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RÉSUMÉ 

 

La crise de l'énergie fossile et la direction mondiale pour réduire les émissions de gaz 

à effet de serre, ont attiré l'attention des chercheurs sur la recherche de matériaux légers pour 

les applications d'économie d'énergie, en particulier dans les secteurs de l'industrie 

automobile. Des alliages à base d'aluminium, légers et à haute résistance, avec une résistance 

comparable à celle des matériaux lourds, tels que les aciers inoxydables et la fonte, pourraient 

r®volutionner lôindustrie automobile. Cependant, des facteurs majeurs limitants peuvent 

entraver leurs applications industrielles. L'un de ces facteurs est que la plupart des alliages 

d'aluminium ne sont pas capables de maintenir leurs propriétés optimales à des températures 

supérieures à 150 °C ou 200 °C. 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 à été entreprise pour cette 

raison. Le projet visait ¨ ®tudier l'effet de lôajout des ®l®ments de terres rares (Ce et La) 

individuellement pour améliorer les performances des alliages étudiés (B0) Al-1.2Si-2.4Cu-

0.4Mg-0.4Fe-0.6Mn-0.15Ti (poids %) et (DO) Al -8,0Si-2,4Cu-0,4Mg-0,4Fe-0,6Mn-0,15Ti 

(% en poids). 

La première phase de ce travail consistait à étudier l'effet d'ajouts de 1,0 et 5,0% en 

poids de RE (Ce/La) sur le comportement de solidification et la caractérisation 

microstructurale des alliages (AC) étudiés sous faible taux de refroidissement (0,7 °C / s). 

Les expériences d'analyse thermique (TA) et DSC ont permis d'examiner le comportement 

de solidification des alliages, tandis que la caractérisation microstructurale a été réalisée à 

l'aide de SEM / EDS et EPMA / WDS. Les résultats de l'analyse thermique ont révélé que 

les principales phases observées dans les alliages étudiés sont Ŭ-Al, Ŭ-Fe, Al-Si, Al2Cu + Q. 

Les résultats ont également présenté une baisse des paramètres de solidification, y compris 

les températures de nucléation (Ŭ-Al) et la température eutectique (Al-Si) est causée par 

l'ajout de RE (Ce / La), la baisse est plus nette avec l'ajout de 5,0 wt % de 1,0% en poids de 

RE (Ce / La). DSC a révélé que l'addition de métaux RE (La ou Ce) conduit à l'apparition de 

pics exothermiques dans les courbes de solidification et de chauffage entre la précipitation 

de la phase primaire Ŭ-Al et la réaction eutectique (Al-Al 2Cu). De plus, les résultats de DSC 

montrent que dans ce cas, le pic correspondant à la phase Al2Cu est clairement perceptible 

dans les alliages de base et devient très réduit avec 1,0% en poids de RE (Ce / La), et disparaît 

avec 5,0% en poids de RE La) ajouts. Les résultats de la microstructure 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 (Al21Ti2RE (Ce / La)). En outre, RE (Ce / 

La) réagirait avec Si, Fe et Cu conduisant à la formation de phase intermétallique contenant 

du RE blanc avec plusieurs compositions: (i) Alliage B0 (Al11RE (Ce / La) 3 (Cu, Fe) 4Si2, 
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Al 4Ce3Si2, Al5La3Si2 et Al6La2 (Cu, Fe) 2Si); (ii) un alliage D0 (Al9RE (Ce / La) 4Cu2Si4, 

Al 2RE (Ce / La) Si et Al 2CeSi). Lanthane et Ce peuvent se remplacer. 

La seconde phase de lô®tude a consist® ¨ comprendre l'influence de lôajout de 0,2 de 

0,5 et 1,0% en poids de RE (Ce / La) sur les propriétés de traction des alliages testés à 

température ambiante, suivant diverses conditions de traitement thermique: AC) et solution 

traitée thermiquement (SHT). Les traitements de vieillissement (T5, T6 et T7) en référencent 

aux propriétés mécaniques présentées par les alliages de base et leurs équivalents modifiés 

par Sr ont également été considérés. Pour soutenir les résultats obtenus, l'analyse quantitative 

des phases secondaires et la mesure des particules de Si pour les alliages Al-Si-Cu (D0) ont 

été analysées pour les alliages étudiés. Les résultats ont révélé que lorsque l'addition de RE 

(Ce / La) augmente de 0,2 à 1,0% en poids, les quantités relatives d'intermétalliques 

augmentent, ce qui est attribué à la formation de nouveaux composés intermétalliques 

contenant des RE qui sont observés dans les régions interdendritiques. Les phases RE-

intermétalliques sont également observées dans les échantillons traités thermiquement AC et 

T6 indiquant la nature insoluble de la phase La-intermétallique. Comme attendu, dans 

l'alliage D0 modifié de Sr moulé a montré la morphologie fibreuse du silicium eutectique. 

Alors que l'addition de 0,2% en poids de RE (Ce / La) a entraîné une modification partielle 

de la structure du silicium eutectique. L'efficacité de la modification, cependant, dépend du 

niveau d'addition de RE (Ce / La). Les résultats 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 élevées (UTS) par rapport 

aux SHT, T5 et T7 conditions de traitement. Les alliages traités thermiquement en solution 

présentent des valeurs de ductilité supérieures à celles obtenues dans les autres conditions. 

En ce qui concerne l'effet des ajouts de terres rares, les résultats ont indiqué que le niveau 

utilisé de RE joue un rôle 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 meilleures, qui tendent à 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 même que 

celle provoquée par l'addition de 150 ppm de Sr. 

La derni¯re phase de ce travail ®tait ax®e sur l'®tude de l'impact de lôajout de 0,2 de 

0,5 et 1,0% en poids de RE (Ce / La) sur les propriétés de traction des alliages traités au T6 

à haute température (250 oC) après 1 et 200 heures de stabilisation à 250 oC avant les essais. 

En plus d'étudier les caractéristiques de rupture des échantillons testés en traction dans les 

directions parallèle et perpendiculaire à l'axe de traction en utilisant la microscopie 

électronique à balayage (SEM) et la microscopie optique (OM), respectivement. En général, 

pour les deux alliages B0 et D0, les résultats ont montré que 200 heures de stabilisation à 250 

°C entraînent une forte diminution de l'UTS et du YS, couplée à une forte augmentation de 

la ductilité par rapport aux valeurs obtenues après une heure de stabilisation à même 
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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. % Ce ou lôam®liore l'UTS et YS de l'alliage B0 et 

D0 d'environ 10-15 MPa après une stabilisation d'une heure, avec peu ou pas de changement 

dans la ductilité. Comparer aux résultats des tests de traction à température ambiante, les 

alliages à RE plus élevé (Ce / La) conservant de bonnes propriétés de résistance à haute 

température avec une diminution négligeable comparable à celle des alliages de base, après 

une stabilisation d'une heure. L'examen au MEB des surfaces fracturées des alliages de base 

traités à T6 obtenus après 200 h de stabilisation à 250 °C a révélé la 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 B0. Dans le cas des alliages 

renfermant 1,0% en poids de RE (Ce), les fractographes au MEB ont révélé des 

caractéristiques considérablement différentes avec une grande taille de fossettes, plutôt que 

des fossettes distribuées uniformes observées dans l'alliage de base. En outre, une fracture de 

clivage, considérée comme une caractéristique d'une fracture fragile, a été observée. Le 

résumé 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 (Ŭ-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 à la rupture des alliages en fonction du pourcentage de RE ajouté. Lors de la 

déformation plastique, des contraintes sont imposées par la matrice (Ŭ-Al) sur les particules 

dans les microstructures. Des contraintes internes peuvent être induites sur les composés 

intermétalliques contenant de l'Ŭ-Fe, du silicium eutectique et du RE en raison d'une 

déformation inhomogène dans les alliages étudiés avec addition de RE. 

  



  

     

  

ABSTRACT 

The fossil fuel energy crisis and worldwide direction to reduce greenhouse gas 

emissions have triggered the attention of researchers to look for lightweight materials for 

energy saving applications especially in the automotive industry. High-strength, lightweight 

aluminum based alloys with strengths comparable to heavy materials such as stainless steel 

and cast iron could revolutionize the automobile industry and contribute in solving 

environmental concerns. However, certain limiting factors may hinder their industrial 

application. One of these factors is that most aluminum alloys are not able to maintain their 

optimum properties at temperatures above 150°C or 200 oC. 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 aims at investigating the effect of individual additions of Ce and La rare earth elements 

on improving the performance of Al-1.2Si-2.4Cu-0.4Mg-0.4Fe-0.6Mn-0.15Ti (wt.%) and 

Al -8.0Si-2.4Cu-0.4Mg-0.4Fe-0.6Mn-0.15Ti (wt.%) alloys, coded B0 and D0, respectively. 

The first phase of this work was to study the effect of 1.0 and 5.0 wt.% additions of RE 

(Ce/La) on the solidification behavior and microstructural characteristics of the as-cast (AC) 

alloys under low cooling rate conditions (0.7 oC/s). Thermal analysis (TA) and differential 

scanning calorimetry (DSC) were used 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/wavelength 

dispersive spectroscopy (EPMA/WDS) techniques. The thermal analysis results revealed that 

the main phases observed in the investigated alloys are Ŭ-Al, Ŭ-Fe, Al-Si, Al2Cu and Q- 

Al 5Cu2Mg8Si6 phases. The results also showed a drop in the nucleation temperature of Ŭ-Al 

and eutectic temperature (Al-Si) caused by the addition of RE (Ce/La); the drop was more 

clearly observed with the 5.0 wt.% RE (Ce/La) addition. DSC analysis revealed that addition 

of La or Ce leads to the appearance of exothermic peaks between the precipitation of the 

primary Ŭ-Al phase and the (AlïAl 2Cu) eutectic reaction in the solidification and heating 

curves. Also, the peak corresponding to the formation of the Al2Cu phase is clearly noticeable 

in the base alloys (B0 and D0), becomes smaller with 1.0 wt.% RE(Ce/La), and disappears 

with 5.0 wt.% RE(Ce/La) additions. Microstructures revealed that two main types of RE-

containing intermetallic phases were formed: a grey phase in the form of sludge, with a fixed 

composition Al 21Ti2RE (Ce/La), and white RE-containing intermetallic phases (resulting 

from reaction of the RE (Ce/La) with Si, Fe, and Cu); The latter exhibited several 

compositions: (Al11RE (Ce/La)3(Cu,Fe)4Si2, Al4Ce3Si2, Al5La3Si2, and Al6La2(Cu,Fe)2Si) in 

the B0 alloys, and (ii) (Al 9RE (Ce/La)4Cu2Si4 , Al2RE(Ce/La)Si ,and Al2CeSi) in the D0 

alloys. Lanthanum and Ce can substitute each other. 

The second phase of this study focused on understanding the influence of 0.2, 0.5, 1.0 

wt.% additions of RE (Ce/La) on the room temperature tensile properties of the alloys, 

following various heat treatment conditions: as-cast (AC), solution heat-treatment (SHT), 

and aging (T5, T6 and T7), with reference to the properties exhibited by the base alloys and 

their Sr-modified 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 results revealed that increasing the RE (Ce/La) addition from 

0.2 to 1.0 wt.%, increases the relative amount of intermetallics formed, which are attributed 



     

    ix 

to the formation of new RE-containing intermetallic compounds observed in the 

interdendritic regions. The RE-intermetallic phases are also observed in both the AC and T6 

heat-treated samples indicating the insoluble nature of the La-intermetallic phase. As 

expected, the eutectic silicon particles in the as-cast Sr modified D0 alloy had fibrous 

morphology. While addition of 0.2 wt.% RE (Ce/La) resulted in partial modification of the 

eutectic silicon structure, the modification efficiency, however, depended on the addition 

level of RE (Ce/La). The tensile test results showed that the T6-treated alloys, whether the 

base alloy,  the Sr-modified one, or those containing RE additions, exhibited higher (UTS) 

values compared to the SHT, T5, and T7 heat-treatment conditions. The solution heat-treated 

alloys displayed ductility values higher than those obtained for the other conditions. With 

respect to the effect of rare earth additions, the results indicated that the added amount of RE 

plays an effective role in determining the tensile properties. 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 tensile properties 

is more or less the same as that caused by the addition of 150 ppm 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 the T6-treated alloys tested at high temperature (250 
oC) after 1 and 200 hrs of stabilization at 250 oC prior to testing. The fracture characteristics 

of the tensile-tested samples in both parallel and perpendicular directions to the tensile axis 

were examined, using optical microscopy (OM) and scanning electron microscopy (SEM), 

respectively. In general, for both B0 and D0 alloys, the results showed that 200 hrs of 

stabilization at 250 oC produces a sharp decrease in the UTS and YS, coupled with a 

noticeable increase in ductility values, compared to the values obtained following one hour 

of stabilization at the same temperature. Regarding the effect of rare earth element additions, 

0.2 wt.% Ce or La improved the UTS and YS of the B0 and D0 alloys by about 10-15 MPa 

following one hour of stabilization, with little or no change in the ductility. Compared to the 

room temperature tensile test results, alloys with higher RE (Ce/La) still maintained good 

strength values at 250 oC, with negligible decrease compared to those of the base alloys, 

following one hour of stabilization. SEM examination of the fractured surfaces of the T6-

treated base alloys obtained after 200 hrs of stabilization at 250 oC revealed the presence of 

microvoids, and a fine, and uniformly distributed dimple structure, indicating a larger amount 

of plastic deformation prior to fracture especially in the B0 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, cleavage fracture, 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 mixed events: (i) particle cracking (Ŭ-Fe, Si), (ii) microcrack 

formation and growth, and (iii) local linkage of microcracks. However, the presence of RE-

containing intermetallic compounds influenced the fracture behavior of the alloys as a 

function of the percentage of the added RE amount. During plastic deformation, stresses are 

imposed by the matrix (Ŭ-Al) on the particles in the microstructures. Internal stresses may be 

induced on the Ŭ-Fe, eutectic silicon, and RE-containing intermetallic compounds due to 

inhomogeneous deformation in the 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 limitations of greenhouse gas emissions in 

many industries, especially for those related to transportation (Figure 1.1(a)). One approach 

to conserving energy and reducing emissions is by minimizing moving masses (Figure 1.1 

(b)). In addition, the rapid escalation of energy prices in the recent years has driven an 

increase in industrial demand for weight-saving materials in the automotive and aerospace 

industry as well as throughout the rail and road transport sector [1, 2]. 

 

 
Figure 1.1: (a) Total world liquids consumption , transportation liquids consumption and 

other sectors liquids consumption between 2007 and 2035 (GJ) [2], (b) Road  vehicles  

fuel consumption vs Mass [3]. 

(a) 

(b) 
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Aluminum based alloys are of great interest in this area of application due to their 

relatively high strength-to-weight ratio, low cost, and provision of affordable improvement 

in the fuel efficiency(as shown in Figure 1.2). However, still most of aluminum alloys are 

soft and have inherently low mechanical strength, which hinders more widespread industrial 

application so further investigation and development of aluminum alloys are still needed. For 

this reason, the current study was motivated by interesting challenges arising from an interest 

in the development of aluminum-based alloys for automotive applications.  

 
Figure 1.2: Evolution of aluminum as a cylinder head material over 

approximately the past  two decades [4, 5]. 
 

 

 



  

     

  

1.2 ORIGINALITY OF THE WORK  

Aluminum-copper (Al -Cu) based alloys are well known for their excellent properties 

such as high strength-to-weight ratio, excellent ductility, and good casting performance. In 

particular, such properties are very attractive to the transport industry, from aerospace to the 

automotive and naval sectors, where better performance and lower environmental impact can 

be achieved by decreasing the vehicle weight as maintained in the previous section. 

Nevertheless, these alloys cannot be produced by recycling aluminum scrap because a high 

degree of purity is required for casting which, in turn, increases the production cost. In 

addition, the high copper content in the Al-Cu casting alloys increases the density and cost 

of this category of alloys since the density of Cu is 9.92 g/cm3. For example, if the amount 

of copper is decreased from 3.5 wt.% to 2 wt.%, it decreases the calculated alloy density from 

approximately 2.93 g/cm3 to 2.78 g/ cm3, this can be a good achievement, especially when 

taking into consideration the size of the cast component which will be produced from the 

new alloy [6]. Another issue to consider is that if the Al-Cu alloy contains a high Si content, 

this  increases the free Si in the aluminum matrix which causes problems from the 

machinability point of view [7, 8]. To overcome the limitation of Al -Cu alloys, extensive 

efforts have been made for producing new lightweight Al -Cu casting alloys with acceptable 

levels of tensile properties, and that are easy to recycle. One of these new alloys is GM220 

alloy, being developed by TAMLA (Technologie Avancée des Métaux Légers pour les 

Applications Automobiles) research group at Université du Québec à Chicoutimi (UQAC) 

and General Motors, as a promising alloy for use in engine block and cylinder head 

applications [9].  
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GM220 alloy contains 2.4 wt.% Cu, 1.2 wt.% Si, 0.4 wt.% Mg, 0.4 wt.% Mn and 

0.15 wt.% Ti. Based on this composition, the new alloy has the same phases found in A319 

alloy expect for the Al -Si eutectic phase, which ensures a significant response to the 

precipitation hardening process; in addition to this, its chemical composition makes the new 

alloy lighter and cheaper to produce than A319 alloys that contains 5.5-6.5 wt.% Si and 

around 4.0 wt.% Cu. Accordingly, the new alloy can replace 319 alloys in similar 

applications since it provides higher yield and tensile strengths than does the 319 alloy [7].  

Despite the good properties expected of the new alloy, it exhibits a high susceptibility 

to hot tearing which, in turn, leads to a decrease in the castability and lowers the casting 

quality, thus leading to deterioration in the tensile properties. The reasons for hot tearing in 

the new alloy are the low content of Si and Cu which decreases the amount of eutectic silicon 

formed and results in the long freezing range of the alloy [7].   

These drawbacks hindered the use of the Al-Cu alloy GM220 in the industrial sector, 

so that the alloy required further research and development. In this context, the TAMLA  

research group conducted various studies to enhance the performance of this alloy to make it 

suitable for automotive industrial applications. The findings of these studies are discussed 

briefly and summarized in the following paragraphs. 

 Nabawy [7] investigated the influence of zirconium (Zr) and scandium (Sc) 

additions, on the microstructure, tensile properties, and hot tearing susceptibility (HTS) of 

GM220 alloy. It was found that the hot tearing susceptibility (HTS) decreased proportionally 

as the mold temperature was increased, decreasing from 21 to 3.0 as the mold temperature 

was increased from 250 o to 450 oC. Also, it was found that Ti-B or Zr-Ti-B grain refinement 

additions enhanced the hot tearing resistance of the alloy to a significant level, whereas 

increasing the Si content reduced the HTS of GM220 alloy [10, 11].  
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Elgallad [8] investigated the effect of additives of Sr, Ti, Zr, Fe, Mn, and Ag as well 

as free cutting elements, specifically Sn and Bi, on the mechanical properties and 

machinability of GM220 alloy in both the as-cast and heat treated conditions. The results 

showed that: 

¶ The additions of Sr refined the morphology of the Ŭ-Fe Chinese script phase and led 

to a slight improvement in the ductility. 

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

¶ Increasing the amount of Fe increased the precipitation of the Chinese script Ŭ-Fe 

phase particles, thus decreasing the tensile properties.  

¶ The addition of Ag has no obvious effect to the strength; this is attributed to the 

presence of Si, which hinders the vital role of Ag in precipitation hardening.  

¶ The addition of Bi reduces the strength properties in the heat -treated conditions as a 

result of the Bi-Mg interaction which suppresses the precipitation of the Mg-

hardening phases.  

¶ The addition of Sn decreases the strength properties due to the softening effect of Sn 

and the replacement of Si with Sn in the Mg-hardening phase Mg2Si, as well as the 

formation of porosity arising from the melting of Sn during solution heat treatment. 

¶ From the machinability point, the results showed that, with respect to machining 

performance, GM220 alloys display an acceptable compromise in machining 

performance between that of A356 and B319 alloys on the one hand, and that of the 

A319 alloy on the other [12, 13].  

In another study, Zaki [14] investigated the effects of different alloying additions of 

Sr, Ti, Zr, Sc, and Ag, individually or in combination, on the performance of GM220 alloy. 
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The tensile test bars used in this study were prepared employing the low pressure die casting 

(LPDC) technique. The results showed that the alloy containing (0.5 % Zr + 0.15% Ti ) was 

the most effective in maximizing the alloy tensile properties over the range of aging 

temperatures from 155 o to 300 oC. Also, adding Ag simultaneously with 0.27 wt.% Zr was 

beneficial at high aging temperatures, in the range of 240 o-300 oC; with high addition of Zr 

(about 0.62 wt%), however, addition of Ag was less effective at the same level of Ti [6]. 

In spite of these previous studies, further investigations are still needed to fill in missing 

gaps of information in regard to the effects all metallurgical parameters (alloying additions, 

heat treatment conditions and testing temperature ) on the mechanical properties of this alloy 

to acquire a comprehensive understanding of its behavior in the context of automotive 

components, particularly in regard to its performance under high temperature service 

conditions. The present research study was undertaken for this reason.  

1.3 DEFINITION OF THE PROBLEM  

Eutectic silicon is a dominant constituent phase in Al -Si alloys, and refining its 

morphology can further enhance the attractive characteristics of these alloys. The practice of 

eutectic modification has been developed to produce a refined eutectic structure and can be 

brought about by using modifier additions, termed chemical modification [15, 16] and/or by 

applying a high cooling rate, termed quench or chill modification [17, 18]. 

In chemical modification, commonly used modifier additions such as strontium (Sr), 

sodium (Na), calcium (Ca), and antimony (Sb) are added to the alloy melt in trace amounts 

to modify the eutectic silicon morphology from an acicular to a fine fibrous form. However, 

these traditional modifiers are associated with certain limitations such as fast fading in the 

case of Na, formation of porosity with the addition of Sr, and toxicity in the case of Sb. 
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Nevertheless, strontium is most commonly used in industry due to its overall advantages 

compared to the others. However, the fact that its utilization increases the amount of dross 

restricts its 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 (MM). Cerium (Ce) 

and Lanthanum (La) elements together comprise approximately 90% of mischmetal (MM) 

in addition to praseodymium (Pr) and neodymium (Nd). These two elements La and Ce are 

also the cheapest among the sixteen members of the rare earth metal family [19].  

In the case of RE metals, their atomic radii relative to that of silicon (r/rsi) lies in the 

order of ~1.65, a value conducive to modification via the twin plane re-entrant edge (TPRE) 

mechanism, which promotes the fibrous coral-like growth of the eutectic silicon phase. 

Generally, from the point of view of modification of the Si phase, all the 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 that of Si, viz., r/rSi, is close to 

the optimal value of ~1.65, as shown in Figure 1.3.  

Although the previous studies reported in the literature [19] investigated the 

modification effects of rare earth metals, the mechanism of modification using these elements 

is still unclear. For example, Nogita et al. [20] investigated the role of Eu and Yb in the 

modification of Al-10%Si alloys, selecting these two rare earth elements as having the most 

optimal r/rSi ratios. They found, however, that despite these optimal ratios, only Eu showed 

a uniform distribution of the modified eutectic Si fibres, similar to the case of Sr 

modification; whereas Yb precipitated, but not in the eutectic Si or Al, resulting in a 

refinement of the plate-like eutectic Si rather than a flake-to-fibrous transition. They 

concluded that the r/rSi ratio used to predict impurity-induced twinning behavior observed in 
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Si fibres is not sufficient in itself and that all microstructures exhibiting fibrous eutectic 

silicon must exhibit a uniform distribution of the modifier in the Si phase.  

 
Figure 1.3: Ratio of atomic radii vs. atomic number [21]. 

 

         In addition to eutectic modification, the ability of RE metals to refine the microstructure 

of an aluminum alloy, namely the grain size [22], secondary dendrite arm spacing (SDAS) 

[23, 24] and the ɓ-iron Al 5FeSi intermetallic phase has also been documented in the literature 

[25]. However, previous literature reveals that there is a lack of investigations on (i) the 

morphology, size and distribution of the RE-containing intermetallic compounds formed, and 

(ii) their influence on the tensile properties.  

As the use of RE as modifiers has increased in the recent past, this area of research 

has become increasingly important and needs to be addressed more comprehensively. With 

this in mind, the main contribution of the current study was to investigate thoroughly the 
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effects of Cerium (Ce) and Lanthanum (La) on the microstructure and performance of 

GM220 alloy. A small addition of Strontium (Sr), in the amount of 150 ppm, was also used 

for purposes of comparison.  

1.4 THESIS OBJECTIVES  

 

The main aim of this Ph.D. research project was to investigate the effects of La and 

Ce additions on the tensile properties of two series of GM220 alloys, subjected to various 

heat treatment conditions. The two series were prepared using: (i) low Si (1.2 wt.%) B0 alloy, 

and (ii)  high Si (8.0 wt.%) D0 alloy as the base alloys. The influence of individual additions 

of La and Ce on the microstructure, and the resulting properties and fracture behaviour were 

also studied. The main objectives of the current study therefore covered: 

1. Examining the influence of 1.0 and 5.0 wt.% of Ce and La on the  microstructural 

features and solidification behaviour of the alloys prepared in order to have a better 

understanding of the phases and intermetallics present in the structure. 

2. Studying the effect of the following metallurgical parameters on the tensile 

properties and the quality index values of B0 and D0 alloys : 

i. La additions (0.2, 0.5, 1.0 wt.%); 

ii.  Ce additions (0.2, 0.5, 1.0 wt.%); 

iii.  Sr addition (150 ppm); 

iv. Heat treatment conditions. 

¶ Solution heat treatment (SHT) at 510 oC for 8 hours ; 

¶ T5 (aging at 180 oC for 8 hours) ; 

¶ T6 (SHT at 510 oC for 8 hours followed by 8 hours aging at 180 oC); 

¶ T7 (SHT at 510 oC for 8 hours followed by 8 hours aging at 240 oC); 
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3. Studying the high temperature tensile properties of T6-heated B0 and D0 alloys 

subjected to one and 200 hrs of stabilization at the testing temperature of 250 oC 

with the different additions of Ce and La (0.2, 0.5, 1.0 wt.%).  

4. Correlating the room and high temperature mechanical properties with the 

microstructural features of the corresponding alloys.   

5. Using quality charts based on the tensile properties obtained for various alloy/heat 

treatment conditions in order to recommend the optimum parameters /conditions 

for improving the properties of GM220 alloys for use in specific industrial 

applications. 

1.5 THESIS ORGANIZATION  

This thesis is scientifically organized into eight chapters as follows: 

 

The opening chapter, CHAPTER 1, defines the motivation and objectives of this 

research work. 

CHAPTER 2 pertains to the literature review covering the general aspects of Al-Cu 

alloys, followed by an extensive review of the previous studies and investigations on the 

effect of different types of RE metals on the performance of aluminum alloys. 

CHAPTER 3 presents the experimental procedures used and provides details of the 

alloys and additives used in the current study, the 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 presents an analysis of the solidification behaviour of the alloys 

investigated, using differential scanning calorimetry (DSC) and thermal analysis (TA) 

techniques.  

CHAPTER 5 presents the results of the microstructural characterization and phase 

identification using: (i) Scanning electron microscope (SEM) with Energy dispersive x-ray 

spectroscopy (EDS) facilities, and (ii) Electron probe micro-analyzer (EPMA) with 

wavelength dispersive spectroscopy(WDS) facilities. 

CHAPTER 6 presents the tensile test results of the investigated alloy obtained at room 

temperature, while CHAPTER 7 provides the results obtained at elevated temperature, 

together with a section on the fracture behavior of the tested alloy samples. 

CHAPTER 8 presents the conclusions of this study based on the findings presented 

in CHAPTER 4 through 7, and recommendations for future work. Finally, a list of references 

and appendices are provided 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 of Al -Cu alloys starts with the development of a dendritic network 

followed by a eutectic reaction in the interdendritic regions by means of which the eutectic 

Al 2Cu is formed in combination with the remaining aluminum [26]. Consequently, the 

microstracture of Al-Cu alloys consists mainly of primary Ŭ-A1 and the Al 2Cu phase. In 

order to meet the requirements of rapidly developing industrial applications, major alloying 

elements such as Si and Mg, minor alloying elements such as Ni and Sn, and elements like 

Ti, Sr, and Mn which modify the microsturcutre are added to Al-Cu alloys to improve their 

mechanical properties (Figure 2.1) [27]. The addition of these elements is associated with the 

formation of much more complex intermetallic compounds, part of which are insoluble. 

One of the critical issues with respect to the microstructure of Al-Cu alloys is the 

unwanted presence of impurities in Al-Cu alloys, in particular, iron (Fe) which in turn  leads 

to the formation of insoluble Fe-intermetallic such as ́ -Al 8Mg3FeSi6, ɓ-Al 5Fe2Si, and Ŭ-

Al 15(Mn, Fe,Cu)3Si2. These intermetallics are harmful and adversely affect the mechanical 

properties of the alloy, especially ductility, and lead to formation of excessive shrinkage 

porosity defects in the casting. A number of investigators have mentioned that the presence 

of the ɓ-Al 5FeSi iron intermetallic phase prevents the liquid metal feeding by blocking the 

interdendritic liquid-metal channels, thus resulting in the formation of porosity [28-30].  
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Figure 2.1: Effect of alloying elements on the performance of Al-Cu alloys [27]. 

  

2.1.2 Heat Treatment of Al-Cu Alloys 

Heat treatment is one of the main techniques applied to enhance the mechanical 

properties of aluminum casting alloys. Aluminum-copper cast alloys are considered heat-

treatable alloys. Figure 2.2 illustrates the temperature ranges of the heat treatments applied 

to Al-Cu alloys. From Figure 2.2  it may be noted that in order to produce a complete solid 

solution, the solution heat treatment range of Al-4.5Cu alloy is 515 to 550°C in which the Cu 

completely dissolves (Figure 2.2). This solid solution will become supersaturated as the 

temperature decreases to below 515°C. In order to produce the age hardening of an Al-4.5Cu 

alloy, it should be maintained within a temperature range of 150°C to 220°C for a pre-

determined aging period. [31]. In general, in order to age harden Al-Cu alloys, it is important 
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to conduct the heat treatment process through three steps, as follows: (i) solution heat 

treatment, (ii) quenching, and (iii) aging, which  will be discussed briefly and summarized in 

subsections 2.1.2.1, 2.1.2.2, and 2.1.2.3, respectively. 

 

 

Figure 2.2: Heat treatment temperature range for heat treating of Al -Cu alloys [31]. 

2.1.2.1 Solution Heat Treatment  

The solution heat treatment process is carried out to maximize the solubility of 

elements in the matrix such as Cu and Mg, to help in dissolving the intermetallic phases 

which are formed during solidification, and to increase the homogeneity of the 

microstructure. Temperature and time are the main parameters which control the solution 

heat treatment process. The temperature of solution treatment, in particular, is considered a 

critical parameter in Cu-containing alloys due to the occurrence of incipient melting of the 

Cu phases.   
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Samuel [32] summarized the topic of incipient melting of Al 5Mg8Si6Cu2 and  Al 2Cu 

intermetallics in 319-type alloys and concluded that, although a high solution temperature 

enriches the Cu concentration in the supersaturated solid solution structure, there is a critical 

temperature for Cu-containing aluminum alloys such as 319 alloy which cannot be exceeded 

due to the occurrence of incipient melting. This critical temperature is determined based on 

the lowest eutectic-melting point of the intermetallic constitution or, in other words, of the 

melting point of the phases last to solidify. Copper-rich intermetallics, such as Al2Cu (ɗ) and 

Al 5Mg8Cu2Si6 (Q), are the main intermetallics facing the possibility of melting during 

solution heat treatment because of their low melting points of 507°C and 525°C, respectively 

[26] . The incipient melting takes place at and above the corresponding eutectic temperature 

as a result of the reduction in the Gibbs free energies as postulated by Reiso et al. [33]. 

In alloys containing silicon as an alloying element, the Si particle morphology has a 

vital role in characterizing the mechanical properties. Under normal cooling rates, the silicon 

particles appear as coarse acicular needles, which act as crack initiators and reduce the 

mechanical properties to an observable degree. This type of deleterious silicon morphology 

is responsive to treatment by means of chemical or thermal modification. When applying 

thermal modification, the casting is subjected to a high temperature solution heat treatment 

for the required length of time. A number of studies by Apelian et al. [34], Tillova and 

Panuskova [35], and Li et al. [36] investigated the effects of thermal modification on silicon 

particles. In these studies, it was found that the silicon particles became modified through a 

special sequence triggered by the breaking down of silicon particles into small fragments 

followed by the gradual spheroidization of these fragments. Prolonged solution heat 

treatment causes the undesired coarsening of silicon particles. The high solution temperature 
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leads to high rates of spheroidization and coarsening. The main driving force for the 

spheroidization and coarsening of silicon 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 determined. Heterogeneous precipitation occurs intensively at 

intermediate temperatures under low cooling rates because of relatively high supersaturation 

and high diffusion rates. Accordingly, the resulting heterogeneous precipitation at low 

quenching rates will consume the solutes from the matrix and, consequently, will reduce the 

subsequent age-hardening response. This outcome leads to lower ultimate tensile and yield 

strength, as well as lower ductility values and fracture toughness [37-39]. The high quenching 

rate in Al-Cu alloys or Cu-containing alloys tends to enhance strength values. 

It should be noted that the quenching medium is the factor, which determines the 

quenching rate and heat extraction rate. The quenching medium for wrought alloys is usually 

cold water, whereas the castings and complex shape parts are immersed or quenched in warm 

water between 65°C and 80°C or in solutions such as polyalkylene glycol. Molten salt and 

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

2.1.2.3 Aging  

The age hardening of aluminum-copper alloys has been the subject of intensive 

scientific investigation for a number of decades now by numerous researchers [42-44]. 

Throughout the 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 line to produce 
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artificial aging, or otherwise by keeping it at room temperature for an extended length of time 

in order to produce natural aging. Figure 2.3 illustrates the solvus lines of the different 

metastable and stable phases of the Al-Cu binary system. At the beginning of the precipitation 

process, the solute atoms segregate in special crystallographic planes of the matrix forming 

zones (GPZI and GPZII). These zones are fully coherent with the matrix and measure 1-5 

nm. Depending on the aging temperature and aging time, these zones can be developed to 

subsequent semi-coherent metastable and equilibrium phases. 

The fully coherent precipitates usually form and remain more stable at higher aging 

temperatures than the semi-coherent and non-coherent precipitates because of their lower 

solvus lines, as may be seen in Figure 2.3. The presence of fully coherent zones and the semi-

coherent metastable phase strengthens the matrix by inhibiting and/or hindering the 

dislocation movement [45].   

 
Figure 2.3: Partial equilibrium diagram of Al-Cu alloys representing the solvus lines 

of the metastable and equilibrium phases [45] 
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2.2 QUALITY IND ICES OF ALUMINUM -SILICON ALLOYS   

2.2.1 Concept of the Quality Index  

The mechanical properties of Al-Si casting alloys are related directly to various 

metallurgical parameters involved in the production process. The quality of Al-Si castings 

can be expressed in terms of their mechanical properties through a concept knows as quality 

index. The quality of Al -Si casting alloys is considered a key factor in selecting an 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 performance in combination 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 quality since they also influence the mechanical properties of the casting. 

The concept of quality indices and quality charts has been proposed by several researchers 

as listed below in chronological order. In what follows, only the models proposed by Drouzy 

et al. and Câceres, being the ones most commonly used, will be presented in subsections 2.2.2 

and 2.2.3, respectively. 

a) Quality Index (Q) proposed by Drouzy et al. [46].  

b) Quality Index (QN) proposed by Din et al. [47]. 

c) Quality Index (Qc) proposed by Câceres [48, 49].   

d) Quality Index (QD) proposed by Alexopowlos and Panteiakis [50-53]. 

e) Quality Index (QE) proposed by Tiryakioglu et al. [54]. 
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2.2.2 Quality Index (Q) Proposed by Drouzy et al. 

Based on their investigations of the tensile properties of Al-7%Si-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 correlation to the tensile 

properties of the alloy, through the use of an equation relating the quality index to the ultimate 

tensile strength and elongation to fracture as presented by Equation 2.1: 

 

 

where Q is the quality index in MPa, ůUTS refers to the ultimate tensile strength in MPa; Ef  

refers to the percentage elongation to fracture;  and the parameter  d is  material constant  and 

was empirically found to  equal to 150 MPa for Al-7%Si-Mg alloys.  

On the other hand, the study of correlations between tensile strength, 0.2% yield 

strength, and percentage elongation-to-fracture in cast aluminum alloys showed that the 

probable yield strength, YS (MPa), may be estimated using Equation 2.2 . 

 

 

where the coefficients a, b, and c for Al-7Si-Mg were determined as 1, 60, and -13, 

respectively, while the constants b and c are expressed in units of MPa [55]. 

From the above equations, quality charts can be generated, where the two equations 

represent sets of parallel iso-Q and iso-YS lines. Equation 2.1 is used to generate the iso-Q 

lines in the quality charts proposed by Drouzy et al. [46],  whereas Equation 2.2 is used to 

generate the iso-probable yield strength lines. The quality chart generated using Equation 2.1 

and Equation 2.2  is shown in Figure 2.4. These quality charts are generated for use as a 

simple method of evaluating, selecting, and also predicting the most appropriate 

1 ʎ ÄÌÏÇ %) Equation 2.1 

ʎ Á ʎ ÂÌÏÇ Ὁ ὧ   Equation 2.2 
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metallurgical conditions which may be applied to the castings to obtain the best possible 

compromise between tensile properties and casting quality. 

 
Figure 2.4: Example of quality chart proposed by Drouzy et al. [46]   

 

2.2.3 Quality Index (Qc) proposed by Câceres 

The drawback of the quality index concept proposed by Drouzy et al [46] is that it 

was given no proper theoretical grounding or explicit physical meaning. This gap in its 

physical basis has been bridged by the analytical model created by Caceres  [48, 49] which 

allows calculation of the quality index from knowledge of the parameters of the deformation 

curve, namely, the strength coefficient of the material and the strain-hardening exponent. The 

analytical model by Câceres is based on the assumption that the deformation curves of the 

material can be described with Holloman equation given in Equation 2.3 and represented by  

log-log plot of true stress versus true strain, as shown in Figure 2.5  [56, 57]   
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were  ů is the true stress, Ů is the true plastic strain, n is the strain-hardening exponent, and 

K is the strength coefficient. The values of n and K may be calculated from a log-log plot 

of true stress versus true strain, as shown in Figure 2.5. 

 

Figure 2.5: True stress strain -curve  plotted in log scale 

 

The strain hardening exponent n calculated from Equation 2.4 
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Ὠ„
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Equation 2.4 

The true stress ů and the engineering stress P are related by Equation 2.5 

„  ὃ ὖ ὃ Equation 2.5 

 

where A0 and Af are the initial and final cross sectional areas, respectively. According to the 

assumption that the volume is constant during deformation, Equation 2.6 can be obtained as 

follows: 

„ Ὧ‐ Equation 2.3 

True strain (S) 
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where Ůt is the total true strain which has elastic and plastic components. From Equation 2.3, 

Equation 2.5, and Equation 2.6, Equation 2.7 can be determined.  

ὖ ὑ ‐ Ὡ ḙ ὑ Ὓ Ὡ  

  
Equation 2.7 

where S is the engineering plastic strain. In Equation 2.7 , the sign ḙ indicates that the elastic 

strain component as well as the difference between the engineering and true strain have been 

disregarded. The latter is a reasonable assumption for casting alloys due to their limited 

ductility. 

Equation 2.7 has been used to draw the family of solid flow curves for the A356 alloy 

(Al -7%Si-0.4%Mg) with K = 430 MPa, as shown in Figure 2.6. The curves are identified by 

values which vary between 0.2 for as-quenched samples and 0.08 for samples at 170°C for 6 

hours. The values of the strength coefficient, K, and the strain hardening exponent, n, were 

obtained from the true stress-true strain curves of Al-7%Si-Mg alloys [49]. The YS-values 

on the right hand side axis indicate the flow stress (MPa) at an offset strain of 0.2%. As 

reported by Câceres [48], for a given aging condition the flow curve of the most ductile 

samples represents the locus of the UTS/elongation-to-fracture points of the samples with the 

same yield stress but lower ductility. Thus, the solid flow curves in Figure 2.10 may be 

interpreted in terms of the concept of Drouzy et al. [46] as  corresponding to "iso-YS" lines, 

relating UTS and elongation-to-fracture, each for a particular aging condition.  

 

ὃ

ὃ
Ὡ  

  

Equation 2.6 
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Figure 2.6: The quality index chart proposed by Câceres for A356 alloy [48]. 

 

In the case of high ductility castings, tensile failure involves some amount of necking. 

Necking begins when the Considère criterionis met [58, 59], that is y =1, where y is the strain-

hardening parameter defined as 

 

On comparison between Equation 2.4 and Equation 2.8, it can be found that ‎ ὲȾ‐.Thus, 

when ‎ ρ, this implies that ‐ᶻ ὲ, where ‐ᶻ is the true plastic strain at the onset necking. 

Assuming the Ὓᶻ ‐ᶻ ὲ, the relative ductility parameter q, defined as the ration between 

the engineering plastic strain at failure q, defined as the ration between the engineering plastic 

strain at failure, Ὓ, and the engineering plastic strain at the onset of necking Ὓᶻ, is given by  

‎
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Equation 2.8 
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Equation 2.9 

Nominal strain  
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