temperature

Tensile tests at elevated temperature were carried out using an Instron Universal
Mechanical Testing machine as showrrigure3.12. For Phase Il othe work, the tensile
test bars were used in thé Teattreated condition. The test bar was mounted in the testing
chamber, preset to a temperature of 230. The sample was maintained fa0hr at 250°C
before starting the test, using the same statmof 4 x 1¢ s*. Five test bars were used for
each alloy composition/conditionustied in this part of the studyhe average UTS, YS, and
%El values obtained from five tests were considered as representing the tensile properties of
that alloy/condibn. Thus, the tests carried antPhase 11l covered 70 bars per altgpe (7
addition levels x 2 heat treatment conditions x 5 test bars), and a total of 140 bars for the B

and Dalloys overall
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.

Figure3.12: (a) Instron Universal mechanical testin machinechambeifor eIevated
temperaturgesting and (c) tested samples. The arrows indicate (1) thread ()ps
tested sample$3) thermocouple(4) air circulation fan, and (5) inductidreating coil.
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CHAPTER 4

CHARACTERIZATION OF SOLIDIFICATION BEHAVIOUR

4.1 THERMAL ANALYSIS

Thethermal analysis technigwan be successfully usedasonvenient method for
studying the solidification behaviour of an alloy, and for verifyingethectiveness of quality
determining metallurgical measures such as the modditaaind grain refining of cast
aluminum allog. In regard tothe modification effects ofare earth metalsprevious
investigations havendicated that the thermal analysis results showed that there is no direct
relationship between the modification ratiagd eutectic growth temperatur®40, 151].
Thus far, the modification armefining effectsremain controversai [160. Accordingly,the
thermal analysis technique was utilized @valuateand chaacterizethe solidification
behaviourof theinvestigatedAl-Cu (B0) andAl-Si-Cu (DO0) alloys containingd.0, 1.0 5.0
wt.% of RE (Ce/La It is worthnothing that in order to evaluate the solidification parameters
easily, the solidification for the current wonkasobtained at slow cooling ratg0.7 °C/s).

This is because whehe molten metabr alloyis solidifiedata high cooling rate, the latent
heat of any reactioduring the solidification process is released quickly, and the reaction

peaks in the cooling curve and first derivative curve are too difficult to Jat&gt

4.1.1 Al-Cu (BO) Alloy

Figure 4.1 illustrates the cooling curve and its first derivative obtained from the
thermal analysis of BO alloyseveral reactions take place during the course of solidification,
as marked by different numbers on the first derivative curliese numbers correspond to

the reactions listed iable4.1. As may be seen froihigure4.1, alloy BO stars to solidify



at 648.8°C (Reaction 1) with the development of &\l denditic network, followed by
formationof the U- Al1s(FeMn)Si; iron intermetallic phasgReaction 2t 647.5°C and the
B-AlsMgsFeSi phase (Reaction 3) at 606@; following whichthe eutectic AbCu and Q-

AlsMgsSisCue phass precipitate as the last reactions (Reaction 5 ) af@3®ward the end

of solidification.

700 0.2
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Figure4.1: The typical cooling curve and first derivative obtained from the therm:
analysis of BO alloys
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Table4.1: Solidification reactios observed in the BO alloy

REEEIE - RIS Suggestegrecipitatedphase

No. temperature®C)
1 648.8 U-AI
2 647.5 U-Fe (Al15(FeMn)Siz)
3 606.8 B-AlsMgsFeSs
4 499 Al>Cu + Q-AlsMgsSisClp

Figure 4.2 illustrates that therare two characteristic temperatgrevhich can be
measurd from the cooling curved.hese temperatures giethe minimumtemperature, W,
defined as the firshoticeable change on the derivative of the cooling guamd (i) the
growth temperature, &I defined as themaximum reaction temperature reached after
recalescencenherethe recalescencépl’r) the difference in temperatures betweanahd
Tc[160 179. In the currenstudy, all the alloys investigatedvererefined with 0.15 wt.%

Ti, sothatthedifference betweenw and T is not noticeable

Te

\ /

A
\ 4

Figure4.2: Solidification parametersninimum temperaturélv), growth
temperatureTc) andrecalescenc@prr).
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Figure 4.3 and Figure 4.4 show the solidification cooling curves of BO alloy with
different RE Ce and La conderr a t i -@Inrespectively With regardto theeffect of the
Ce and La additions on tmeaximumgrowth temperaturef U-Al (Y ), Figure4.3 shows
that uporadding 1.0nt.% Ce to BO alloythe”Y  decreasérom 648.6°C to 643°C. When

the amount of Cadded is increased 500 wt%, the"Y is lowered to 628C.

660

(@)

—— 0.0wt.% RE
— 1.0wt.% Ce
— 5.0wt.% Ce

648.6°C

650

640

Temperature (OC)

630

620

Time (s)

Figure4.3: Assembly of cooling curvedepictingt he s ol i di f i eAbt
in BO alloys with Ce additions.

Similar to the casef Ce Figure4.4 showsthatas the amount of La added to BO alloy
is increasegdthe reduction in the magnitude™f  is increasedgoing from 648.6'C for
the base BO alloy to 64%€ and 631.5C at1.0 and 5.0 w# additions of La, respectively.
It can be observed that the Ce and La elenteate similar effectbecause otheir similar

physical properties.
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Figure4.4: Assembly of cooling curvedepictingt he sol i di f i c-Alt

in BO alloys with La additions.

4.1.2 Al-Si-Cu (DO0) Alloy

The solidification curve of DOalloy-which has a composition similar to BO alloy
expect foris high Si content of 8.0 wt.%ptained from itdemperaturdime daais shown
in Figure4.5, with its first derivate plot. The reactions which occur during solidification are
marked by the numberk, 2, 3 and 4 as may be seen froable4.2. In Figure4.5, peak 1to
4 correspond tprecipitationof the U-Al dendritic networkat 603.8°C; precipitatioro f -FeU
(Al15(FeMnxSip) at 602.8°C; precipitation ofeutecticAl-Si phaseat 568.8°C; and finally,
precipitation ofeutectic AbCu + Q-AlsMgsSisCle phasesat 502 °C. As expected, the DO
alloy shows a strong peak for the eutecticSAlreaction compared to BO alloy (which

contains 1.2 wt.% Si).
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Figure4.5: The Typical coolingurve and first derivative obtained from the therma
analysis of DO alloy

Table4.2: Solidification reactios observed in the DO alloy

Reaction  Approximate Suggested precipitatgrhase

No. temperature®C)
1 6037 U-AI
2 602.8 UFe @Al1s(FeMn)Si)
3 568 Al+Si eutectic
4 502 Al>Cu + QAIsMgsSisCle

Solidification curves of}Al and Al-Si phases were plotted for the DO base alloy (0.0
wt.% RE) and those wh La and Ce (1.0 and 5.0 wt.9%8)s shown irFigure4.7. Compared
to the results presented in secttbth.1for BO alloy, interestingly Figure4.7 shows that the

difference betweenyandTe (thedefinition has beegivenpreviously insectiord.1.1) are
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clearly notedn the cooling curvesor U-Al and Al-Si phases for DO alloy treated with Ce
and Laadditions.especiallyat the5.0 wt.% additionlevel. Howeverthe difference between
the two temperatures is not noticeabléh@baseDO0 alloy, which may be attributed witthe
formation of RE intermetalliphassthatmayconsume thamount ofTi available where the

latter plays ammportant rolan reducingthe amount of recalescence (the difference between

Twm and Tg).
The effects of the Ce addition on th@nimum 4 , 4 , andgrowth 4 :
4 temperatureare shown irFigure4.6. The4 decreased b¥.2and 6°C, upon the

addition of 1.0and 5.@vt.% Ce so that addition of Ceresulted in lowering thel
temperaturef theDO base alloyin other words, the nucleation in the base alloy starts earlier
thanin thealloys with RE additionWith respect to the growth temperature, th@and5.0
wt.% Ce additios decreased thé valueby 3.2 and 4.7°C, respectively. Thus th€e
addition affects the cooling curves of DO allmyt h €Al rédjion. With regard to eutectidl -
Sireaction regionkigure4.6 showsthatthe minimum euteatitemperaturd decreased
slightly uponincreasinghe Ce additionto 1.0 wt.% butdropped sharplyby 11.3°C, with

5.0 wt.% CeThe4 temperaturalecreased t668.6°C upon 1.0 wt.% Ce and further

decreased to 558°C with 5.0 wt.% Ce .
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Figure4.6: Assembly of cooling curvedepictingon t he sol i di f#
Al and ALSi eutectigphassin DO alloy withCe additions.

Figure4.7 illustrates the solidification curves &fAl and Al-Si phasesn DO base
alloy and DO alloycontainingLa additions Generally, thet for DO alloy was measured
at 603.7°C, and droppedto 599.5°C and593.2°C with 1.0 and 5.0 wt.%.a addition
respectivelyFurthermoreFigure4.7 shows that the growth temperatude  decreased by
3.2 and7.9 °C for the two additionsThe minimum eutectic temperatude dropped
slightly, from 568.8 to 568.2C with 1.0 wt.%La, whereasipon increasing the La addition

to 5.0 wt.% the 4 droppedsharplyto 551.2°C. The 4 temperaturalecreased to

568.3°C, and further td652.5°C, for the two La additions
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Figure4.7: Assembly of cooling curvedepictingt he sol i di f i c-Alt
and ALSi eutectic phasan DO alloy with La additions.

The4 temperatures often used as a reference for describing the modification
level, and ithas beesuggested that a modification rating can be automatically obtained from
this temperature withodlhe need fomicrostructual analysig179. Referenc¢l7] reported
that the modification oAI-11%StCu alloyswasinfluenced bythe amount of decreas
4 , with additions of modification elements such as Bi, Sb, anthSegard tdahe effect
of RE used as modifying agenisai et al[14( reported thathe results of thermal analgsi
indicated that the addition of Ce decreases the eutectic growth temperature, however there is
no direct relationship between the modification rating 4nd . Thefindings reported in
the previous sectiofor the present study are in accordance with the results presented in

reference$140 148, and[24, 93, 119 160, 18(Q.
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4.2 DIFFERENTIAL SCANNING CALORIMETRY (DSC) RESULTS

Although thermal analysis is the most common technique usedesearch
investigatiors to studythe solidificationbehaviorof aluminumalloys, due to itsadvantages
as noted in th@revious sectionrt.1, nevertheless, thechnique has restrictezhpability
Thus a more advanced technique is recommeddio overcomethese limitations.
Accordingly,in this section DSQuns wereperformed inthe temperatureange 400700°C
at the rate of 10C/min in order tadentify the solidification reactions that formed the La or
Ce intermetallic phases in the BO and DO alloys and to sujyeodatabtained fronthermal

analysis.

4.2.1 Al-Cu (BO) Alloy

Figure4.8 illustrates thdDSC heatingurves of the BO bas#loy, and B0 alloy with
1.0 and 5.0 wt.% Ce additisnGenerally, alblloysexhibited twocommon majoexothermic
peakgA and B) at temperatusganging from637 to 653C, and 511 to 518C, respectively.
The two pe&s can be attributedo the following reactions:peak A correspond to the
formation of the primary}A |  a-[@lds(FdMn)%Siy) iron intermetallicphaseswhile peak
B is attributed toAl.Cu and Q-AlsMgsSisCu: phasesThese results are in keepingth the
thermal analysis results presented in secfidnl It is worth nding that peakB is clearly
noticeablan the base alloyhecomes much reducedth 1.0 wt.%Ce, and then disappears
with 5.0 wt.% Ce addition, adisplayed in a irFigure4.8. The disappearance of this peak
from DSC curven the last results from the fact tha¢ reacd with the Cu existing itthe BO
alloy to form the whiteCe containing intermetalliphaseAlso, the DSC curves of Bélloy
with 1.0 and 5.0 wt.% Cdisplayeda small endothermic peak @t a emperature 623C.

This peakmay be attributed to the melting dhe white Cecontainingintermetallicphase.
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The 5.0 wt.% containin®0 alloy exhibitedan addiional endothermic peak (C) at 630.
This peak corresponds to the meltingtloé grey Ce-containing intermetallic phas@he
nature ofthe white andjreyRE(Ce/La) containing intermetallill be discussed in the next

chapter.

[— 0.0wWt%RE—— 1.0wt% Ce —— 50 wt.% Ce|

Normalized Heat Flow
Exoth. Down(W/g)
w §

2 Wig

450 500 550 600 650 700
Temperature(°C)
Figure4.8: DSC melting curves of Béloy with 1.0and 5.0 wt.% of Cadditions.

Figure4.9 shows the DSC solidification curves of the BO alloys contaitiiegsame
concentrations of Ce additio®@ne commorexothermic peakémarked A)appear®n these
curves, at temperature ranging from 630 to 645°C. This peak correspoado the
solidification of theU-Al phase.Only the solidification curve of BGalloy display the peak
marked B at 502°C, attributed tothe formationof Al.Cu andQ phasesThe endothermic

peak D appearng in the DSC curves of B0 allogontainingl.0 and 5.0 wt.% Cat 612°C,
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would correspond to the precipitation of the whiteitermetallic phase. Onlthe DSC
curve of BO alloy with 5.0 wt.% Ce exhibiteshendothermic peak appearing a615 °C,
which may baattributed to the solidification reaction of theey Cecontainingintermetallic
phase The absence of this peak from the DSC curve of the 1.0 wt:#o&aining alloy
may suggest that a small amount of the grey phase solidified along with the whédamphas

the same solidification reaction.

|———— 0.0wt.% RE—— 1.0 wt.% Ce —— 5.0wt.% Ce

D
CcC A

Normalized Heat Flow
Exoth. Up (W/g)
w)

Iz Wig A

B

450 500 550 600 650 700

Temperature(°C)
Figure4.9: DSC solidification curves of Baloy with 1.0and 5.0 wt.% of Ce

additions
Figure4.10 shows the heating curves of B0 alloys containing 1.0 and 5.0 wt.% La
additions Similar to the caseCe addition all alloys exhibitedin commontwo major
exothermic peaks (A and B) amperatureranging from 635 to 653C and 510 to 518C,
respectively.Likewise, Peak B disappead from the heating curves othe BO alloy

containing5.0 wt.% La Exothermic peaks marked D appeathe DSC curves of BO alloy
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with 1.0 and 5.0 wt.%.a at 625°C. These peaks may be attributed to the solidification

reaction of the Lacontaining intermetalligrey and whitghase.

[—— 00Wt% RE—— 10wt%Lla — 50wt%La
—
B
z
O A
B
£% B
(o) D
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450 500 550 600 650 700

Temperature(°C)
Figure4.10: DSC melting curves of Baloy with 1.0and 5.0 wt.% of Ladditions.

The DSC solidification curves of the BO alloy containitng sameconcentrations of
La addition are shown iRigure4.11. In general, one common exothermic pe@karked A
appeared on theses curvastemperatureranging from 623 to 645C, whereaonly the
solidification curve ofhe BO basalloy displayedhe peak marked B at 50€. The DSC
curves of BO alloy with 1.0 and 5.0 wt.%& additionsdisplayed theendothermic peak D
which appeagdat 611°C. This peakwould correspond tehe solidification of thewhite La-
containingintermetallic phaseOnly the solidification curve of BO alloy with 5.0 wt.% La
displayed theendothermic peak @t 615°C, attributed tothe solidification of the greylLa-

containingintermetallic phase
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Figure4.11: DSC solidification curves of Blloy with 1.0and 5.0 wt.% of La
additions

4.2.2 Al-Si-Cu (DO) Alloy

The DSC heating curves of the Bloys containing different levels of Ce addition

(0.0, 1.0, and 5.0 wt.%lre shown ifFigure4.8. In generalit was found thithe investigated
alloys exhibitedmainly three exothermic peaks (AB, and G in common, within the
temperatureangeof 608t0 600°C, 587to 570°C, and 510 to 524C, respectivelydepending

on the Ce levelThethreepeakscorrespondetb themelting of the primary)Al  aimod U
intermetallicphasesgeakA), the eutecti@dl-Siphasgpeak B) andthe Al.CuandQ- phases
(peak C) Thesefinding support the thermalnalysis results presented in secdloh.2 Also,

it may be seen frorRigure4.8 that themagnitudeof peakC corresponding tthe AbCuand

Q- phases is noticeablgrgerin the DO base alloycompared tdhe alloy with 1.0 wt.% Ce

addition andis totallyabsent in the DO alloy containisg0 wt.% CeAs discusseearlier in
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section4.2.], the disappearance of this peak is attributed to the reaction of Cthe/fu
present in the alloy to form Gmntaining intermetallics, thus depleting the formation of the
copper phases.

Also, the DSC curves oDO0 alloy with 5.0 wt.% Ceaddition displayed small
endothermic peal(D, E, and F at temperatuieof586°C , 553°C and 550C , respectively.
Peak D cameattributedto the meltingof thegreyCe-containing intermetalliphases, while

peals E and Fcorrepondthe white Cecontaining intermetalliphase.
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Figure4.12: DSC melting curves of DO alloyith 1.0and 5.0 wt.% of Cadditions

Figure4.13 shows the DSC solidification curves of the DO allathout and withCe
additions.In keepingwith the DSC heating curvesgjgure 4.13 indicated that the DSC
solidification curves ofDO alloysdisplayediwo exothermic peaks (And B in common,

at temperatueranging from 594.5to 6807°C and 555to 570 °C, respectively.A third
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exothermic peak C wasbserved irthe DSC solidification curvesf thebase alloy and0
alloy with 1.0 wt.% Cein thetemperatureangeof 499.7 to 508C. As before, hese three
peaks can be attributédthe solidification reactios corresponding to the primakyAl and
UFephasegpeak A) eutecticAl-Si phasgpeak B),andAl.Cu andQ- phasegpeak C) It
also may be seen froRigure4.13thata small exothermic peak mark&dwas found on the
solidification curveof DO alloy containingl.0 wt.% Ceat 554C, corresponding to the white
Ce-intermetallicphaseThe disappearance of this peak from D$@/e of the 5.0 wt.% Ce
containing alloymay suggest thathe white phase solidified in the same solidification
reaction ofAl-Si phase(peaR). Also, it is interesting to note thatgure4.13 has no specific
peak representinghe solidification reactiorfor the formation thegrey Ceintermetallic

phase It is suggested théhe grey phase solidified aftére U-Fe phasgPeakA).
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Figure4.13. DSC solidification curves of DO alloyith 1.0and 5.0 wt.% of Ce
additions
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The heating curves @0 alloy containing variousoncentratiosof La (0.0, 1.0, and
5.0 wt.99 are shown irFigure4.14. Similar tothe case of th€eadditions the DSC curves
for all alloys displayed three commoexothermic peaksA, B, and G at temperatuse
ranging from608to 604°C , 587to 569.5°C, and521 t0506.3°C, respectively.The DSC
melting curves of D alloywith 5.0wt.% La displayed a small exothermic peak markeatD
temperaturés99.6°C. This peakmay be attributed to themelting reaction of thegrey La
intermetallicphase Exothermic peaks E anddisoappear in the melting curves of DO alloy
with 5.0 wt.%La, at 539.5 and 528C, respectively These peaks may correspond to the

white La internetallic phase.
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Figure4.14: DSC melting curves of DO alloyith 1.0and 5.0 wt.% of Ladditions
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Samilarto the DSC heating curvegjgure 4.15 showsthat the D& solidification
curves of the DO base alloy and DO alloy with 1.0 and 5.0 wt.%dditionsdisplays two
common exothermic peaks (A, and B) at temperatafeangingfrom 593 to 607 °C, and
546.3to 570°C, respectivelyThe DSC solidification curves of the base alloy d»@dalloy
with 1.0 wt.%La displayeda common exothermic peak markednGhetempeature range
of 498to 508°C. A small exothermic peak D at 586 was found in the DS&olidification
curve for DO alloy with 1.0 wt.%a; this peak may be corresponding to thelting of the
La white phaseln addition, two exothermic peakk @nd D were observed in th®SC
solidification curve for DO alloy with 5.0 wt.%La at 580 °C and 526°C, respectively
attributed to the solidification ahe greyLa intermetallicphase (peak Eandwhite La

intermetallicphasgpeak D)
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Figure4.15: DSC solidification curves of DO alloyith 1.0and 5.0 wt.% of La
additions
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Finally, a serie®f optical micrographs of th&0 and DO alloysontainingl.0 and
5.0 wt.% RE(Ce/La) taken ab0 magnification are presentedkigure 4.16, Figure4.17,
Figure 4.18, and Figure 4.19. These miangraphs reveal thaniportance of adding Ti in
refining the grain size. However, due to the high affinity of Ti to react with the RE metals,
this lead to precipation of a large amount of R€ontaining intermetallis, as discussed
previously.The observedncrease in théreezing zone irthe RE-treated alloys may lead to
formationof shrinkage porosity. Since the molten metal wasdegiassed prior to casting,
the volume fraction of porosityay not be reliable.

As mentioned previous)yhe observed deprass in the eutectic temperature dioe
addition of RE metals is not necessarily relatedhodificationof the eutectic Si particles
asshownin Figure4.18, andFigure4.19. It should be mentioned that only La revealed partial
modificationbut was not as effectivemodifier, as seen ifrigure4.19(c). For example, the
Si particle average areaiisn i t i al | y 17. 85 ¢ %afd 16.6empwithrthed t

addition of 50% of Ce and.0% La, respectively
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Figure4.16: Optical micrographs of asastBO alloyscontaining(a) 0.0 wt.%RE, (b) 1.C

wt.% Ce, and (c) 5.0 wt.% Ce
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