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Abstract 

The present work was performed on primary A319.2 alloy to investigate the effect 

of magnesium and strontium additions on the heat treatment behaviour and mechanical 

properties of the alloy. Samples were cast in permanent mould, then cut in order to 

obtain coupons which were solution heat treated at 495 oC for 4 and 24 hours, followed 

by quenching in hot water. Two different artificial aging temperatures were applied at 

180 oC and 220 oC for times from 0.5 h up to 24 hours. The investigation consisted of a 

systematic measurement of macrohardness and matrix microhardness of samples under 

different heat treatment conditions. Tensile properties were also measured and electron 

microscopy study of critical samples was done. 

It is seen that the alloy does not exhibit the common peak-overaged agmg 

conditions due to the presence of several coexisting phases. It was found that multiple 

aging peaks are present in the age-hardening curves of AI-Si-Cu-Mg alloys. From the 

scanning electron microscopy studies, it is seen that addition of magnesium (~0.40 wt 

%) leads to the precipitation of coarse Al5Mg8Si6Cu2 particles. Strontium modification 

of the high magnesium alloys leads to segregation of Cu-intermetallics in areas away 

from the growing Al-Si eutectic regions. It was found that strontium modification retards 

the precipitation of the silicon out of the matrix. 

The effect of aging time and temperature on the structure of the age-hardening 

precipitates was studied with TEM. TEM observations reveal that the age-hardening 

behavior is related to the precipitation sequence of the alloy. For the AI-Si-Cu-Mg alloy, 

the first aging peak is the result from the high-density GP zones, while the subsequent 

are from metastable phases. The transition from GP zones to metastable phases may be 

the main reason for the formation of multiple aging peaks. 
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RÉSUMÉ 

Le présent travail est effectué sur un alliage primaire A319.2 pour étudier l'effet des 

additions de magnésium et de strontium sur le traitement thermique et les propriétés mécaniques 

de cet alliage. Les échantillons sont coulé dans un moule permanente, d'ailleurs ils sont coupés à 

fin d'obtenir coupons, lesquels sont homogénéisé à 495 oC pendant 4 et 24 heures, en suivant 

d'un trempe en eau chaude. Deux températures différentes de vieillissement artificiel étaient 

essayé soit 180 oC et 220 oC pour temps variant entre 0.5 heures jusqu'à 24 heures. Les 

recherches ont consisté en la mesure systématique de la macrodureté et de la microdureté de la 

matrice, d'échantillons ayant subit un traitement thermique, sous différentes conditions. De plus, 

les propriétés de tension ont été mesurées et une étude des échantillons considérés comme 

critiques a été réalisée par microscopie électronique. 

Il est observé que l'alliage ne montre pas le comportement habituel de maximum-au

dessus-de-vieillissement-limite, à cause de la présence de plusieurs phases coexistantes. Il est 

trouvé que plusieurs maximums de vieillissement existent dans les courbes d'endurcissement 

pour vieillissement de l'alliage AI-Si-Cu-Mg. Suite des études faites en microscopie 

électronique, il est observé que l'addition de magnésium (~0.40 wt %) conduit à la précipitation 

de grosses particules d'AlsMg8SiCu2' La modification par strontium en alliages avec un haut 

contenant de magnésium conduit à la ségrégation d'intermétalliques de Cu en zones dans le 

lointain des régions grandissantes d'eutectique Al-Si. Il est trouvé que la modification par 

strontium retard la précipitation de Si hors de la matrice d'aluminium. 

L'effet du temps de vieillissement et de la température sur la structure du précipitâtes 

d'endurcissement pour vieillissement est étudié avec microscopie électronique de transmission 

(MET). Observations par MET ont laissé voir que le comportement d'endurcissement pour 

vieillissement est rattaché à la séquence de précipitation de l?alliage. Pour l'alliage AI-Si-Cu

Mg, le premier maximum de vieillissement est résultat de la grande densité des zones GP, tandis 

que les maximums ultérieurs sont résultats de phases métastables. La transition de zones GP à 

phases métastables peut être la raison principale pour la formation de multiples maximums de 

vieillissement. 
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INTRODUCTION 

Aluminum-silicon foundry alloys possess the essential characteristic of good 

castability, corrosion resistance, and machinability, which make them excellent 

candidates for automotive and aerospace applications. Cast 319 aluminum (7.2-7.7 wt % 

Si, 3.3-3.7 wt % Cu, 0.25-0.35 wt % Mg, 0.4 max. wt % Fe, 0.2-0.3 max. wt % Mn, 0.25 

max. wt % Zn, 0.25 max. wt % Ti) is an important automotive alloy used for engine 

blocks and cylinder heads. The microstructure of the as-cast material consists of 

aluminum dendrites, a eutectic structure containing aluminum and silicon, a variety of 

well-known strengthening precipitates (such as CuAh, MgCuAh, Mg2Si) and 

intermetallic phases (like a-Ahs(Fe, Mn)3Sh), p-AlsFeSi and AlsMgsCU2Si6). 

In order to enhance the alloy properties, modification of eutectic silicon is carried 

out usually by strontium addition, to convert the silicon morphology from coarse-flake 

like to fine-fibrous. Magnesium is often added to improve the strength via Mg2Si 

precipitation following heat treatment to refine the silicon eutectic. 

Important parameters which affect the mechanical properties of this alloy are the 

solidification rate and subsequent heat treatment. The solidification rate determines the 

dendrite arm spacing and the size of the intermetallic phases, whereas heat treatment 

affects the density, size and distribution of age-hardening precipitates. The age

hardening mechanism responsible for strengthening is based on the formation of 

intermetallic compounds during decomposition of a metastable supersaturated solid 

solution obtained by solution treatment and quenching (precipitation hardening). 
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The heat treatment helps to obtain a desired combination of mechanical properties 

(strength and ductility). The T6 temper consists of a solution heat treatment, water 

quenching and artificial aging. The solution heat treatment is carried out at a temperature 

slightly under the eutectic temperature at about 495 oC for about 4 to 8 h. During 

solution treatment, hardening agents are dissolved lU the matrix, the casting is 

homogenized and the eutectic silicon spheroidized. 

Quenching creates a supersaturated solid solution at room temperature and avoids 

precipitation of dissolved elements. Natural aging takes place at room temperature 

between quenching and artificial aging. Although natural aging effects are not well 

understood, they seem to be detrimental to the Al-Si alloys [1]. During artificial aging, 

the hardening elements precipitate and improve the strength. 

In recent years, the process of heat treatment for Al-Si base alloys containing Cu 

and/or Mg has been investigated in certain aspects, but the effects of Mg and its 

strengthening precipitates are not well documented. Despite the widespread and long 

term commercial application of this alloy, the information available on its strengthening 

is so meager, with respect to their formation, structure, morphology and stability of 

precipitates, that there is no guidance for a fundamental understanding of CUITent 

processing practices and their impact on mechanical properties. 

Other studies [2-6] have shown that the formation of precipitates plays a dominant 

role in determining the strength of many aluminum alloys; namely, their composition, 

structure, and crystallographic relationship to the host aluminum lattice, such as the 

parameters controlling their effectiveness in impeding dislocation motion. 

A common approach to study fine precipitation in aluminum casting alloys is by 

transmission electron microscopy. However, this technique is time consuming and 

sample preparation is more involved than that for electron probe microanalyzer (EPMA) 

or scanning electron microscopy samples. 
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This work is part of an ongoing program covering the development and properties 

of 319 type alloys in relation to automotive applications, where the effects of Mg and Sr 

have been studied in different contexts. The present study was undertaken to investigate 

the individual and combined roles of Mg and Sr on the hardness and tensile properties of 

the 319-type alloy at normal cooling rates. Hardness and tensile results are reported as 

well as their relation with the different T4 and T6 tempers, in order to identify the many 

types of precipitates that are present in this complex alloy in sufficient concentrations to 

control the strength of the alloy. 

The present work reports that double aging peaks are strongly present in the age

hardening curves of the AI-Si-Cu-Mg alloy, but not in Al-Si-Cu alloys. However, there 

are little published data describing these double aging peaks phenomena [2, 7, 8]. 

Therefore, the age-hardening behavior of Al-Si-Cu alloys has been investigated by 

means ofhardness, tensile, optical and electron microscopy observation. 

The particular objectives ofthis work are summarized as: 

• To study the effect of Mg content (0.02 wt % and 0.40 wt %), Sr content (0 and 

165 ppm) , solution heat treatment time (4 h and 24 h at 495 OC) and aging 

treatment on the hardness and tensile properties of 319 alloys 

• To understand the heat treatment process in terms of the phases formed in these 

alloys 

• To present a better understanding of the precipitation as a function of chemical 

composition of A319.2 alloys 
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CHAPTER2 

LITERATURE REVIEW 

In this chapter, the metallurgical concepts relevant to heat treatment are reviewed. 

The mechanisms during melt treatment are first considered and the precipitation 

hardening mechanisms are described. The correlation between microstructure and 

mechanical properties is then reviewed. 

2.1. Aluminum Alloys 

The properties of aluminum alloys depend on several factors, particularly other 

elements, which are always present, either as alloying additions or residual elements. 

Aluminum alloys usually contain several alloying elements besides the base metal 

aluminum [9]: 

• The main alloying elements are copper (Cu), silicon (Si), magnesium 

(Mg), zinc (Zn) and manganese (Mn). 

• Sorne elements are frequently present III small quantities, either as 

impurities or additions, inc1uding iron (Fe), chromium (Cr), titanium (Ti), 

nickel (Ni), cobalt (Co), silver (Ag), lithium (Li), vanadium (V), 

zirconium (Zr), tin (Sn), lead (Pb), and bismuth (Bi) which are added in 

special alloys. 

• Elements such as beryllium (Be), boron (B), sodium (Na), strontium (Sr) 

and antimony (Sb) can be added as trace elements. 
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2.2. Classification of Aluminum Alloys 

Casting alloys should be pourable and have good mold-filling characteristics, 

whereas workability is of primary importance with wrought alloys. Hence, significant 

differences in alloy content between wrought and cast alloys takes place. Typically, the 

alloying content of casting alloys is 10-12 %; whereas for wrought alloys it is 1-2 % 

(although in sorne particular cases can be up to 6 or 8 %) [10]. Figure 2.1 summarizes 

the wide range of alloys that are available for use. 

A subdivision of aluminum alloys takes place depending on whether or not an 

alloy can be hardened by the addition of alloying elements, as is the case with 

precipitation-hardenable alloys that can be strengthened by ageing. Non-precipitation

hardenable alloys are only work-hardenable and cannot be hardened by aging [9]. 

2.2.1. Aluminum-Silicon Casting Alloys 

Aluminum-silicon alloys constitute 90 % of the total casting alloys. This is due to 

their excellent casting properties, corrosion resistance, machinability and weldability 

when combined with the Al-Si eutectic and the alloying elements (such as Cu, Mg, Zn, 

and Mn among others). Mechanical properties of these alloys are enhanced by various 

mechanisms in the production process, inc1uding: 

• The treatment of the liquid metal by reducing the hydrogen content and the 

removal of inclusions, 

• The addition of alloying elements, 

• Grain refinement by adding Ti and/or B, 

• Modification of the Al-Si eutectic (by addition of Sr, Na, or Sb), 

• Reduction of the secondary dendrite arm spacing by increasing the 

solidification rate and the formation of intermetallic compounds that precipitate 

during the heat treatment. 
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Figure 2.1 - Schematic Arrangement of Cast and Wrought Aluminum Alloys: 
(1) Casting Alloys, (2) Wrought Alloys, (3) Work-Hardenable Alloys 

and (4) Age-Hardenable Alloys [9] 
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Depending on the silicon content Al-Si casting alloys are c1assified into three 

groups [11]: 

• Hypoeutectic alloys (5-11 % Si), in which the aluminum solidifies forming a 

dendritic net and the eutectic Al-Si precipitates interdendritically. 

• Eutectic alloys (11-13 % Si), in which the final structure is completely eutectic. 

• Hypereutectic alloys (13-20 % Si), in which the primary solidification reaction 

involves the precipitation of primary Si partic1es until the eutectic temperature 

is reached, and the remaining solidifies as a eutectic. 

Hypoeutectic and near-eutectic Al-Si alloys are used when good castability and 

corrosion resistance are required. The alloy composition inc1udes major and minor 

alloying elements, such as Si, Cu, Mn, Mg, Cr, Ni, Zn, Pb and Sn. These elements 

originate from the processes for producing primary and secondary metal, supplemented 

by master alloys added in the production of foundry ingots. The microstructure and 

properties are determined largely by the alloy composition. 

In this family of alloys ofhypoeutectic composition, silicon provides good casting 

properties. However, the presence of large, britfle, acicular flakes and plates of eutectic 

silicon leads to a substantial decrease of the strength and elongation of the castings. To 

overcome this effect in sand or permanent mold castings, it is necessary to modify the 

eutectic to improve strength, ductility, pressure tightness, and machinability. 

Modification is accomplished by adding a small amount of Na or Sr (0.001 to 0.030 %) 

to the melt [12-14]. 

Small additions of Mg and Cu enhance the response to heat treatment. However, 

the higher strength achieved is accomplished with sorne sacrifice in ductility and 

corrosion resistance [10]. Minor alloying elements such as Fe, Zn, Ni, and Ti are 

important because oftheir specifie effects as described below. 
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Higher iron leve1s in Al-Si alloys lead to the formation of Al-Fe and AI-Fe-Si 

phases. The intermetallic compound takes the form of platelets and needles, reducing the 

strength and ductility. As a result, the iron content is limited to 1 %, and when higher 

strength is required to a maximum of 0.2 % [15, 16]. 

Zinc is present in solid solution. Additions of Mg reduce the solubility of Zn, 

forming MgZn2 and AhZn3Mg phases. Such phases make the alloy heat-treatable and in 

conjunction with solid solution hardening they form the basis for increased strength in 

these alloys. Nickel has low solubility in the solid solution and leads to phases such as 

AhNi, AIFeNi and AhCuNi. At high temperature, the strength of the material improves 

due to the formation of AhNi, which promo tes precipitation hardening. It has been 

reported that Ni additions have negative effects on corrosion resistance [17]. 

Titanium refines the grain of the aluminum solid solution. It is added either by 

means of one of the grain refiner compounds, Ah Ti, TiB2 or TiC, or by dissolving Ti at 

concentrations of 0.1 to 0.2 % [18]. 

2.2.1.1. Allcy A319.2 

The 319 alloy be10ngs to the series 3xx.x, and is a heat-treatable alloy. It has Si 

and Cu as the major alloying elements, and other elements to a lesser extent. The digit 

following a decimal indicates the form of the product [19]: 

• A "0" following the decimal indicates the chemistry limits applied to an alloy 

casting, 

• A "1" following the decimal indicates the chemistry limits for ingot used to 

make the alloy casting. 

• A "2" following the decimal also indicates ingot but with different chemical 

limits, typically tighter but still within the limits of the ingot. 
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Sorne alloy names inc1ude a letter that precedes an alloy number. These letters 

distinguish alloys that differ slightly in percentage of impurities or minor alloying 

elements, for example, 319.0, 319.1, A319.0, A319.2, B319.0 and B319.1. 

Alloy A319.2 exhibits very good castability, weldability, and pressure tightness 

and moderate strength. Typical applications for sand castings of these alloys are internaI 

combustion and diesel engine crankcases, gasoline and oil tanks, and oil pans. 

Permanent mold cast parts inc1ude water-cooled cylinder heads, and engine parts. Tables 

2.1 and 2.2 show the typical composition and mechanical properties, respectively, of 

these alloys [19,20]. 

Table 2.1 - Chemical Composition of319 Alloys [19,20] 

Elements (wt %) 

Alloy Si Fe Cu Mn Mg Ni Zn Ti Others 

319.0 5.5-6.5 1.0 3.0-4.0 0.50 0.10 0.35 1.0 0.25 0.50 
A319.0 5.5-6.5 1.0 3.0-4.0 0.50 0.10 0.35 3.0 0.25 0.50 
B319.0 5.5-6.5 1.2 3.0-4.0 0.80 0.1-0.5 0.50 1.0 0.25 0.50 

Table 2.2 - Mechanical Properties of 319 Alloys [19,20] 

Tensile Properties Brinell 
Casting Process Ultimate Yield Elongation Hardness 

& Temper Strength Strength (% in 50.8 (500 kg load on 
{MPa) (MPa) mm or 2 in.) 10 mm ball) 

Sand Mold 
As-Cast 185 150 2.0 70 

T6 250 200 2.0 80 

Permanent Mold 
As-Cast 235 165 2.5 85 

T6 280 185 3.0 95 
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2.3. Melt Treatment 

In order to assure high quality castings, it is important to create a defined 

microstructure. The materials making up the charge, the melting practices, the c1eaning 

and degassing methods used, all affect nuc1eation and crystal growth; thereby 

crystallization behavior and its effects on solidification behavior, shrinkage, and feeding. 

Consequently, it is necessary to have good melt treatment to ensure good melt quality. 

Among the objectives of the melt treatment are a suitable microstructure, inc1uding fine 

grain size and modification. 

2.3.1. Eutectic Modification in AI-Si Alloys 

Al-Si alloys are characterized by the presence of Al-Si eutectic. The 

microstructure of this eutectic consists of coarse silicon needles embedded in a matrix of 

aluminum solid solution (Figure 2.2). These needles are in reality plates, which act as 

internaI stress raisers, making the alloy brittle. In order to overcome this, a 

morphological change of the eutectic Si is possible [21]. 

Modification can be defined as the transformation from coarse platelets to fibrous, 

seaweed like form. Microstructurally a modified eutectic appears as rounded islands of 

Si surrounded by a sea of aluminum, whereas in three dimensions its morphology 

resembles that of coral (Figure 2.3 a and b). 

Thermally, modification can be achieved by increasing the solidification rate or 

during heat treatment. Figure 2.4 shows the effect of heat treatment on unmodified 

samples at high solidification rates, whereas Figure 2.5 shows the same effect at lower 

solidification rates. The effect ofheat treatment on modified samples is shown in Figure 

2.6 at high solidification rates, whereas Figure 2.7 shows the same effect at lower 

solidification rates. 
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Figure 2.2 - Unmodified Microstructure of the Cast Al-Si Eutectic in 
a 319 Aluminum Alloy (0.0004 wt % Sr) [37] 

(a) Optical Structure (b) FE-SEM Sample 

Figure 2.3 - Modified Microstructure of the Cast Al-Si Eutectic in 
a 319 Aluminum Alloy (0.0125 wt % Sr) [37] 



Chapter 2 Literature Review 12 
--~----------------------------------------------------

(a) As-Cast Sample (EDS 251lm) 

(b) Heat Treated Sample (EDS 251lm) 

Figure 2,4 - Unmodified Structure of the Al-Si eutectic in a 
319 Aluminum Alloy, Which Shows the Effect of 
Heat Treatment in the Modification of the Al-Si 

Eutectic at Higher Solidification Rates [37] 
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(a) As-Cast Sample (EDS 50/-!m) 

(b) Heat Treated Sample (EDS 50/-!m) 

Figure 2.5 - Unmodified Structure of the Al-Si eutectic in a 
319 Aluminum Alloy, Which Shows the Effect of 
Heat Treatment in the Modification of the Al-Si 

Eutectic at Lower Solidification Rates [37] 
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(a) As-Cast Sample (EDS 20/-Lm) 

(b) Heat Treated Sample (EDS 20/-Lm) 

Figure 2.6 - Modified Structure of the Al-Si eutectic in a 
319 Aluminum Anoy, Which Shows the Effect of 
Heat Treatment in the Modification of the Al-Si 

Eutectic at Higher Solidification Rates [37] 

14 
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(a) As-Cast Sample (EDS 50l-lm) 

(b) Heat Treated Sample (EDS 50l-lm) 

Figure 2.7 - Modified Structure of the Al-Si eutectic in a 
319 Aluminum Alloy, Which Shows the Effect of 
Heat Treatment in the Modification of the Al-Si 

Eutectic at Lower Solidification Rates [37] 

15 
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Chemically, modification can be achieved by additions of e1ements such as Na, Sr, 

Sb, Ca or lanthanides to the melt [22]. Among them Na and Sr are preferred due to their 

strong effect at 10w addition 1eve1s. The degree of modification depends on the amount 

of Sr added, as weIl as the time between the addition and casting. Modification improves 

ducti1ity and toughness, but a1so increases tensi1e strength, whi1e hard1y affecting the 

yie1d strength; although hardness decreases somewhat (Table 2.3) [17]. The effect of 

modification on the tensi1e strength is reduced by heat treatment because of the more 

globu1ar and coarser Si grains that are formed. 

Table 2.3 - Mechanical Properties of A1Si7Mg (Chill Casting) 
for Different Forms of the Al-Si Eutectic [17] 

Tensile Properties 
As-Cast Heat Treated * 

Type of Ml'crostructure d I i I Id l ' Modification Uitimate Yiei E ongation i U timate Yie E ongatlOn 
Strength Strength (% in 1 Strength Strength (% in 
(MPa) (MPa) 2 in.) 1 (MPa) (MPa) 2 in.) 

None Grainy 82 180 6.8 1 228 304 Il.8 
With Na Modified 85 195 16.4 1 213 292 15.1 
With Sr Modified 87 196 15.9 1 226 301 14.4 
With Sb Fine 1amellar 89 201 11.9 1 211 293 16.5 

* Solution Heat Treated for 10 h at 540 oC, Quenched in Water and Artificially Aged for 6 h at 160 oC 

To exp1ain the modification mechanism, severa1 theories have been deve10ped, 

which can be c1assified in two main groups: theories based on nuc1eation mechanisms 

and theories based on growth mechanisms [23]. 

Crossley and Mondo1fo [24] have proposed a theory based on nuc1eation 

mechanisms to explain modification. They assumed that Si grows at a faster rate than Al 

in unmodified alloys, 1eading to sharp acicular Si partic1es. Hence, when adding a 

modifier agent the growth of Si is hindered, and that of Al is promoted because its 

surface tension is reduced. 
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Another theory based on nuc1eation mechanisms is the one deve10ped by 

Shamsuzzoha et al. [25]. They have stated that the growth of Si occurs in a ledge-wise 

manner; leading the {Ill} Si planes to encroach along the <112> directions. With slow 

solidification rates twinning is present, promoting a small angular distortion along the 

twinning planes, which is responsible for branching. When the solidification rates 

increase, Si atoms do not have time to accommodate in the ledges, promoting a twinning 

but at a higher rate, increasing distortion and branching. 

Shu-Zu and Hellawell [26] developed a theory based on growth mechanisms. They 

proposed an enrichment of the modifying atoms at the Si-liquid interface. This 

absorption distorts the ledges, and promotes twinning and branching. 

2.3.1.1. Strontium Modification 

Strontium is usually introduced directly into the melt in the form of an Al-1 0 wt % 

Sr master alloy. Pure Sr is not used as a modifier because it forms an oxide layer that 

prevents dissolution [27, 28]. The amount of Sr necessary to achieve modification 

depends on the Si leve1, on the concentration of the minor alloying e1ements (which can 

act as inhibitors) and on the cooling rate. In contrast with Na, Sr modification depends 

more on the solidification rate [17]. For this reason, Sr is preferred in permanent mold 

castings, rather than sand mold castings. 

Sr is preferred over Na as a longer-lasting modifier, because its loss is appreciably 

less after several hours of its addition into the liquid. It has been seen that as the Mg 

content increases, less Sr is needed to achieve modification. In order to check the degree 

of modification achieved, metallographic analyses are required. However, since Sr 

reduces the eutectic temperature, modification verification can be done by thermal 

analysis. 
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2.3.2. Grain Refining 

Grain refining is one of the inoculations made late in the melting operation to alter 

the structure of the cast metal. It is done to produce a finer, equiaxed grain size structure 

that improves most mechanical properties and surface finish characteristics. With 

reduction in grain size, the resistance to hot tearing due to the decrease in the coherency 

temperature results in a low cracking tendency [29]. In 319 alloys, the combination of a 

large volume fraction of eutectic liquid and low coherency temperature results in a low 

cracking tendency [30]. 

Porosity due to hydrogen is reduced as the grain is refined [31] although in 

practice grain refinement is achieved by addition, before the casting operation, of 

chemical aggregates such as Ti and/or B. It can be done as well by increasing the 

cooling rate or by mechanical agitation of the melt during cooling to detach dendrite 

arms. 

Ti and B are very efficient grain refiners. They provide a surface at or just above 

the liquidus temperature of the alloy, to form nuc1ei or seeds of Ah Ti or (Ti, AI)B2 

throughout the mass of molten metal. These nuc1eate fine, equiaxed grains as the casting 

solidifies. Ti is soluble in liquid aluminum and it is required to have at least 0.15 % Ti in 

the alloy. With normal operating temperatures, the usual amounts of refiners added are 

0.05-0.15 % Ti, 0.04 % B, or 0.01-0.08 % Ti + 0.003 % B. For high-Si aluminum alloys, 

such as piston alloys, an addition of 0.003-0.008 % B is preferred [17]. The use of 

masteralloys containing Ti-3-10 % Band TiB ratio of 3:50 are commonly used. Larger 

additions of refiners result in gravit y segregation of intermetallic complexes. 

As long as the nuc1ei do not coalesce, the grain refining effect of Ti and B persists. 

When the level of Ti exceeds 0.25 %, coarse primary crystals of Ab Ti are formed, 

reducing the mechanical properties. If the grain refined melts are held at high 

temperatures (above 750 OC), the effectiveness of the refinement is diminished. 
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Moreover, adding more grain refiner will not solve this situation, but it can be 

rectified by solidifying the metal and remelting. Because of the high cost of this 

operation, it is necessary to have a tight melt control. 

2.3.3. Porosity 

Porosity in aluminum castings is associated either with the presence of hydrogen 

(trapped while liquid and expelled as the metal solidifies, due ta its drop in solubility 

Figure 2.8) or with the votumetriC contraction occurring as the liquid metal freezes. 

When these two factors are combined, irregular porosity forms. Based on their 

distribution and morphological aspects, it is possible to determine the origin of certain 

pores [9]. 

Macroscopic shrinkage cavities are assumed to be due to contraction and are 

associated with faulty feeding designs, and the inability of liquid metal to flow into 

already solidified regions [23]. 

Three different contraction stages are exhibited in a molten alloy, Figure 2.9 [32]. 

The first one (liquid) does not have a dramatic effect in castings, and normally is seen as 

a reduction in height of the liquid held in the feeder. The second stage (contraction 

during solidification) is due to the change from a random open liquid structure into a 

more compact solid one. Most of the small gaseous pores in aluminum castings are 

thought to be caused by the decrease of solubility ofhydrogen. 

Several models [33-36] have been developed to explain the formation of these 

pores based on nuc1eation and growth mechanisms, models that require geometrical 

consideration and the knowledge to measure parameters like surface tension and 

supersaturation pressure. 
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2.3.4. Secondary Dendrite Arm Spacing 

Solidification in hypoeutectic aluminum-silicon alloys proceeds by formation of 

dendrites of primary aluminum from the liquid. Figure 2.10 shows the various 

intermediate stages in dendrite development [21]. The distance between the different 

dendrite arms is measured on the secondary branches, rather than on the primary ones 

[21]. Figure 2.11 shows the difference in size obtained by cooling an A319 alloy at two 

different rates [37]. 

The larger the dendrite arm spacing, the coarser the microconstituents and the 

more pronounced their effects on properties. Mechanical [38-49] and physical properties 

[50, 51] of engineering castings are enhanced when dendritic arm spacing (DAS) 

diminishes. Figure 2.12 shows the effect of the DAS on mechanical properties of an 

A319 alloy, whereas Figure 2.13 represents the thermal conductivity as a function of 

DAS. 

Cooling rates directly control dendrite arm spacing, which influences property 

development and substantially improves ductility. In order to obtain information related 

to the rate or time involved during solidification at different places within a complex 

casting, micro structural examination can be done by reference to data obtained in 

controlled unidirectional solidification trials [22]. 

2.4. Heat Treatment of AI-Si-Cu Alloys 

Heat treatment reduces or eliminates the inhomogeneity originating during casting 

and solidification [17]. Castings are usually thermally processed under different heating 

and cooling cycles to improve their properties. For Al-7 % Si-O.3 % Cu alloy, one of the 

common heat treatment practices is the T6, which involves a sequence of solution heat 

treating, rapid cooling (quenching) in water and precipitation hardening (artificial 

aging). 
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Cell Transition Fonns Dendrites 

Three-Dimensional Dendrite 

Figure 2.10 - A Schematic Interpretation of the Cell to 
Dendrite Transition is Presented 
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(a) As-Cast Sample EDS ~20!lm 
Solidification Time 13 s and Solidification Rate 5.3 °C/s 

(b) As-Cast Sample EDS ~50 !lm 
Solidification Time 110 s and Solidification Rate 0.9 °C/s 

Figure 2.11 - Micrographs of Dendrites Obtained from Samples Solidified at [37]: 
(a) High and (b) Low Rates 
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Besides the phase and morphology changes associated with heat treatment, other 

(sometimes desirable) effects can occur. Microsegregation and residual stresses due to 

solidification or solutionizing are minimized, insoluble phases may be physically 

altered, and susceptibility to corrosion may be affected [52]. 

2.4.1. Solution Heat Treatment 

The purpose of solution treatment is to produce a homogenous a-Al phase solid 

solution. The solid solution becomes enriched in alloying elements responsible for age 

hardening by diffusion processes. Solution treatment consists of soaking the alloy at a 

sufficiently high temperature to dissolve the hardening partic1es (Mg2Si, CuAh) into the 

a-Al. 

Thermal analysis obtained during solidification of a 319 alloy (Figure 2.14), shows 

the presence of a complex AlsMgsCu2Si6-CuAh eutectic [22]. In order to dissolve the 

3.6 wt % Cu of this alloy, the material should be heated above 490 oC, overstepping it 

will result in melting the complex eutectic. Unfortunately, when the solution temperature 

decreases, there is a detrimental effect on the mechanical properties (Figure 2.15). 

The risk of incipient melting of the lowest melting point constituents, such as Fe

and Cu- containing partic1es, in Al casting alloys, can sometimes be reduced by pre

solutionizing at lower temperatures than the optimum, with subsequent treatment at a 

higher temperature. This process is known as "step solutionizing". 

The solution heat treatment time used represents a compromIse between the 

mechanical properties achieved and the economic efficiency. Shorter solution times are 

required in permanent mold castings than in investment or sand mold casting. 

Nevertheless, thin-walled sand castings produced with extensive chills can display finer 

microstructures than parts produced with heavy-section permanent mold. These finer 

microstructures will exhibit in general greater mechanical properties. 
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During the solution treatment of the 319 alloys, three metallurgical events take 

place: the dissolution of hardening partic1es (CuAlz, Mg2Si) into a-Al, the 

homogenization of the casting, and the spheroidization of the undissolved constituents 

(eutectic Si). 

2.4.1.1. Dissolution of the Cu, Mg and Si Into the Aluminum Matrix

Soluble phases and precipitates formed during solidification are dissolved into the 

matrix by diffusion-controlled processes. Typically, the standard practice [20, 53, 54] 

solution heat treatment temperatures for the 319 aluminum alloys are around 505 oC for 

times from 4 to 12 hours. At this temperature the solid solubility of silicon and Cu in the 

Al matrix are 1.38 wt % [55] and 3.8 wt % [56] respectively. Therefore, dissolution of 

these precipitates takes place. 

2.4.1.2. Homogenization - In castings in the as-cast state, alloying and 

impurity elements tend to segregate into networks of eutectic constituents. Therefore, the 

microstructure is not homogeneous. By solution treatment, the elements in constituent 

phases are redistributed when they dissolve and segregation is minimized. Sorne 

constituent phases, particularly iron-rich intermetallics, contain insoluble elements and 

are changed little by solution treatment [17]. 

Parameters such as solution temperature and solidification cooling rate (i.e. finer 

or coarser microstructure) of the casting will play a very important role in the time 

required to achieve complete homogenization. 

2.4.1.3. Morphological Change of the Eutectic Silicon - The morphology 

of the eutectic silicon plays a very important role when determining mechanical 

properties. Along with the partic1e size, the shape and the spacing are important factors 

that characterize the silicon morphology. Vnder normal cooling conditions, the Si 

partic1es are present in the form of coarse needles. These needles act as crack initiators 

and affect mechanical properties such as toughness and ductility. 
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The solution treatment tends to spheroidize constituents that are present in 

quantities that cannot be fully dissolved. In 319 alloys, excess silicon is always present. 

As a result, during solution heat treatment spheroidization and coarsening of the eutectic 

silicon takes place in an effort to reduce the surface energy [57]. 

At the beginning of the solution treatment, the acicular silicon platelets in the 

unrnodified structure begin to break down into smaller fragments and gradually 

spheroidize. In modified structures, the spheroidization takes place at an early stage. Li 

et al. [58] reported that in modified alloys spheroidization was complete after 1 hour of 

solution treatment, while in unrnodified alloys even after 12 hours sorne coarse needles 

of Si were visible. Figure 2.16 shows a schematic of the spheroidization and coarsening 

process [37, 59]. 

As-Cast 

As-Cast 

Breaking-Up 

(a) Unrnodified Silicon 

o 0 
00 

Q 0 
(.) 

0° 
Spheroidization 

(b) Modified Silicon 

Spheroidization 
and Coarsening 

Coarsening 

Figure 2.16 - Schematic Characterization of the Three Stages of 
Spheroidization and Coarsening of the Eutectic Silicon Phase 
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The globularization and coarsening process of the silicon particles is known as 

Ostwald ripening, which is the process that involves the growth of larger partic1es at the 

expense of smaller ones. This explains why during the solution heat treatment, the 

number of silicon partic1es decreases as their average size increases. The coarsening 

involves mass transfer by the detachment of atoms from smaller particles, and their 

diffusion through the matrix to join onto larger partic1es. The driving force for this 

process is the concentration gradient which exists from larger to smaller partic1es. This 

difference in concentration will cause the preferential dissolution of smaller partic1es 

[60]. 

Although modification of the Al-Si eutectic will contribute to improved physical 

[22, 49, 61, 62] and mechanical [22, 25-27, 32, 63-65] properties, difficulties may arise 

during machining if the morphology of the silicon phase is fully rounded during heat 

treatment. 

2.4.2. Quenching 

The rapid cooling process following the solution heat treatment is called 

quenching. This ensures that age-hardening precipitation from the supersaturated 

solution will result in a suitable size range and uniform distribution of the precipitates. 

Rapid quenching increases response to age hardening, but it also creates residual 

stresses and distortion. Slow quenching rates result in precipitation during quenching, 

localized overaging, loss of corrosion resistance in grain boundaries and lower response 

to age hardening [66, 67]. The AS TM standard B-917 [54], suggests that during 

quenching cooling proceeds rapidly through the 400 oC to 260 oC range in order to avoid 

premature precipitation that is detrimental to tensile properties and corrosion resistance. 

For castings alloys, the quench delay should not exceed 45 s. Most commercial 

quenching is accompli shed in water near the boiling point. 
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Experimental trials should be conducted to find a critical cooling rate, above 

which no increase of hardness is found to occur. Figure 2.17 shows, for a 319 alloy, the 

maximum value of hardness in samples aged at 160 oC p10tted as a function of the 

average cooling rates in the 400-480 oC range. From the figure, it can be seen that 

cooling rates of 10 °C/s or somewhat higher are optimum [22]. 

2.4.3. Precipitation Hardening 

After solution-heat treatment and quenching, the solid solution will be 

supersaturated in vacancies and solute atoms. It will try to attain equilibrium conditions 

by precipitation of the supersaturated solute atoms. This involves diffusion of the solute 

atoms and the presence of an excess number of vacancies which promotes the movement 

of atoms through the crystal lattice [9]. Because the process is temperature and time 

dependent, precipitation is achieved either by natural (i.e. at room temperature) or 

artificial (i.e. at elevated temperature) aging. Natural or artificial precipitation hardening 

following solution heat treatment and quenching determines to a major extent the 

properties of cast aluminum products. The precipitation sequence in these alloys is 

shown in Table 2.4 [17]. 

In the case of Al-Si-Cu alloy the purpose of this treatment is to precipitate out of 

solution the hardening elements (CuAlz) that were dissolved during the solution heat 

treatment. At temperatures above 100 oC, GP zones that formed by diffusion of copper 

atoms in the supersaturated solid solution (s.s.s.) are replaced by 8", referred to as GP II 

with a three-dimensional atomic arrangement [52]. As the diffusion continues, it leads to 

the formation of the transition phase 8', which is coherent with the matrix and has the 

same composition and structure as the stable 8 phase. Finally, 8' transforms to stable, 

non coherent equilibrium 8. The precipitates formed act as obstacles to dislocation 

movement, so the strength increases. Pre-precipitation may occur depending on the 

precipitation temperature, forming metastable phases. These metastable phases increase 

the strength depending on their type, size and distribution. 
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Table 2.4 - Precipitation Hardening System of Al-Si-Cu Alloys [17, 24] 

a-Als.s.s. - Vacancy-Rich -

G.P. Zones 

Notes: 
s.s.s. = Super Saturated Solid Solution 
G.P. = Guinier-Preston Zones 

e" 
Disk-Like 

Coherent 

Tetragonal 

Tetragonal 2 = Tetragonal with Different Composition 
BC = Body-Centered 

- 8' - e 
Disk-Like CuAlz 

Coherent / Equilibrium 
Non Coherent 

Tetragona1 2 BC 
Tetragonal 
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2.4.3.1. Natural Aging - After quenching, most aluminum alloys harden to 

sorne extent. The extent of change is highly alloy dependent. For instance, alloys A356 

and 355 age within 48 h, with negligible changes afterwards; whereas alloy 520 hardens 

over a period ofyear [9]. Aging at room temperature or slightly elevated temperatures, is 

a result of Guinier-Preston (GP) zone formation within the lattice structure. With 

coherent precipitates, the crystallattice is strongly distorted (Figure 2.18). 

o Solvent atom 

• Solute atom 

(a) Coherent 

o Solvent atom 

• Solute atom 

(b) Incoherent 

Figure 2.18 - Types of Phase Boundaries Between Matrix and Partic1e: 
(a) Coherent and (b) Incoherent 
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A marked increase in hardness, strength and 0.2 % proof stress is a result of the 

extra force that is required to move the dislocations, along with the formation of GP 

zones. During natural ageing, strength and ductility reach a steady value with longer 

ageing times. The higher the natural aging temperature, the shorter are the ageing times 

needed to reach the steady value [68]. 

2.4.3.2. Artificial Ageing - Aging at a moderately elevated temperature such as 

point W in Figure 2.19 causes the solute atoms to precipitate out of solid solution. A 

range ofpartially coherent metastable phases forms at higher ageing temperatures (about 

100 oC to 200 OC), accompanied by hardening effects (Figure 2.18). In part, the stresses 

are reduced by partial dislocations leading to a less pronounced coherency strain region. 

Consequently, in theory there is only a small increase in strength. However, due to the 

fact that the metastable phases are larger than the coherent phases that result from 

natural ageing, the strength increases [9]. 

'W 
t 
A 

Alloying Element Content 

Figure 2.19 - Schematic ofBinary System Suitable for Age-Hardening, Where: 

L = Solution Treatment Temperature 
W = Artificial Ageing Temperature 

A = Quenching Temperature 
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These metastable phases form instead of the coherent precipitates that form at 

lower temperatures (natural ageing). As time increases, the coherent precipitates tend to 

disappear and the incoherent precipitates predominate. At higher temperatures, in the 

artificial ageing range of 100 oC to 250 oC, the parti ally-coherent phases form quicker. 

Artificially aged samples exhibit a greater increase in strength and hardness than with 

natural ageing [69]. 

The maximum hardness will be reduced with an increase of temperature as coarser 

and more dispersed precipitates will be formed (Figure 2.20) [2, 22, 69]. Artificially 

aged castings are air cooled to ambient temperature after the ageing period. Castings 

aged immediately after quenching will give entirely different mechanical properties than 

castings from the same batch that have been sitting at room temperature (after 

solutionized and quench) and then retumed to the fumace-ageing stream [70, 71]. 
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2.4.3.3. Overaging - The stabilization (T7) treatment is conducted at higher 

temperatures (20-240 OC) than T6 (150-180 OC) [22]. At higher temperatures and longer 

ageing times, the formation of incoherent equilibrium phases (i.e. CuAh, Mg2Si) 

increases, leading to a reduction in the hardening effect. The loss of strength is a result 

of the removal of coherency strains which causes a fluent dislocation movement. With 

the stabilization treatment, sorne advantages over the T6 treatment exist, among them, is 

the reduction in residual stresses. In the case when service of the casting involves 

exposure at elevated temperatures and to thermal fatigue, the overaged treatment results 

in increased stability and performance [72]. 

In aluminum casting alloys, there is no clear division between natural ageing, 

artificial ageing and overageing. When aging temperature and time increase, the 

supersaturated solid solution approaches an equilibrium condition and several coherent, 

incoherent and partially-coherent phases form. A schematic of the hardening process is 

shown in Figure 2.21 [9,52]. 

2.5. Precipitation 5tudies Using Electron Microscopy 

2.5.1. Electron Microscopy 

Electron microscopy is a powerful tool to analyze the microstructure, chemistry 

and crystal structure of materials from areas smaller than 1 !lm. In general, electron 

microscopy is divided into two different areas: surface scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM) [73, 74]. 

The fundamental difference is that an Image from a scannmg electron beam 

instrument is built up by scanning a focused, highly convergent electron probe (much 

more smaller than the area being imaged) over an area of the sample and measuring a 

signal produce from the interaction of the electron beam with the specimen [74, 75] . 
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On the other hand, a transmission e1ectron microscope uses a parallel (coherent) 

stationary beam of electrons illuminating an area of the sample and forming an image 

using sorne portion of the electrons which pass through the specimen [75]. 

In this regard, images from scanning electron beam instruments are sometimes 

referred to as virtual images because the image is comprised of a signal different than 

that of the incident electron beam. Images from a transmission electron microscope can 

be c1assified as a real image. 

AU surface scanning electron microscopy techniques utilize a focused (1 !-lm to 

0.15 nm) electron beam incident on a sample. The size of the electron probe depends on 

the electron gun configuration (thermionic versus field emission) and the amount of 

current in the electron probe se1ected by the operator (typically < 500 nA) [76]. Several 

types of signaIs are the result of the interactions between the sample and the electron 

probe, inc1uding secondary electrons (SEs), backscattered electrons (BSEs) and 

characteristic X-rays. 

Resolution for the BSEs and X-ray images is dependent on the size of the electron 

interaction volume (typically between 0.5 and 5 mm), which is a function of the 

accelerating voltage, the average atomic number and the density of the sample [76]. For 

SE imaging, resolution is usually dependent on the size of the e1ectron probe and the 

inherent contrast of the sample [73, 76]. 

Modem electron probe microanalyzers (EPMA) and scannmg electron 

microscopes (SEM) are scanning electron beam instruments which differ by the type of 

detector used to perform chemical analyses [75]. The EPMA has three or more 

wavelength-dispersive X-ray (WDX) spectrometers to provide highly accurate chemical 

analysis, whereas the SEM is usually only equipped with an energy-dispersive X-ray 

(EDX) spectrometer. 
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The EDX spectrometer provides "quick" identification ofmost elements, is easy to 

use and is relatively inexpensive, EPMAs are also equipped with EDX spectrometers. 

Another advantage of the EDX spectrometer over the WDX spectrometer is its small 

size, which permits it to be used close to a specimen inside a TEM, where the amount of 

X-rays generated is limited by the limited sample thickness. 

Samples for the transmission electron microscopy are required to be thin so that 

electrons with energies of 100 keV or higher can pass through the sample to provide a 

magnified image of the sample or an electron-diffraction pattern. Specimen contrast in 

the TEM arises due to scattering of the beam electrons as they pass through the 

specimen. An image is formed by unscattered electrons, elastically scattered electrons or 

a combination ofunscattered and elastically scattered electrons [77]. 

Diffraction contrast can use either the unscattered electrons to form a bright-field 

(BF) image or the elastically scattered electrons to form a dark-field (DF) image. Mass

absorption contrast arises where two or more phases are present which have different 

abilities (due to atomic number differences) to absorb the incident electron beam. This 

contrast arises from inelastically scattered electrons [78]. 

2.5.2. Electron Microscopy Studies on the Age Hardening Precipitates 

Many authors have studied the precipitation of MgzSi and CuAlz in wrought alloys 

by TEM [6, 79-84], but little research work involving TEM in Al-Si-Cu casting alloys 

has been done [2, 5, 74, 85]. 

Information about the crystal structure, size, shape and distribution of precipitates 

is provided by TEM. This information is necessary to understand the precipitation 

hardening. 
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A study by Donlon et al. [74] on the precipitates responsible for age-hardening of 

an AI-7.5 % Si-3.5 % Cu revealed that the first precipitates formed were needle-shaped 

G.P. zones, aligned along <100> directions of the matrix, which were coherent with the 

matrix along their major axes. As aging continues, the elongated precipitates appear 

together with smaller equiaxed precipitates. As these coarsen following aging, e' -CuAlz 

thin plates lying on {Oll] planes [74] are formed. Finally, the equilibrium phase (CuAlz) 

is formed with a body-centered crystal structure. 

The precipitation of e", e' due to the presence of copper and S'and W' (Mg2Si) 

due to the addition of magnesium in an Al-Si-Cu alloy has been reported [85, 86]. The 

identification of precipitates is very complicated, since e', S'and P' are all needle-like 

partic1es forming along the <100> directions of the matrix [86]. 

Li et al. [2, 74] showed that besides the e (CuAlz) and ~ (Mg2Si) phases, sorne 

other precipitate phases exist in aged AI-Si-Cu-Mg alloys, such as W (AlxCu4MgsSi4) 

and S (CuAlzMg) phases. 

As Kang et al. [7] reported, the e' phase preferentially precipitates on dislocations 

introduced around eutectic Si partic1es in the Al-Si-Cu base alloys; while the 'A, , 

(AIsCu2MgsSis) phase homogeneously precipitates in the a matrix, regardless of the 

sites of dislocations and therefore significantly raises the age-hardening ability. As 

suggested by Zafar et al. [8], the Q (AIsCu2MgsSi6) phase may exist in the aged AI-Si

Cu-Mg alloys, which can be responsible for the age-hardening. 

Eskin et al. [85, 86] conc1uded that the best combination of mechanical properties 

corresponds to the presence of all hardening phases, such as e', S'and W'. However, this 

statement was not supported by the electron diffraction identification of phases, but was 

based only on the precipitation morphology. 
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The precipitation of AI-Si-Cu-Mg alloys requires further studies to explain the 

mechanism of hardness increase due to Mg addition to Al-Si-Cu alloys. In the temary 

alloys, only binary e' phases contribute to the hardening and no temary silicon 

containing phases were found [6]. The hardness increase due to precipitation of PO' [86] 

is not much different from that of S'and therefore it cannot give a hint conceming the 

mechanism ofhardening. 
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CHAPTER3 

EXPERIMENTAL TECHNIQUES 

The experimental procedure was designed to investigate the effect of Sr 

modification, Mg additions and metallurgical parameters such as solution heat treatment 

time, and artificial aging time and temperature on the properties and precipitation of 

CuAh, Mg2Si during the heat treatment of AI-7 % Si-0.35 % Cu alloys. This chapter 

focuses on describing and illustrating the instrumentation and experimental setups 

utilized. 

A summary of all operations performed is shown in Figure 3.1. The experimental 

work can be divided into several steps as: 

• Fabrication and heat treatment ofthe samples 

• Metallographie examination 

o Secondary dendrite arm spacing (SDAS) 

o Grain size measurements 

• Mechanical properties testing 

o Micro~ and macro~ hardness measurements 

o Tensile properties 

• Electron microscopy analysis 

o Electron probe microanalyzer (EPMA) 

o Field emission scanning electron microscopy (FE-SEM) 

o Transmission electron microscopy (TEM) 



Chapter 3 Experimental 42 

Figure 3.1 - Experimental Procedure 

3.1. Sample Fabrication 

Cast bars from which coupons were obtained for further heat treatment and 

evaluation were produced, along with cast bars for tensile testing. The production 

characteristics are described in the following paragraphs. 

The casting was carried out at the Université du Quebec à Chicoutimi. The 

specimens were all made from commercial A319 alloy. The chemical compositions of 

the four 319-type alloys that were used are shown in Table 3.1. 
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Table 3.1 - Chemical Composition of the Samples 

A319.2 
A 
S 
M 

MS 

Si 
6.18 
6.12 
6.20 
6.18 

Elements (wt %) 

Cu Mg Fe Ti Sr 
3.59 0.02 0.12 0.15 0.0003 
3.53 0.02 0.12 0.15 0.0167 
3.59 0.42 0.09 0.15 0.0015 
3.62 0.39 0.10 0.15 0.0164 
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The experimental base alloy (composition A listed in Table 3.1) was supplied in 

the form of ingots. The supplied ingots of the as-received alloy were cut into smaller 

pieces, dried, and melted in a 30 kg capacity SiC crucible heated by means of an electric 

resistance fumace. The melting temperature was kept at 750 ± 5 oC. Measured quantities 

of Sr or Mg additions were made at this temperature, using a perforated graphite bell. 

Strontium was added in the form of an Al-10 wt % Sr master alloy, while magne sium 

was added as pure metal. 

The melt was stirred for 15 minutes to ensure homogeneous mixing of the added 

material, and then degassed with pure argon (using a graphite impeller, 200 rpm speed) 

for 15 min, followed by filtration using 15 ppi. Two minutes before the end of 

degassing, grain refiner (TiB2 30 ppm B) and Sr modifier were added. 

The molten metal was then poured into a standard Stahl mold [ASTM-B108-85a 

(160) permanent mold]. Each casting gave two bars whose dimensions are given in 

Figure 3.2. 

To drive out moisture, prior to melting, the mold was preheated to 350 ± 5 oC. The 

pouring temperature was 725 ± 5 oC, the humidity level was between Il to 15 % and the 

hydrogen level was 0.1 ml H2/1 00 g Al. For each pouring, samples for spectrochemical 

analysis were taken. 
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Figure 3.2 - Dimensions in mm of the Permanent Mould Tensile Bar 

AlI bars were taken in batches to Robert Mitchell Cie., to be X-rayed. The setting 

parameters of the apparatus were 100 kV, 8 mA and 25s. Thus, all bars were 

radiographicalIy examined in order to facilitate the selection of sound samples. Few bars 

were rejected due to the presence of defects. Finally, the selected specimens were either 

tested in the as-cast or heat treated condition. 

3.2. Heat Treatment 

The effect of different heat treatment parameters such as solution heat treatment 

time, artificial aging time and temperature were studied, with respect to their relation to 

Sr modification and Mg addition on precipitation in A319 alloys. 

AlI the heat treatments were carried out in an electric fumace (Hayes Certain 

Curtain Type LR 62) equipped with a set-point program/controller (West 2050, two 

instruments in one microprocessor-based technology). The fumace was calibrated 

through an adequate tuning of the controller to improve the control characteristics. 
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The calibration of the furnace temperature was carried out with 3 thermocouples at 

different places in the fumace, and at different temperatures. The results obtained from 

the calibration indicated a maximum variation of ± 3 oC at any of the treatment 

temperatures used in the zone where the heat treatments took place. 

The inside dimensions of the fumace were 85 cm in length, 35 cm in width and 20 

cm in height. The heating elements were located on the top and the sides over a length of 

60 cm from close to the back of the fumace. 

The greatest temperature variation (12 OC) occurred between the back and the front 

of the fumace. The selected temperature was found in the middle position. For each heat 

treatment condition, all the s~ples were placed on a rack coated with alumina, such 

that they did not touch each other in order to have air circulation and uniform heating. 

The rack was always placed in the central position of the furnace, where the temperature 

was in the range of ± 2 oc. 

For each given condition, except those in which the solution time was the variable, 

all the samples were solutionized and quenched at the same time, leaving only the other 

conditions, such as artificial aging time and temperature, as variables. 

The solution treatment was just below that at which the last liquid of the eutectic 

solidifies (495 oC for 4 h). At this temperature the maximum concentration of Cu is 

dissolved in the aluminum. ASTM standards [54] recommend for the 319.0 alloy a 

solution heat treatment of 505 oC for 4 to 12 hours. Other authors [12,45, 88] consider a 

temperature of 495 oC and a time of 4 h as the optimum. In this research work a solution 

heat treatment time of 4 hours was usually used to evaluate the precipitation in these 

alloys. Evaluations at 24 hours of solutionizing time were also done. It is very important 

to mention that the evaluation of the properties and precipitation in this work is focused 

on the as-cast, T4 (solution heat treated and quenched) and T6 (solution heat treated, 

quenched, and artificially aged). 
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Quenching was perfonned by immersion of the samples in water with a quench 

delay no longer than 5 seconds. The water bath used was a modified domestic hot-water 

tarue The temperature was set to 90 oc. The artificial aging treatment was carried out at 

180 oC and 220 oC. Time was a variable in the precipitation hardening treatment, and 

ranged from 0.5 h up to 24 h. In all of the heat treatment stages, the soaking time did not 

begin to be counted until the fumace reached the desired temperature. 

A summary of the heat treatment schedules of the coupons is given in Table 3.2. 

For the tensile test bars only a few heat treatment experiments, considered as critical, 

were done. A summary ofthose heat treatments is shown in Table 3.3. 

Table 3.2 - Heat Treatment Schedules ofthe Coupons * 

Solution Treatment Quenching Natural Artificial Aging 
Cycle Temperature Time Temperature Aging Temperature Time 

.... 

eC) (h) eC) (h) eC) (h) 

W 495 4 90 0 180 12 - 24 
X 495 4 90 0 220 12 - 24 
Y 495 24 90 0 180 Y2 - 24 
Z 495 24 90 0 220 12 - 24 

* Unmodified and modified, with Mg and without Mg additions 
** Artificial aged at Yz, 1,2,3,4,5,6,8, 10, 12, 14, 19,24 h 

Table 3.3 - Heat Treatment Schedules of the Tensile Test Bars * 

Solution Treatment Quenching Natural Artificial Aging 
Cycle Temperature Time Temperature Aging Temperature Time ** 

eC) (h~ ~oC~ ~h~ ~oC~ ~h~ 
W 495 4 90 0 180 Y2 - 24 
X 495 4 90 0 220 Y2 - 24 

* For all chemical compositions 
** Artificial aged at Yz, 1,2,3,4,5,6,8, 10, 12, 14, 19,24 h 
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3.3. Metallographie Examination 

Metallographic examination is here meant to inc1ude sample preparation and 

studies in image analysis, secondary dendrite arms spacing (SDAS) measurements and 

grain size measurements. 

3.3.1. Metallographie Preparation 

Coupons were cut from the gage length and shoulders of the tensile bars. Coarse 

grinding was carried out using 120 grit silicon carbide papers. This was followed by fine 

grinding using successively #120, # 240, #320, #400, #600, #1200 and #2400 grit papers 

with water as the polishing medium. Subsequently, polishing was performed with 

alumina powder suspended in water as the polishing media, 5 J...lm and 0.3 J...lm powders 

were used for rough and fine polishing respectively. Finally, to produce a mirror-like 

surface, the final polishing was done with 0.05 J...lm colloidal silica. 

3.3.2. Seeondary Dendrite Arm Spaeing (SDAS) 

On selected samples, secondary dendrite arm spacing was measured using the line 

intercept method performed using CLEMEX Vision TM. Before the measurements, 

samples were polished and etched using Nital (100 ml ofmethanol and 3 ml ofHN03). 

For the four chemical compositions, samples were prepared from the as-cast and 

heat-treated coupons at conditions that were considered of critical importance. A 

summary of the heat treatment conditions of the samples chosen for SDAS examination 

is given in Table 3.4. 

On dendrites with at least six arms, ten SDAS measurements on dendrites were 

taken from each coupon (five on each side) and averaged. Figure 3.3 shows the line 

intercept method. 
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Table 3.4 - Conditions of the Coupons Used for SDAS Examination 

Solution Treatment Quenching Natural Artificial Aging 
Condition Temperature Time Temperature Aging Temperature Time 

~oq ~hl ~oq (hl ~oq ~h) 

As-Cast 

T4 495 4 
495 24 

T6(W) 495 4 90 0 180 2 
495 4 90 0 180 4 
495 4 90 0 180 12 
495 4 90 0 180 24 

T6(X) 495 4 90 0 220 2 
495 4 90 0 220 4 
495 4 90 0 220 12 
495 4 90 0 220 24 

T6(Y) 495 24 90 0 180 2 
495 24 90 0 180 4 
495 24 90 0 180 12 
495 24 90 0 180 24 

T6 (Z) 495 24 90 0 220 2 
495 24 90 0 220 4 
495 24 90 0 220 12 
495 24 90 0 220 24 



Chapter 3 Experimental 

Figure 3.3 - SDAS Measurement Using Line Intercept Method 
Length of the Dendrite 235.1 !-lm/10 Dendrite Arms = 23.51 /-lm SDAS 

3.3.3. Grain Size 
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On selected samples, grain Slze measurements were measured using the line 

intercept method performed using CLEMEX Vision TM. Before the measurements, 

samples were polished and etched using a solution with 35 g of FeCh dissolved in 200 

ml of distillated H20 for 5 min. The polished surface was swabbed until the contrast in 

revealed grains was high enough. 

To better highlight the grain structure, filtered lights at different incident angles 

were used. A combination of red, green, blue and yellow light gave an enhanced contrast 

to the grain structure. 

For the four chemical compositions, samples were prepared from the as-cast and 

heat-treated coupons at conditions that were considered of critical importance. A 

summary of the heat treatment conditions of the samples chosen for grain size 

examination is given in Table 3.5. At least 5 measurements were taken from each 

coupon and averaged. 
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Table 3.5 - Conditions of the Coupons Used for Grain Size Examination 

Solution Treatnlent Quenching Natural Artificial Aging 
Condition Temperature Time Temperature Aging Temperature Time 

~oq ~hl ~oq ~hl ~oq (h~ 

As-Cast 

T4 495 4 
495 24 

T6(W) 495 4 90 0 180 2 
495 4 90 0 180 4 
495 4 90 0 180 12 
495 4 90 0 180 24 

T6 (X) 495 4 90 0 220 2 
495 4 90 0 220 4 
495 4 90 0 220 12 
495 4 90 0 220 24 

T6(Y) 495 24 90 0 180 2 
495 24 90 0 180 4 
495 24 90 0 180 12 
495 24 90 0 180 24 

T6 (Z) 495 24 90 0 220 2 
495 24 90 0 220 4 
495 24 90 0 220 12 
495 24 90 0 220 24 
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3.4. Mechanical Properties 

Mechanical properties were obtained from microhardness measurements, 

macrohardness measurements and tensile tests. They were monitored as functions of 

heat treatment time and chemical composition. 

3.4.1. Microhardness 

Microhardness measurements were done to assess the changes occurring in the 

aluminum matrix (a-Al) due to modification and heat treatment. The testing was done 

using a Vickers hardness tester, with a diamond indenter with an angle of 136° and a 

load of 50 gf. For each cast bar, seven coupons, each 2.5 cm long were obtained. The 

coupons were ground and polished by typical metallographic polishing, to obtain a flat 

and parallel surface on both sides. No chemical etching was performed on the mirror

like polished coupons. 

The inclination of the sample with respect to the indenter has an influence when 

obtaining symmetrical microhardness. For this reason, the coupons were placed in a 

univers al clamp and leveling device when tested. Twelve microhardness readings were 

taken from each coupon (six on each side) and averaged. 

The size of the indentation was measured with a micrometer integrated to a 

microscope at 400X. The value of the indentation was then transformed to a 

microhardness value using the following formula [89]: 

Where: "F" is the load (in g) and "d" is the indentation average length (in ~m). A 

typical microhardness indentation is shown in Figure 3.4. 



Chapter 3 Experimental 52 

Figure 3.4 - Typical Microhardness Indentation 

3.4.2. Macrohardness 

Macrohardness measurements were done to assess the changes occurring in the 

microstructure (aluminum matrix and eutectic silicon) due to modification and heat 

treatment. The testing was done using a Vickers hardness tester, with a diamond indenter 

with an angle of 136° and a load of 5 kgf. The hardness tester was calibrated by taking 

10 hardness readings on the standard test block. AU the values feU within the range. The 

coupons were ground and polished, to obtain a flat and parallel surface on both sides. 

Six microhardness readings were taken from each coupon (three on each side) and 

averaged. For each heat treatment condition, the average of three different coupons was 

calculated (18 measurements per condition). Hardness indentations were made across 

the sample diameter and were weU separated to ensure that there was no overlap of the 

deformation. A typical microhardness indentation is shown in Figure 3.5. 

3.4.3. Tensile Testing 

The influence of Sr and Mg additions and heat treatment conditions on mechanical 

properties was investigated by pulling a very large number oftensile bars. 
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Figure 3.5 - Typical Macrohardness Indentation 

The tensile properties of samples produced at certain heat treatment conditions 

considered as critical, were evaluated in order to obtain information related to the 

precipitation in the alloy. The as-cast, T4 and T6-treated test bars were pulled to fracture 

in an MTS Universal testing machine at a strain rate of 4 x 1O-4S-1. Mechanical 

properties, such as yield strength (YS) at 0.2 % offset strain, ultimate tensile strength 

(UTS), and elongation (% el.), were obtained from the data acquisition system of the 

machine. A strain gage extensometer (MTS 634-2SE-51) was attached to the test 

specimen to measure elongation as the load was applied (Figure 3.6). Both signaIs were 

sent to an X-Y recorder to get the load-elongation curve. 

3.5. Electron Microscopy Analysis 

Optical microscopy was conducted to examine specimens with as-cast and heat 

treated structures and slightly different secondary dendrite arm spacing, silicon eutectic 

constituents and microporosity. Further examination at finer scales was conducted using 

an electron probe microanalyzer (EPMA), fie1d-emission scanning electron microscopy 

(FE-SEM) and transmission e1ectron microscopy (TEM), which revealed precipitates 

and their variations with the heat treatment. 
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Figure 3.6 - Position ofthe Extensometer During Testing of the Specimens 

3.5.1. EPMA Sam pie Preparation and Observation 

Dissolution behavior was studied using an electron probe microanalyzer (EPMA) 

equipped with energy dispersive X-ray (EDX) and wavelength dispersive spectrometer 

(WDS) facilities, operating at 20 kV and 30 nA. The beam size was around ~2 )..lm. 

Samples were prepared from the as-cast and heat-treated coupons at conditions that were 

considered of critical importance. A summary of the heat treatment conditions of the 

samples chosen for EPMA examination is given in Table 3.6. The coupons were etched 

using a solution of 48 % HF and 52 % water at room temperature by immersion for 30 s. 

Quantitative analysis of the volume fractions of the vanous phases and Cu 

following the different solution treatment times was carried out. On the polished sample 

surfaces, mapping was also done to determine the distribution of alloying elements. In 

order to understand the effect of solution treatment on age-hardening, the distribution of 

copper and other solute elements was measured within the aluminum dendrites, as a 

function of solution time (4 h and 24 h) and artificial aging temperatures (180 oC and 

220 OC) at constant solution treatment temperature at 495 oC and aging time of 4 h. 
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Table 3.6 - Conditions of the Coupons Used for EPMA Examination 

Solution TreatInent Quenching Natural Artificial Aging 
Composition Condition Temperature Time Temperature Aging Temperature Time 

~oq ~hl ~oq (hl (oq (hl 

M As-Cast 
T4 495 4 90 
T4 495 24 90 
T6 495 4 90 0 180 4 
T6 495 4 90 0 220 4 
T6 495 24 90 0 180 4 
T6 495 24 90 0 220 4 

MS As-Cast 
T4 495 4 90 
T4 495 24 90 
T6 495 4 90 0 180 4 
T6 495 4 90 0 220 4 
T6 495 24 90 0 180 4 
T6 495 24 90 0 220 4 

3.5.2. FE-SEM Sam pie Preparation and Observation 

Field Emission Scanning Electron Microscopy (FE-SEM) is a high resolution 

imaging technique that provides topographie and structural information in plan view or 

within the cross-section [90]. The X-ray microanalysis by an energy dispersive 

spectroscopy (EDS), allows the FEG-SEM to analyze qualitatively and quantitatively the 

elements present in a selected area of a secondary or backscattered electron image. 

In this work, the Hitachi S-4700 FEG-SEM was used with a mixed detection 

system using lower and upper detectors. The upper detector was used for its high 

resolution and high signal to noise ratio ability for secondary electron imaging. The 

system can be adjusted, with the voltage bias, to give images consisting of pure 

secondary electrons to pure backscattered electrons, and anywhere in between. This 

provides a great flexibility in overcoming charging and in optimizing imaging contrast. 
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FE-SEM conventionally involves the analysis ofbulk specimens; however, there is 

a problem of the interaction volume lowering the resolution of the microscope. This is 

overcome by reducing the accelerating voltage. However, features below 100nm can be 

difficult to characterize with respect to X-ray microanalysis using EDS because the X

ray signal is low. This limitation in the FE-SEM can be alleviated by using thin 

specimens which would normally be used in the TEM, such as carbon extraction replicas 

or thin foils, since the interaction volume effect is greatly reduced. 

Therefore, the aim for using FE-SEM in this work was to develop a technique to 

examine fine precipitates in thin foils. Sample preparation of the thin foils is described in 

the next section. 

A summary of the heat treatment conditions of the samples chosen for FE-SEM 

examination is given in Table 3.7. 

Table 3.7 - Conditions of the Coupons Used for FE-SEM Examination 

Solution Treatment Quenching Natural Artificial Aging 
Composition Condition Temperature Time Temperature Aging Temperature Time 

~0C) ~h) ~oq ~hl ~oq (hl 

M As-Cast 
T4 495 4 90 
T4 495 24 90 
T6 495 4 90 0 180 0.5 
T6 495 4 90 0 180 2 
T6 495 4 90 0 180 4 
T6 495 4 90 0 180 6 
T6 495 4 90 0 180 12 
T6 495 4 90 0 180 24 

MS T6 495 4 90 0 180 4 
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3.5.3. TEM Sam pie Preparation and Observation 

Thin foils were prepared from the as-cast and heat-treated coupons at conditions 

that were important for the information they could provide to this research work. A 

summary of the heat treatment conditions of the samples chosen for TEM examination is 

given in Table 3.6. 

The thin foils were prepared by electropolishing usmg a Struers Tenupol 3 

machine, a solution of 30 % nitric acid and 70 % methanol at -30 oC with a CUITent of 

~0.12 A. The steps taken for thin foil preparation are summarized in Figure 3.7. 

Samples were studied in a fully computerized TEM Jeol JEM-2011 at an 

acceleration voltage of 200 keV. The images were then acquired with a Gatan Dual 

View 300 W 1.3k x lk CCD camera attached to the microscope. 

Table 3.6 - Conditions of the Coupons Used for TEM Examination 

Solution Treatment Quenching Natural Artificial Aging 
Composition Condition Temperature Time Temperature Aging Temperature Time 

coq (h) coq (hî ~oq ~hî 

M As-Cast 
T4 495 4 90 
T4 495 24 90 
T6 495 4 90 0 180 0.5 
T6 495 4 90 0 180 2 
T6 495 4 90 0 180 4 
T6 495 4 90 0 180 6 
T6 495 4 90 0 180 12 
T6 495 4 90 0 180 24 
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CHAPTER4 

METALLOGRAPHie STUDY & 

MECHANICAL PROPERTIES RESUL TS 

The overall purpose of the present research was to study the effect of metallurgical 

parameters, such as solution heat treatment time, artificial aging time and temperature on 

the properties and precipitation during the heat treatment of 319 alloys. 

Metallographic studies were conducted to examine, from the point of view of 

microstructure and chemical composition, the specific changes due to heat treatment. 

This was done to achieve the first objective of the present research. Due to the very large 

number of samples and conditions investigated, only selected photographs are shown. 

Another primary purpose of this work was to investigate the importance of Sr and 

Mg additions on the mechanical properties, particularly after heat treatment. The 

mechanical properties were evaluated through the tensile test. Hardness and 

microhardness measurements were also taken on all samples. 

Metallographic and mechanical properties results are presented in the following 

sections. The microstructure of this alloy is presented at first, followed by the results 

conceming the hardening curves and casting soundness. Finally, tensile results are 

described. 
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4.1. Microstructural Results 

4.1.1. Microstructure 

The microstructure of the "as-cast" material consists of aluminum dendrites and a 

eutectic structure containing aluminum, silicon, and intermetallic partic1es of CuAh, 

Ah5(Fe, Mn)3Sh and Al5MgsCu2Si6 (Figure 4.1). 

Figure 4.1 - Optical Micrograph of the As-Cast Alloy Showing: 
Aluminum Dendrites, Al-Si Eutectic, Si Partic1es, and 
Intermetallic Partic1es of CuAh and Ah5(Fe, Mn)3Sh 

Microporosity is very smaIl if present, hence is negligible. AIl cast bars were X

rayed to verify their soundness. When samples were heat-treated, a slight modification 

of the eutectic Si is observed, whereas the CuAh and AI15(Fe, Mn)3Si2 phases do not 

show a perceptible dissolution. 
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The high-magnification micrograph of Figure 4.2a reveals that the silicon partic1es 

(or flakes) are unmodified. However, the relatively higher cooling rate associated with 

permanent mold casting (~ 8 °C-s-1
, corresponding to a dendrite arm spacing ~ 20-30 

!lm) leads to smaller silicon partic1es. Increasing the magnesium content to ~ 0.40 wt % 

(alloy M) results in the formation of thick plates of AIsMgsSi6Cu2 (dark grey, arrowed) 

growing out of the CuAlz phase partic1es (Figure 4.2b). 

Modification of the high-Mg alloys with 150 ppm of Sr, i.e. alloys S and MS, 

leads to two main observations: (a) modification of the eutectic silicon partic1es and their 

segregation in the form of isolated colonies, (b) severe segregation of both 

AIsMggSi6Cu2 and CuAlz phase partic1es in areas away from the advancing interfaces of 

the eutectic silicon colonies (Figure 4.2c). As a result of such segregation, CuAh is 

mostly in the form of blocky phase with high copper concentrations, which makes their 

dissolution in the aluminum matrix during solution treatment very slow. 

Dissolution of CuAlz phase is evident when alloys are solution treated at 495 oC, 

for 4 h leaving behind tiny partic1es, circ1ed in Figure 4.3a. Thick plates of 

AIsMgsSi6Cu2 are still seen in Figure 4.3b, while blocky partic1es of CuAlz phase in 

alloy MS remain as yet undissolved (Figure 4.3c). 

The copper intermetallics, present in bulk form, melt at solution temperatures 

above 500 oC, leading to the formation of sphericalliquid drop lets within the dendrites 

and grains, as shown in Figure 4.4. 

When the unmodified alloys are solution treated for longer times (24 h), most of 

the CuAlz phase remains in solution (Figures 4.5a and 4.5c). In modified alloys, CuAlz 

partic1es are present (Figure 4.5b). In modified alloys with high Mg content, plates of 

AIsMggSi6Cu2 are still present, along with blocky partic1es of CuAh (Figure 4.5d). 
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(a) Alloy A 

(b) AlloyM 

(c) Allo y MS 

Figure 4.2 - High Magnification Micrographs in the As-Cast Condition, Showing: 

(a) Effect of Permanent Mold Casting and CuAh Phase Precipitates in the 319 Alloy 
(b) Formation of Thick Plates of A15Mg8Si6Cu2 Dark Grey Arrowed, With Mg Additions 
(c) Segregation of A15Mg8Si6Cu2 and CuAh Due to Modification ofthe High-Mg Alloy 



Chapter 4 Metallographie Study & Meehanieal Properties Results 63 

(a) Alloy A 

(b) AlloyM 

(c) AlloyMS 

Figure 4.3 - Microstructure of 319 Alloy Coupons Treated at 495 oC for 4 h, Showing: 

(a) Dissolution ofCuAlz Phase in 319 Alloy 
(b) Thick Plates of AIsMgsSi6Cuz Seen in the High-Mg Alloy 

(c) Presence of AIsMgsSi6Cuz and Block-Like CuAlz in Modified High-Mg Alloy 
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(a) 

(b) 

Figure 4.4 - Incipient Melting of Copper-Base Intermetallics in 
High-Mg Alloy (Alloy M) Solution Treated Above 500 oC 
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(a) Alloy A (b) Alloy S 

(c) Alloy M (d) AIloyMS 

Figure 4.5 - Microstructure of 319 Alloy Coupons Treated at 495 oC for 24 h, Showing: 

(a, c) Dissolution of CuAh in 319 Unmodified Alloys 
(h) Presence ofBlock-Like CuAh in the Modified Alloy 

(d) Presence of AlsMg8Si6Cuz and CuAlz in Modified High-Mg Alloy 
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4.1.2. Secondary Dendrite Arm Spacing (SDAS) 

For each sample 5 different dendrite arms with at least 6 arms were measured, then 

averaged. Tables 4.1 to 4.4 show the SDAS corresponding to the different heat-treatment 

conditions. 

Table 4.1 - Secondary Dendrite Arm Spacing in Alloy A 

Solution Artificial Aging Average 
Condition Time Temperature Time SDAS 

(h) eC) (h) (f.!m) 

As-Cast 25.0 

T4 4 27.7 
24 35.0 

T6(W) 4 180 2 22.2 
4 22.5 
12 23.7 
24 24.1 

T6 (X) 4 220 2 34.9 
4 35.1 
12 36.5 
24 39.7 

T6(Y) 24 180 2 33.0 
4 34.4 
12 36.6 
24 37.5 

T6 (Z) 24 220 2 52.3 
4 54.8 
12 54.9 
24 55.6 
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Table 4.2 - Secondary Dendrite Ann Spacing in Alloy S 

Solution Artificial Aging Average 
Condition Time Temperature Time SDAS 

(h) (oC) (h) (/lm) 

As-Cast 28.6 

T4 4 33.3 
24 38.0 

T6(W) 4 180 2 22.4 
4 22.9 
12 25.6 
24 28.6 

T6 (X) 4 220 2 29.5 
4 30.5 
12 34.3 
24 36.8 

T6 (Y) 24 180 2 34.4 
4 36.8 
12 37.3 
24 37.6 

T6 (Z) 24 220 2 54.3 
4 55.5 
12 55.5 
24 55.8 
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Table 4.3 - Secondary Dendrite Arm Spacing in Alloy M 

Solution Artificial Aging Average 
Condition Time Temperature Time SDAS 

(h) COc) (h) ()lm) 

As-Cast 24.0 

T4 4 28.2 
24 38.5 

T6(W) 4 180 2 29.9 
4 30.8 
12 33.4 
24 33.8 

T6(X) 4 220 2 33.7 
4 36.4 
12 37.2 
24 38.8 

T6(Y) 24 180 2 34.6 
4 37.7 
12 42.3 
24 46.8 

T6 (Z) 24 220 2 36.9 
4 43.1 
12 43.4 
24 44.2 
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Table 4.4 - Secondary Dendrite Arm Spacing in Alloy MS 

Solution Artificial Aging Average 
Condition Time Temperature Time SDAS 

(h) COc) (h) (/lm) 

As-Cast 28.0 

T4 4 34.4 
24 39.4 

T6(W) 4 180 2 26.8 
4 28.9 
12 33.4 
24 35.3 

T6 (X) 4 220 2 26.3 
4 31.5 
12 33.5 
24 36.5 

T6(Y) 24 180 2 38.5 
4 41.2 
12 42.9 
24 43.5 

T6 (Z) 24 220 2 42.4 
4 42.3 
12 45.0 
24 49.8 
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4.1.3. Grain Size 

The average grain sizes for the as-cast and heat-treated samples are given in 

Tables 4.5 to 4.8. Typical grain size micrographs are seen in Figures 4.6 to 4.9. 

Table 4.5 - Grain Size Distribution in Alloy A 

Solution Artificial Aging Average Grain Size 
Condition Time Temperature Time Grain Size Classification 

(h) COC) (h) (f.Lm) ASTM El12 

As-Cast 391.5 Extra Fine 

T4 4 374.5 Extra Fine 
24 423.3 Fine 

T6(W) 4 180 2 386.0 Fine 
4 515.8 Medium 
12 689.2 Large 
24 751.2 Large 

T6 (X) 4 220 2 510.4 Medium 
4 650.4 Large 
12 680.8 Large 
24 785.2 Large 

T6(Y) 24 180 2 478.5 Medium 
4 654.0 Large 
12 698.4 Large 
24 812.3 Coarse 

T6 (Z) 24 220 2 613.2 Large 
4 639.0 Large 
12 706.8 Large 
24 810.5 Coarse 
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Table 4.6 - Grain Size Distribution in Alloy S 

Solution Artificial Aging Average Grain Size 
Condition Time Temperature Time Grain Size Classification 

(h) COC) (h) (/lm) ASTM El12 

As-Cast 450.3 Medium 

T4 4 465.4 Medium 
24 505.1 Medium 

T6 (W) 4 180 2 417.8 Medium 
4 621.8 Large 
12 720.4 Large 
24 839.9 Coarse 

T6(X) 4 220 2 566.8 Medium 
4 663.6 Large 
12 847.1 Coarse 
24 867.5 Coarse 

T6(Y) 24 180 2 587.8 Medium 
4 677.8 Large 
12 720.4 Large 
24 839.9 Coarse 

T6 (Z) 24 220 2 649.4 Large 
4 715.4 Large 
12 815.3 Coarse 
24 1524.8 ExtraCoarse 
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Table 4.7 - Grain Size Distribution in Alloy M 

Solution Artificial Aging Average Grain Size 
Condition Time Temperature Time Grain Size Classification 

(h) eC) (h) (~m) ASTM El12 

As-Cast 363.3 Fine 

T4 4 370.8 Fine 
24 480.0 Medium 

T6(W) 4 180 2 468.7 Medium 
4 480.0 Medium 
12 493.5 Medium 
24 520.8 Medium 

T6(X) 4 220 2 418.5 Medium 
4 484.3 Medium 
12 518.3 Medium 
24 539.3 Medium 

T6(Y) 24 180 2 419.3 Medium 
4 426.8 Medium 
12 457.5 Medium 
24 576.1 Medium 

T6 (Z) 24 220 2 465.5 Medium 
4 474.8 Medium 
12 641.8 Large 
24 633.3 Large 
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Table 4.8 - Grain Size Distribution in Alloy MS 

Solution Artificial Aging Average Grain Size 
Condition Time Temperature Time Grain Size Classification 

(h) (oC) (h) (/lm) ASTM El12 

As-Cast 443.0 Medium 

T4 4 470.7 Medium 
24 515.1 Medium 

T6(W) 4 180 2 460.7 Medium 
4 535.9 Medium 
12 650.5 Large 
24 741.2 Large 

T6(X) 4 220 2 505.2 Medium 
4 655.2 Large 
12 690.3 Large 
24 764.3 Large 

T6(Y) 24 180 2 549.6 Medium 
4 594.7 Medium 
12 701.0 Large 
24 810.8 Coarse 

T6 (Z) 24 220 2 620.1 Large 
4 654.4 Large 
12 717.8 Large 
24 825.0 Coarse 
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Figure 4.6 - Extra Fine Grain Size (382 J..lm) in Alloy A 
(Solution Temperature 495 oC for 4 hours) 

Figure 4.7 -Fine Grain Size (451 J..lm) in Alloy A 
(Solution Temperature 495 oC for 4 hours - Aging Temperature 180 oC for 2 h) 
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Figure 4.8 -Medium Grain Size (540 /-lm) in Alloy A 
(Solution Temperature 495 oC for 4 hours - Aging Temperature 220 oC for 2 h) 

Figure 4.9 -Large Grain Size (812 /-lm) in Alloy A 
(Solution Temperature 495 oC for 24 hours - Aging Temperature 180 oC for 24 h) 
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4.2. Mechanical Properties 

4.2.1. Casting Soundness 

Radiography was used to detect the presence of defects in the tensile bars. The 

samples were X-rayed and the films were examined in order to facilitate the selection of 

sound castings. The bottom grips of the tensile bars often exhibited defects associated 

with shrinkage. Nevertheless, the most important part of the test bars was the gage 

length and the selection of the sound samples was done based on the soundness of this 

section. This portion of the samples was examined carefully for any variation in the 

density of the X-ray film which indicated the presence of flaws such as porosity or 

inclusions. 

Figures 4.10 and 4.11 show sorne X-rays of unmodified and Sr-modified tensile 

bars. The defects in the unmodified test bars (Figure 4.10) were very localized and weIl 

defined. Sr modification caused an increase in the defects detected, as weIl as changes in 

their shape and size (Figure 4.11). 

For each alloy composition, aIl test bars were X-ray examined to determine the 

type and intensity of casting/solidification defects. Most of the test bars were sound with 

negligible gas porosity (rated "slight" according to ASTM standards). 

4.2.2. Hardness 

Coupons were taken from the Stahl mold bars prepared from each alloy melt 

composition. For each heat treatment condition (i.e. aging temperature), sixty-five 

coupons were used (five samples x 13 different aging times). Hardness and 

microhardness measurements were taken from samples in the as-cast condition, as weIl 

as in the T4 and T6 conditions. 
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Figure 4.10 -Radiograph of Sorne Unmodified Tensile Bars 
In Red Dotted Circ1es Defects are Shown 



Chapter 4 Metallographie Study & Meehanieal Properties Results 78 

Figure 4.11 -Radiograph of Sorne Modified Tensile Bars 
In Red Dotted Circles Defects are Shown 

The results for the as-cast and T 4 measurements with the corresponding standard 

deviations are shown in Figures 4.12 and 4.13. The hardness results of the heat-treated 

coupons can be seen in Figures 4.14 to 4.17. The modified high Mg alloy apparently 

displays slightly lower hardness parameters compared to those obtained from the high 

Mg alloy, but the consistency in the data is better. 
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Figure 4.12 - Vickers Hardness Obtained from the 
Coupons in the As-Cast and T 4 Condition 
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Figure 4.13 - Microhardness Obtained from the 
Coupons in the As-Cast and T4 Condition 
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Figure 4.14 - Vickers Hardness Obtained from the Coupons 
(Solution Temperature 495 oC for 4 hours - Aging Temperature 180 OC) 
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Figure 4.15 - Vickers Hardness Obtained from the Coupons 
(Solution Temperature 495 oC for 4 hours - Aging Temperature 220 OC) 
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Figure 4.16 - Vickers Hardness Obtained from the Coupons 
(Solution Temperature 495 oC for 24 hours - Aging Temperature 180 OC) 
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Figure 4.17 - Vickers Hardness Obtained from the Coupons 
(Solution Temperature 495 oC for 24 hours - Aging Temperature 220 OC) 
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In order to detennine more precisely the effectiveness of aging temperature and 

time on the hardness of alloy M with Mg additions (high Mg content, high volume 

fraction of intennetallics) 15 coupons were treated similarly (i.e. same solution heat 

treatment conditions and aging times). Table 4.9 shows the results obtained. Prolonged 

aging treatment at 220 oC brought about significant changes in hardness. When the aging 

treatment temperature is raised from 210 to 220 oC, a remarkable aging response is 

exhibited by the unmodified high Mg-containing alloys. 

Table 4.9 - Effect of Aging Temperature on the Hardness Measurements of the 
Alloy M Solution Treated at 495 oC for 4 h and with 2 h of Aging Time 

Condition Aging Temperature Microhardness Macrohardness 
caC) (50 gf) (5 Kgf) 

As-Cast 81.9 ± 4.5 87.5 ± 1.0 
T4-4h 95.8 ± 2.2 100.7 ± 2.4 

T6 180 110.5 ± 4.0 86.1 ± 0.4 
210 115.2 ± 0.8 137.5 ± 3.1 
215 121.2 ± 0.1 124.0 ± 2.2 
220 116.9 ± 1.2 126.7 ± 0.8 

4.2.3. Tensile Properties 

Figure 4.18 and 4.19 show the effect of solution time and aging temperature on 

hardness and tensile properties for samples solutionized at 495 oC and aged at different 

times. It can be seen that there is an obvious age-hardening phenomenon for each curve. 

However, other small hardening peaks were observed following the first one in the age

hardening curves (180 oC and 220 OC). At an intermediate stage of aging, after a small 

decrease the strength increases again and reaches subsequent peaks. At the final stage of 

aging, the hardening of the alloys decreases as a result of over-aging, except for 

unmodified high Mg alloys. 
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Figure 4.18 - Tensile Properties and Vickers Hardness (VH) Obtained from the Heat
Treated Samples (Solution Temperature 495 oC for 4 h - Aging Temperature 180 OC) 
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Figure 4.19 - Tensile Properties and Vickers Hardness (VH) Obtained from the Heat
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CHAPTER5 

ELECTRON MICROSCOPY 

RESULTS 

Electron microscopy was used to analyze the microstructure, chemistry and crystal 

structure of precipitates from areas smaller than 1 ~m. The use of electron microscopy 

techniques had the objective of presenting a better understanding of the precipitation 

process as a function of the composition and heat treatment of A319.2 alloys. 

In this chapter, electron microscopy results are presented. Microstructures related 

to the mechanical tests are introduced. The results are divided into two different areas: 

• Electron probe microanalyzer (EPMA) 

• Transmission electron microscopy 

Due to the very large number of samples and conditions investigated, only selected 

photographs are shown. 
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5.1. Electron Probe Microanalyzer (EPMA) Results 

In Figure 5.1, the Cu concentration is a minimum (1.09 wt %) near the center of 

the dendrites (point C), whereas the Cu concentration increases to 2.5-3.7 wt % at the 

edges of the dendrites (point B and A, respectively). The Cu concentration in the matrix 

around the CuAh partic1es is ~4 wt % after 4 h solution treatment, which is higher than 

the Cu concentration (~ 3.5 wt %) in the aluminium matrix after 24 h solution heat 

treatment. 

Li et al. [91-93] have reported a Cu concentration of ~2 wt % after 100 h solution 

heat treatment. The Cu atoms diffuse in the matrix far away from the remaining CuAh 

during the solution heat treatment. 

The distribution of vanous elements within the aluminium dendrites was 

determined by performing quantitative point analysis using WDS (Table 5.1). 

The effect of solution treatment time and aging temperature on the element content 

at the centers of dendrites for alloys M and MS is summarized in Table 5.2. The error 

represents the range of element concentrations due to micro segregation. 

The line scans corresponding to alloy M in the as-cast and following 4 h and 24 h 

solution heat treatment times are presented in Figure 5.2 a-co Note that after 24 h 

solution heat treatment in high Mg content samples, CuAh phase was very small and 

dispersed, thus it is was undetectable by the electron beam. 

The line scans for alloy MS are shown in Figure 5.3 a-co These scans reveal the 

concentration gradients of Cu and Mg across the area containing the Cu and Mg phase 

partic1es, respectively. 
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Figure 5.1 - Backscattered Image of AIloy MS in the As-Cast Condition, 
Showing the Locations of the Quantitative Line Scans Along the Major and 

Minor Axes of Dendrites. Cu Concentration is a Minimum (0.9 wt %) 
in Point C, whereas Cu Concentration Increases at the Edges of the 

Dendrites (2.5-3.7 wt %) in Point B and A, Respectively 

Table 5.1 - Element Concentration in the Matrix 

AIloy 
Solution Cu Mg Si 
Time (h) (wt%) (wt%) (wt %) 

M 
0 0.95 ± 0.09 0.15 ± 0.02 1.17 ± 0.03 

(A319.2+0A %Mg) 
4 3.84 ± 0.17 0.34 ± 0.01 0.84 ± 0.05 
24 3.76 ± 0.08 0.32 ± 0.01 0.81 ± 0.05 

MS 0 0.91 ± 0.09 0.22 ± 0.02 1.19 ± 0.07 
(A319.2+0A %Mg 4 3.77 ± 0.29 0.34 ± 0.02 0.89 ± 0.06 

+ 160 ppm Sr) 24 3.62 ± 0.20 0.33 ± 0.01 0.88 ± 0.04 

89 
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Table 5.2 - Effect of Solution Treatment Time at 495 oC on the 
Dendrite Element Concentration* 

Alloy 

M 
(A319.2 + 
OA%Mg) 

MS 
(A319.2 + 
OA%Mg + 
160 ppm Sr) 

Solution 
Time 
(h) 

4 

24 

4 

24 

* After Artificially Aged for 4 h 

Aging 
Temperature 

COC) 

180 
220 
180 
220 

180 
220 
180 
220 

Cu 
(wt%) 

3.19 ± 0.18 
4.37 0.15 
4.25 ± 0.18 
4.20 ± 0.17 

3.81 ± 0.19 
2.65 0.13 
3.62 ± 0.11 
3044 ± 0.12 

Mg 
(wt%) 

0.23 ± 0.02 
0.33 + 0.02 
0.37 ± 0.01 
0.30 ± 0.01 

0041 ± 0.08 
0.32 + 0.10 
0.37 ± 0.06 
0.58 ± 0.27 

Si 
(wt%) 

0.56 ± 0.07 
0.89 + 0.06 
1.15±0.10 
0.87 ± 0.11 

0.81 ± 0.04 
0.62 + 0.13 
0.71 ± 0.05 
1.03 ± 0.25 

In modified high-Mg alloys, there is a segregation of both AIsMg8Si6Cu2 and 

CuAlz phase partic1es in are as away from the advancing interfaces of the eutectic silicon 

colonies (Figure 504). As a result of such segregation, CuAlz is mostly in the form of 

blocky phase, which makes their dissolution in the aluminium matrix during solution 

treatment very slow (Figure 5.5). 

A general view of the microstructure of alloy MS (0040 wt % Mg + 160 ppm Sr) is 

seen in Figure 5.6 in the as-cast and T4 conditions. After 24 h of solution treatment at 

495 oC, there is an achievement of almost complete dissolution of the CuAlz phase, 

although a few partic1es are still observed in the matrix. 

Figure 5.7a, shows the backscattered image of Alloy MS in the as-cast condition 

obtained from the X-ray image of Figure 5.5d. The EDX spectra of the corresponding 

phases are shown in Figure 5.7b to 5.7d. Figure 5.8a and 5.9a show the backscattered 

image of Alloy MS in the T4 conditions obtained from the X-ray images of Figure 5.5e 

and 5.5frespectively. The EDX spectra of the corresponding phases are shown in Figure 

5.8b and 5.8c and Figure 5.9b and 5.9c. 
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(a) (b) Backscattered Image 

(c) Cu (d)Mg 

(e) Fe 

Figure 5.4 - AIloy MS in the As-Cast Condition, Showing: 

(a) Segregation of AlsMgsSi6Cu2 and CuAh, 
(b) Backscattered Image of Blocky Copper Phase (CuAh) 

(c, d, e) X-Ray Images Showing Cu, Mg and Fe Distributions Respectively 
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(a) 0 h 

(b) 4 h 

(c) 24 h 

Figure 5.6 - Backscattered Image Taken From Alloy MS Showing Segregation of 
AIsMgsSi6Cu2 (Red Arrowed) and CuAh (Yellow Arrowed) due to Modification: 

(a) As-Cast, (b) After 4 h Solution Heat Treatment at 495 oC, 
(c) After 24 h Solution Heat Treatment at 495 oC 
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(a) 

(b) 

(c) 

(d) 

Figure 5.7 - Alloy MS in the As-Cast Condition, Showing: 

(a) Backscattered Image ofPrecipitates Present, 
(b, c, d) EDX Spectra Corresponding to CuAlz (Yellow Arrowed), 

A15Mg8Si6Cuz (Red Arrowed) and AIMgSiFeCu (Green Arrowed) Respectively 
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(a) 

(h) 

(c) 

Figure 5.8 - Alloy MS After 4 h Solution Heat Treatment at 495 oC, Showing: 

(a) Backscattered Image ofPrecipitates Present, 
(h, c) EDX Spectra Corresponding to CuAlz (Yellow Arrowed) and 

Al5MgsSi6Cu2 (Red Arrowed) Respectively 

97 
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(a) 

(b) 

(c) 

Figure 5.9 - Alloy MS After 24 h Solution Heat Treatment at 495 oC, Showing: 

(a) Backscattered Image ofPrecipitates Present, 
(b, c) EDX Spectra Corresponding to CuAlz (Yellow Arrowed) and 

AIMgSiFeCu (Green Arrowed) Respectively 
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The Cu concentration in the CuAh phase remains stable during the dissolution, as 

can be seen in Table 5.3. 

Table 5.3 - Volume Fractions of Cu and Elements (Mg, Fe, Si, Cu), as 
a Function of Alloy Compositions and Solution Treatment Time 

Alloy 

M 
(A319.2 + O.4%Mg) 

MS 
(A319.2 + O.4%Mg 

+ 160 ppm Sr) 

Solution Time 
(h) 

0 
4 
24 

0 
4 
24 

Elements Cu 
(wt%) (wt%) 

3.85 ± 0.34 2.6 ± 0.65 
1.16 ± 0.28 0.28 ± 0.08 
1.11 ± 0.24 0.36 ± 0.11 

3.76 ± 0.79 2.33 ± 0.50 
2.08 ± 0.33 0.30 ± 0.09 
2.29 ± 0.56 0.32 ± 0.10 

During aging, co-precipitation of second partic1es (mainly Cu~ and Mg~ rich 

phases) takes place. Figure 5.10 and 5.11 shows the backscattered images of alloy MS 

under different heat treatments. At high magnification, it c1early shows that samples 

aged at higher temperatures have coarser precipitates independent of solution times. 

The wavelength-dispersive X-ray maps showing the Al, Si, Cu, Mg and Fe 

distributions taken from the poli shed surfaces of the heat treated samples corresponding 

to the alloy Mare shown in Figures 5.12 to 5.15. From the figures, it can be seen that 

higher aging temperatures promotes higher amounts of CuAh and AIsMgsSi6Cu2 

precipitation. For alloys MS, the wavelength-dispersive X-ray maps are represented in 

Figures 5.16 to 5.19. The artificial aging time for both alloys was constant at 4h. 



Chapter 5 Electron Microscopy Results 100 

(a) 0 h (b) 0 h 

(c) 4 h (d) 4 h 

Figure 5.10 - Backscattered Images Showing Co-Precipitation (Yellowed Arrowed) 
in the Surroundings of CuAh in Alloy MS at Solution Temperature 495 oC 

for 4 h and Aging Time 4 h: 

(a, b) 180 oC Aging Temperature 
(c, d) 220 oC Aging Temperature 
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(a) 0 h (b) Oh 

(c) 4 h (d) 4 h 

Figure 5.11 - Backscattered Images Showing Co-Precipitation (Yellowed Arrowed) 
in the Surroundings of CuAb in Alloy MS at Solution Temperature 495 oC 

for 24 h and Aging Time 4 h: 

(a, b) 180 oC Aging Temperature 
(c, d) 220 oC Aging Temperature 
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Figure 5.12 - Wavelength-Dispersive X-Ray Maps in AIloy Mat 
Solution Temperature 495 oC for 4 h and Aging Temperature 180 oC for 4 h 

Showing Distributions of: (a) Compositional, (b) Al, (c) Si, (d) Cu, (e) Mg and (f) Si 
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Figure 5.13 - Wavelength-Dispersive X-Ray Maps in Anoy Mat 
Solution Temperature 495 oC for 4 h and Aging Temperature 220 oC for 4 h 

Showing Distributions of: (a) Compositional, (b) Al, (c) Si, (d) Cu, (e) Mg and (f) Si 
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Figure 5.14 - Wavelength-Dispersive X-Ray Maps in Alloy Mat 
Solution Temperature 495 oC for 24 h and Aging Temperature 180 oC for 4 h 

Showing Distributions of: (a) Compositional, (b) Al, (c) Si, (d) Cu, (e) Mg and (f) Si 
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Figure 5.15 - Wavelength-Dispersive X-Ray Maps in Alloy Mat 
Solution Temperature 495 oC for 24 h and Aging Temperature 220 oC for 4 h 

Showing Distributions of: (a) Compositional, (b) Al, (c) Si, (d) Cu, (e) Mg and (f) Si 



Chapter 5 Electron Microscopy Results 106 

Lev.l Are.X Lev.l Ar •• : 
1676 6.6 

156 
6.6 

8.6 8.6 
1645 

6.6 148 
6.6 

1021 141 
386 

6.6 6.6 
6.8 134 

6.6 
912 

6.1 127 
6.8 

348 
6.4 

126 
6.6 

923 
6.7 113 

6.1 
899 

1.4 168 
6.2 

875 99 
4.1 6.5 

858 
16.9 

92 
826 

1.3 
25.8 85 

882 
3.2 

37.3 78 
7.2 

777 
16.9 

71 
14.8 

753 
1.8 

64 
24.3 

729 
6.3 57 

26.9 
764 

6.1 
56 

16.4 
886 

6.6 
43 

86Z 59 
5.S 

(a) Backscattered Electron Image (d) Cu 

Level Area% Leve 1 AI""X 
2762 

6.6 43 
6.6 

6.6 6.6 
2677 46 

6.6 4.1 
2593 38 

6.6 33.9 
2508 36 

8.6 46.6 
2424 34 

6.6 14.1 
2339 31 

B.6 1.2 
2255 29 

6.B 6.1 
2178 27 

8.6 6.6 
2686 25 

B.B 6.6 
2681 23 

B.8 6.6 
1917 26 

8.3 8.8 
1832 18 

1.1 8.6 
1748 16 

3.8 8.8 
1663 14 

6.8 9.5 
1579 12 

8.8 18.2 
1494 

8.6 37.8 
1418 

29.2 
2487 8.8 

(b) Al (e)Mg 

Leve 1 AreaX Leve 1 Ar.a% 
43 B.8 8.B 

B.a 6 
B.6 

'1 6.B 5 
39 B.6 

8.8 8.8 38 
B.B 8.6 

36 
8.B 6.6 

35 
6.6 

33 
8.2 

8.8 6.8 
32 

8.2 1.8 
3B 

8.3 8.B 
29 

1.1 6.6 
27 

1.6 9.' 26 
3.6 6.B 

24 
3.1 

23 
B.B 

9.3 32.3 
21 

6.-1 B.B 
2B 

16.2 
18 

56.2 

17 
58.7 B.6 

(c) Si (f) Fe 

Figure 5.16 - Wavelength-Dispersive X-Ray Maps in Alloy MS at 
Solution Temperature 495 oC for 4 h and Aging Temperature 180 oC for 4 h 

Showing Distributions of: (a) Compositional, (b) Al, (c) Si, (d) Cu, (e) Mg and (f) Si 
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Figure 5.17 - Wavelength-Dispersive X-Ray Maps in Alloy MS at 
Solution Temperature 495 oC for 4 h and Aging Temperature 220 oC for 4 h 

Showing Distributions of: (a) Compositional, (b) Al, (c) Si, (d) Cu, (e) Mg and (f) Si 
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Figure 5.18 - Wavelength-Dispersive X-Ray Maps in Alloy MS at 
Solution Temperature 495 oC for 24 h and Aging Temperature 180 oC for 4 h 

Showing Distributions of: (a) Compositional, (b) Al, (c) Si, (d) Cu, (e) Mg and (f) Si 
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Figure 5.19 - Wavelength-Dispersive X-Ray Maps in Alloy MS at 
Solution Temperature 495 oC for 24 h and Aging Temperature 220 oC for 4 h 

Showing Distributions of: (a) Compositional, (b) Al, (c) Si, (d) Cu, (e) Mg and (f) Si 
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A general view of the microstructure of alloy MS (0.40 wt % Mg + 160 ppm Sr) is 

seen in Figure 5.20 in the different T6 conditions. Figure 5.20 d shows that even after 24 

h of solution treatment at 495 oC and aged at a high temperature (220 OC), there is not a 

complete dissolution of the CuAlz phase, and a few partic1es are still observed in the 

matrix. Figures 5.21 to 5.24 show high magnification backscattered images of alloy MS 

showing Cu~ and Mg~ rich precipitates, along with their corresponding EDX spectra in 

different T6 conditions. 

(a) Aged at 180 oC (b) Aged at 220 oC 

(c) Aged at 180 oC (d) Aged at 220 oC 

Figure 5.20 - Backscattered Image Taken From Alloy MS Showing Segregation of 
AIsMgsSi6Cu2 (Red Arrowed) and CuAlz (Yellow Arrowed) due to Modification 

Solution Temperature 495 oC and Aging Time 4 h: 

(a, b) After 4 h Solution Heat Treatment 
(c, d) After 24 h Solution Heat Treatment 
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(b) 
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lk 
Cu 

(c) 

Figure 5.21 - Alloy MS Showing: 
(a) Backscattered Image ofMg~ (Red Arrowed) 
and Cu~ (Yellowed Arrowed) Rich Precipitates 

(b) Magnified View of the Circ1ed Area Showed in (a) 
(c) EDX Spectra Corresponding to the Phases Present 

Solution Heat Treatment at 495 oC for 4 h and Aged at 180 oC for 4 h 
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(a) 

(b) 

(c) 

Figure 5.22 - Alloy MS Showing: 
(a) Backscattered Image of Mg- (Red Arrowed) 
and Cu- (Yellowed Arrowed) Rich Precipitates 

(b) Magnified View of the Circ1ed Area Showed in (a) 
(c) EDX Spectra Corresponding to the Phases Present 

Solution Heat Treatment at 495 oC for 4 h and Aged at 220 oC for 4 h 
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Figure 5.23 - AIloy MS Showing: 
(a) Backscattered Image ofMg~ (Red Arrowed) 
and Cu~ (Yellowed Arrowed) Rich Precipitates 

(b) Magnified View of the Circ1ed Area Showed in (a) 
(c) EDX Spectra Corresponding to the Phases Present 

Solution Heat Treatment at 495 oC for 24 h and Aged at 180 oC for 4 h 
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Figure 5.24 - Alloy MS Showing: 
(a) Backscattered Image ofMg~ (Red Arrowed) 
and Cu~ (Yellowed Arrowed) Rich Precipitates 

(b) Magnified View of the Circ1ed Area Showed in (a) 
(c) EDX Spectra Corresponding to the Phases Present 

Solution Heat Treatment at 495 oC for 24 h and Aged at 220 oC for 4 h 
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The results of the WDS analysis carried out on the different phases present in the 

alloy Mare summarized in Table 5.4, and correspond to the backscattered images shown 

in this chapter. Table 5.5 shows the WDS analysis of the different phases present in 

alloy MS. From these tables, it can be seen that Sr modification slows down the rate of 

AIsMg8Cu2Si6 dissolution due to its effects on the segregation and morphology of Cu 

phases during solidification. 

Table 5.4 - WDS Analysis of Phases Observed in Alloy M 

Composition (wt %) 
Mn Stoichometry Phase 

Al Si Cu Mg Fe + 
Cr 

As-Cast 

47.61 1.09 48.69 0.35 0.18 0.007 AI2.30CuSio.osMgo.oI CuAh 

46.82 26.79 1.16 16.07 10.18 0.097 AIs.14Si4.47Feo.ssMg3.lo AIsFeMg3Sis 

48.18 0.79 51.27 0.15 0.04 0.000 Ah.21 CuSio.D3 CuAl2 

58.67 22.76 1.86 10.79 6.31 0.169 AIIs.21Sis.66Feo.79Mg3.lo AIIsFeMg3Sis 

20.71 29.71 19.38 31.82 0.04 0.005 AIs.o3Cu2Si6.93Mgs.ss AIsMgsCu2Si6 

46.49 0.76 52.23 0.11 0.05 0.000 Alz.o9CUSio.03 CuAh 

57.10 23.43 1.40 11.38 7.16 0.131 A114.s1 SiS.83F eO.89Mg3.27 AI IsFeMg3Sis 

20.75 29.98 18.83 31.92 0.04 0.012 AIs.19Cu2Si7.2oMgs.86 AIsMg8Cu2Si6 

T4-4 h 

50.00 0.73 48.44 0.12 0.07 0.016 Ah.43CU CuAh 

51.35 1.29 34.01 0.82 11.36 0.121 AI6.99CuI.97Feo.7s AhFeCu2 

T4 -24 h 

41.07 0.73 52.61 0.13 0.09 0.012 Ah.84CU CuAh 

30.89 30.04 17.76 28.27 0.05 0.000 AI4.loCuSh,83Mg4.16 Al4MgsCuSi4 
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Table 5.5 - WDS Analysis of Phases Observed in Alloy MS 

Composition (wt %) 
Mn Stoichometry Phase 

Al Si Cu Mg Fe + 
Cr 

As-Cast 

17.05 30.20 19.93 34.73 0.07 0.005 A14.12CU2Si6.S6Mg9.11 AlsMgsCu2Si6 

48.25 0.74 51.28 0.13 0.09 0.006 Ah.22CUSiO.03 CuAh 

45.24 26.74 2.13 17.15 9.44 0.071 A19.92Sis.63F eMg4.17 Al lOFeMg4Si6 

T4-4h 

48.14 0.67 50.83 0.09 0.04 0.007 Ah23CUSiO.03 CuAh 

16.39 29.11 20.08 34.60 0.04 0 A14.ssCu2Si9.s6Mg9 AlsMgsCu2Si6 

T4 -24 h 

48.64 0.65 50.88 0.10 0.06 0.014 Ah2SCuSiO.03 CuAh 

15.84 30.74 20.41 35.20 0.01 0.010 Ah66CU2Si6.S1Mg9 AlsMgsCu2Si6 
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5.2. Transmission Electron Microscopy (TEM) Results 

Figure 5.25a shows the precipitation in an untreated sample of alloy M, which was 

cooled at a rate of around ~ 8 °C·s-1 (corresponding to a dendrite arm spacing ~ 20-30 

I-lm). A characteristic that was detected in foils from these samples was the absence of 

Mg and Cu rich precipitates, but the existence of Si partic1es. 

The microstructure of samples solution treated at 495 oC for 4 h and water 

quenched consisted of helical dislocations produced by the quenching of vacancies 

during the water quench (Figure 5.25b). After 24 h of solution, precipitates coarsen and 

most of the constituents are completely dissolved (Figure 5.25c). 

In the series of micrographs and diffraction patterns of Figure 5.26, the effect of 

increasing aging time at 185 oC is evident. After aging for 12 h (Figures 5.26a and 

5.26b), elongated precipitates (20 x 1 nm) appear aligned along the two orthogonal 

<100> directions together with smaller (2.5 nm) equiaxed precipitates. After 2 h 

(Figures 5.26c and 5.26d) and 12 h (Figures 5.26e and 5.26f) of aging, the needle-like 

precipitates coarsen, and discrete diffraction maxima for the precipitates appear in the 

different diffraction patterns indicating the presence of 8' -CuAh. 

Figure 5.27 shows the bright-field image for a sample aged for 4 h (the second 

aging peak); where besides a few silicon partic1es the high-density fine precipitates 

(appearing as short lines) homogenously precipitate on the a matrix paralle1 to each 

other. 

After 6 h of aging (the second plateau), along with the high-density fine 

precipitates in the matrix which are parallel to each other; collateral precipitation takes 

place on a 90° angle from the fine precipitates (Figure 5.28). 
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(a) As-Cast Condition 

(b) After 4 h of Solution at 495 oC 

(e) After 24 h of Solution at 495 oC 

Figure 5.25 - Effeet of Solution Time on the Size of the Age-Hardening Preeipitates 
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(a) After 0.5 h of Artificial Aging (b) Corresponding SAD Pattern 

(c) After 2 h of Artificial Aging (d) Corresponding SAD Pattern 

(e) After 12 h of Artificial Aging (f) Corresponding SAD Pattern 

Figure 5.26 - Effect of Aging Time at 180 oC on the Size of the Age-Hardening Precipitates 
Samples were Solution-Heat Treated at 495 oC for 4 h 
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Figure 5.27 - High-Density Fine Precipitates Homogenously on the a Matrix 
Sample was Solution Heat Treated at 495 oC for 4 h 

and Aged for 4 h at 180 oC 

Figure 5.28 - High-Density Fine Precipitates Homogenously on the a Matrix 
Coexisting with a Bulk-Shadowed Second Phase Perpendicularly Oriented 

Sample was Solution Heat Treated at 495 oC for 4 h 
and Aged for 6 h at 180 oC 

120 
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The bright field image of precipitates aged for 24 h at 180 oC is shown in Figure 

5.29. After tilting the sample near a <011> zone axis the morphology of the 8'-CuAh is 

evident. Two variants of 8' -CuAh are diffracting: one set is in the edge on orientation, 

and the other variant is inc1ined at 45°. The plate-shaped and disc-shaped precipitates 

grow up. This aging treatment was chosen to produce an over-aged microstructure. 

Figure 5.29 - Plate-Shaped 8'-CuAh View from Near the [011] Aluminium Axis 
Sample was Solution Heat Treated at 495 oC for 4 h and Aged for 24 h at 180 oC 

From the TEM observations, it is found that silicon forms precipitates in the 

aluminum matrix with four distinct morphologies, as illustrated by the transmission 

electron micrographs in Figure 5.30. Strengthening precipitates have been identified; 

namely Si plates and partic1es, CuMgAh and Mg2Si. Minor species do not contribute 

significantly to strength, among them: the two quatemary precipitates (Q phase or 

Al5Cu2Mg7Sh and AICuMgSi), the Si rods, the Si laths, and the CuAb precipitates. 
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_SOnrn 

(a) Spherical Si Partic1e After Solution 
Treated at 495 oC for 4 h and Quenched 

in Water at 90 oC 

(c) Si Plates After 12 h of 
Aging at 180 oC 

(b) Si Rods After Solution 
Treated at 495 oC for 4 h and Quenched 

in Water at 90 oC 

(d) Lath of Si After 12 h of 
Aging at 180 oC 

Figure 5.30 - Bright Field Transmission Electron Micrographs 
ofPrecipitates in Alloy M 
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(e) Precipitation of e' and e After 
12 h of Aging at 180 oC 

(f) CuMgAlz (S') Precipitates After 
2 h of Aging at 180 oC 

Figure 5.30 - Bright Field Transmission Electron Micrographs 
ofPrecipitates in Alloy M 

(Continued) 

Table 5.6 gives the analysis of the average length and diameter of at least 50 

silicon precipitates of different morphologies. 

Table 5.6 - Average Length and Diameter of the Si Precipitates and 
CuAlzMg(S') Present in the Aluminum Matrix (Alloy M) 

Precipitate 

Spherical Si 
Si Rods 
Si Plates 
Si Lath 

CuAlzMg (S') 

Average Length 
(nm) 

50-100 
200-300 
500-1000 

3000-5000 
100-200 

Average Diameter 
(nm) 

50-100 
10-15 
10-30 

1000-2000 
5-10 
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CHAPTER6 

DISCUSSION 

6.1. Microstructural Results 

A senes of parftmeters can be ern.ployed to describe the metallurgical 

microstructure of aluminum castings. Separation between dendritic arms is affected by 

the solidification rate, distribution and aspect of the eutectic aggregate. As weIl grain 

size, can be controlled by addition of elements or compounds and by the cooling rate. 

Size and distribution of intermetallic phases is much more complex, since care has to 

be taken with respect to impurity content as weIl as other solidification conditions. 

6.1.1. Microstructure 

Alloy 319.2 contains both high concentrations of copper and silicon. Copper 

contributes to strength by precipitation hardening and silicon improves castability. 

Solidification starts with the formation of equiaxed dendritic a-aluminum crystals. The 

dendrites grow at a high velocity and become coherent very early. In the period of 

dendrite arm coarsening, iron-containing phases a-Ahs(Fe, Mn)3Sh or p-AIsFeSi may 

precipitate. During the main eutectic reaction, Al, Si and p-AIsFeSi phases precipitate 

together. When the temperature is below 515 oC, CuA}z, AIsMgsCu2Si6 and Mg2Si 

phases start to precipitate through so~ low temperature eutectic reactions. These late 

reactions have no bearing on coherency or rigidity points [13]. 
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The increased Mg content (up to 0.4 %) in sorne of the samples, will not 

significantly change the solidification process, (and hence the precipitates), except that 

an increased amount of AIsMgsCu2Si6 phase will be present. 

Microstructures of unmodified samples (alloy A and alloy M) in the as-cast 

condition were shown in Figures 4.2a and 4.2b. In commercial casting processes, the 

metal solidifies dendritically into the liquid solution. The cells contained within the 

dendritic structure correspond to the dimensions separating the arms of the primary 

dendrites which are rich in aluminum and are outlined by the eutectic structure. The 

eutectic structure consists of silicon flakes and needles without preferential orientation 

in an aluminum matrix. Although the Si platelets generally appear as isolated needles 

in two dimensions, the placement of the eutectic silicon particles indicates a three 

dimensional structure of a continuous platelet network. The unmodified microstructure 

is acicular, where the silicon represents the hard phase that causes a discontinuity of the 

soft and ductile matrix of aluminum. It is the presence of these large brittle Si flakes in 

the unmodified alloys which causes the castings to exhibit lower tensile properties. 

The eutectic microstructure strongly depends on the composition and the casting 

process of the alloy. The presence of certain elements (such as Sr among others) even 

in very small amounts may have a dramatic effect. On the other hand, very high 

solidification rates may give modified structures, even in the absence of chemical 

modifiers. Higher cooling rates (for example when using a permanent mold), promote a 

finer eutectic structure, smaller dendritic cells and smaller arm spacing. 

Microstructures of modified samples (alloy MS) in the as-cast condition are 

shown in Figures 4.2c. The morphology of the Si flakes changed and became finely 

divided and fibrous. The modified eutectic is connected in a coral or seaweed-like 

structure. The structural transformation from acicular to fibrous Si causes an 

improvement of the tensile properties in the modified samples. Figure 6.1 shows the 

structural differences between the unmodified and modified alloys. 
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(a) AlloyM 

(h) AlloyMS 

Figure 6.1 - Scanning Electron Micrograph Showing the Structural 
Differences Between Unmodified and Modified Alloys: 

(a) Large Plates of Si Phase with Sharp Sides and Ends 
(h) Si Fihers Forming an Interconnected Network 
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The two heat treatments used in this work are solution treatment (T4 condition) 

and aging treatment (T6 condition). As was explained in previous chapters, the T4 

condition inc1udes solution heat treatment and a subsequent quenching; whereas in the 

T6 condition an artificial aging was done after the quenching. During the solution 

treatment, several metallurgical processes take place: homogenization of the as-cast 

structure, dissolution of intermetallic phases and morphological changes of the Si 

phase. During the artificial aging, precipitation hardening occurs. The quenching 

treatment has no effect on the Si microstructure, although during aging CuAh, AIMgSi 

and Mg2Si precipitate within the aluminum-rich dendrites, initially as GP zones and 

later as fine partic1es. 

The effect of different solution heat treatment times on the microstructure of 

unmodified and modified samples with and without Mg additions are shown in Figures 

4.3 and 4.5. As is well known, under normal cooling conditions, the eutectic silicon 

forms a network of interconnected irregular flakes. Thermal treatments can also alter 

the Si morphology. The change in size and morphology of the Si phase directly 

influences the mechanical properties. 

When the unmodified samples (alloy A and alloy M) are solution heat treated for 

4 h, the Si needles break up into smaller partic1es. As the treatment continues for 24 h, 

the Si partic1es spheroidize and coarsen. In the modified samples (alloy S and alloy 

MS), after 4 h of solution treatment, a large quantity of the Si has spheroidized and 

coarsening has begun. After 24 h of solution treatment, further coarsening of the Si 

takes place. 

As is seen in Figures 6.2 and 6.3, solution treatment causes spheroidization and 

coarsening in unmodified and modified eutectic phases. During solution heat treatment, 

modification facilitates fragmentation and promotes eutectic Si phase breakdown and 

branching, allowing a higher spheroidization rate due to the size of the fragmented Si 

segments. Other authors report similar observations [9, Il,94-97,99, 101]. 
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(a) 0 h 

(b) 4h 

(c) 24 h 

Figure 6.2 - High Magnification Micrographs Showing Effect of Solution Treatment 
Time on the Unmodified Microstructure in Alloy A: 

(a) As-Cast, (b) After 4 h Solution Heat Treatment at 495 oC, 
(c) After 24 h Solution Heat Treatment at 495 oC 
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(a) 0 h 

(b) 4 h 

(c) 24 h 

Figure 6.3 - High Magnification Micrographs Showing Effect of Solution Treatment 
Time on the Modified Microstructure in Alloy S: 

(a) As-Cast, (b) After 4 h Solution Heat Treatment at 495 oC, 
(c) After 24 h Solution Heat Treatment at 495 oC 
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The micro structural differences between unmodified and modified 

microstructures were greatly diminished with a longer solution treatment time (24 h). 

The prolonged solution heat treatment up to 24 h, led to a significant coarsening of the 

Si partic1es. The process by which the second phase partic1es coarsen and become 

larger is defined by Ostwald ripening [13]. This process involves the growth of larger 

partic1es at the expense of sm aller ones. Consequently, the number of second phase 

partic1es decreases while their average size and spacing increases. 

During solution heat treatment, incipient melting (Figure 4.4) can occur when the 

alloy composition exceeds the critical composition and the alloy is treated at a 

temperature higher than the eutectic temperature. In alloys with segregation of the 

alloying e1ements, the composition may locally exceed the critical composition, even 

though the mean composition is lower, and incipient melting will again occur [98, 

100]. 

The subsequent artificial aging at 180 and 220 oC had relatively no effect on the 

Si microstructure in unmodified or modified samples. Figure 6.4 presents the different 

modified microstructures obtained after 4 h of solution heat treatment at 495 oC and an 

artificial aging of 2 h and 10 h at 180 oC and 220 oC. Figure 6.5 shows the different 

modified microstructures obtained after 24 h of solution heat treatment at 495 oC and 

an artificial aging of 2 h and 10 h at 180 oC and 220 oC. 

Because the most common intermetallic phases found in these alloys are related 

to contamination with iron, which has a limited solubility in liquid aluminum, the iron 

level in this work was controlled « 0.15 wt %). A short summary of the intermetallic 

phases encountered in this alloy is presented in Table 6.1. The composition of the 

major interdendritic phases obtained from energy dispersive X-ray (EDX) analysis is 

shown in Tables 5.4 and 5.5. The data are in general agreement with the results 

obtained by previous studies [96]. 
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(a) After 2 h of Aging (b) After 10 h of Aging 

(c) After 2 h of Aging 

Figure 6.4 - Microstructure of Alloy S Treated at 495 oC for 4 h, Showing: 

(a, b) 180 oC Aging Temperature 
(c, d) 220 oC Aging Temperature 
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(a) After 2 h of Aging (b) After 10 h of Aging 

(c) After 2 h of Aging 

Figure 6.5 - Microstructure of Alloy S Treated at 495 oC for 24 h, Showing: 

(a, b) 180 oC Aging Temperature 
(c, d) 220 oC Aging Temperature 

132 
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In cast alloys, the morphology and nature of the intennetallics are controlled by 

the solidification rate and the chemical composition [7, 8, 30-42]. The solidification 

rate has a great impact on the kinetics and amount of iron-rich phases present in the 

microstructure. Higher cooling rates favor the fonnation of a-Al1S(Fe, Mn)3Siz phase 

(commonly referred to as Chinese script type), whereas at lower cooling rates the 

fonnation of ~-AlsFeSi needles takes place [30-42, 61]. 

Figure 6.6 shows the morphology of the iron-rich phases present in alloy S. The 

transition between ~-AlsFeSi to a-AllS(Fe, Mn)3Siz takes place at slower rates as the 

amount of iron is reduced [37]. Several studies [7, 8, 30-42] have shown that such 

transition depends on the amount of Fe, Mn and Cr. Fe promotes ~-AlsFeSi fonnation, 

while Mn and Cr contribute to the stabilization of a-Al1S(Fe, Mn)3Si2 partic1es. 

Table 6.1 - Intennetallic Phases in 319 Alloys 

Reaction 

Pre-dendritic 
Post-dendritic 

Eutectic 
Post-eutectic 

Phases 

AI1S(Fe, Mn)3Si2 
Al1S(Fe, Mn)3Siz, ~-AlsFeSi 

~-AlsFeSi, Mg2Si 
AIsMgsCu2Si6, CuAlz 

As the castings are heat treated, the solubility of the precipitated phases is not the 

only feature which changes. The morphology of intennetallic phases changes when the 

alloy is treated at high temperature for long periods of time. The morphology of ~

phase platelets changes through concurrent fragmentation and dissolution at the plate 

tips, whereas the a-Ahs(Fe, Mn)3Siz phase does not undergo any change. The Fe 

needles fragment and undergo graduaI dissolution with prolonged solution treatments 

(24 h). The blocky Cu phase dissolves with increasing solution time and its dissolution 

rate decreases when modified. 
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(a) 

(b) 

Figure 6.6 - High Magnification Micrographs Showing the 
Morphology of the Iron Rich Phases in Alloy S: 

(a) Chinese Script Type a-Ahs(Fe, MnhSiz Phase (Red Arrowed) 
(b) Needles of ~-AIsFeSi Phase (Blue Arrowed) 

134 
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The solution temperature is more critical than the solution time. A high solution 

temperature (over 530 OC) might be too high for an alloy containing any amount of the 

complex AIsMgsCu2Si6-CuAh, eutectic. Other authors [36, 102, 103] have reported an 

increase in porosity as weIl. 

6.1.2. Secondary Dendrite Arm Spacing (SDAS) 

Engineering castings can be improved by optimization of the secondary dendritic 

arm spacing (SDAS), since both mechanical and physical properties are enhanced 

when this parameter diminishes [28, 29]. The SDAS results of the as-cast and heat

treated coupons were shown in Tables 4.1 to 4.4. The SDAS results with their 

corresponding standard deviations are shown in Figures 6.7 to 6.10. It is seen that 

SDAS increases when increasing the solution heat treatment time. After 4 h of solution 

heat treatment, samples with Sr additions have higher SDAS than those without Sr 

additions (compare alloy A or M with alloy S or MS in Figure 6.7 and 6.8). On the 

other hand, this effect is not seen after longer solution heat treatment times (compare 

the same alloy but in Figures 6.9 and 6.10). Aging does not have a remarkable effect on 

the SDAS. At longer solution times and higher aging temperatures, the SDAS varies 

more and higher standard deviations are present (Figure 6.10). 

6.1.3. Grain Size 

The grain size results of the as-cast and heat-treated coupons were shown in 

Tables 4.5 to 4.8. The grain size results with their corresponding standard deviations 

are shown in Figures 6.11 to 6.14. Alloy S presents larger grains than the rest of the 

alloys. Longer solution heat treatment times promote grain growth. The latter effect is 

stronger in samples with Mg additions (alloy M), where the grain size increased 2 % 

after 4 h of solution heat treatment and increased 32 % after 24 h of solution heat 

treatment, whereas in alloy A, the grain size increased only 8 % after 24 h of solution 

heat treatment. The grain size increases linearly when aging time increases. 
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Figure 6.7 - Secondary Dendrite Arm Spacing Obtained from the Coupons 
(Solution Temperature 495 oC for 4 hours - Aging Temperature 180 OC) 
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Figure 6.8 - Secondary Dendrite Arm Spacing Obtained from the Coupons 
(Solution Temperature 495 oC for 4 hours - Aging Temperature 220 OC) 
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Figure 6.9 - Secondary Dendrite Ann Spacing Obtained from the Coupons 
(Solution Temperature 495 oC for 24 hours - Aging Temperature 180 OC) 
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Figure 6.10 - Secondary Dendrite Ann Spacing Obtained from the Coupons 
(Solution Temperature 495 oC for 24 hours - Aging Temperature 220 OC) 
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Figure 6.11 - Grain Size Obtained from the Coupons 
(Solution Temperature 495 oC for 4 hours - Aging Temperature 180 OC) 
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Figure 6.12 - Grain Size Obtained from the Coupons 
(Solution Temperature 495 oC for 4 hours - Aging Temperature 220 OC) 
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Figure 6.13 - Grain Size Obtained from the Coupons 
(Solution Temperature 495 oC for 24 hours - Aging Temperature 180 OC) 
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Figure 6.14 - Grain Size Obtained from the Coupons 
(Solution Temperature 495 oC for 24 hours - Aging Temperature 220 OC) 
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6.2. Mechanical Properties 

Many variables affect the mechanical properties in aluminum alloy castings, such 

as: the variation in the chemical composition within the specific limits of the alloy 

(especially Mg content); the casting soundness; the metallurgical characteristics (like 

grain size, constituent distribution and eutectic modification); the solidification rate and 

the heat treatment. Because it is possible to control grain size, constituent distribution 

and eutectic modification, then the major variations in mechanical properties come 

from the ability to control shrinkage and solidification rates in a casting. 

6.2.1. Casting Soundness 

To detect the presence of casting/solidification defects mainly associated with 

shrinkage and porosity in the tensile bars, all samples were X-rayed. The gage length 

was carefully examined to detect the presence of porosity or inclusions. The X-ray 

films facilitated the selection of sound samples. Most of the test bars were sound with 

negligible gas porosity (rated "slight" according to ASTM standards). The results 

indicated that porosity increased with modification. 

6.2.2. Hardness 

The 319.2 base alloy exhibits three main phases in addition to the aluminum solid 

solution: Si, CuAh and p-AI5FeSi. This alloy does not exhibit the common peak and 

overaged conditions associated with classical precipitation hardening processes. The 

complex metallurgy of 319 alloy likely leads to a series of precipitates which form 

sequentially, and become coherent or incoherent at different times. Thus, the hardening 

curves exhibit a series of peaks and valleys. The peaks correspond to times when one 

or more of these precipitates are able to add hardness to the alloy; the valleys 

correspond to conditions of overaging with respect to these particular precipitates. 

Subsequent precipitation of a different species is then able to add hardness resulting in 

another peak. 
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The maximum hardness during age hardening is obtained by partly incoherent 

precipitation (or intermediate phases). Larger partic1es tend to break away from the 

aluminum lattice, forming small crystals sometimes with aluminum atoms (such as 

CuAh) or intermetallic compounds of the foreign atoms such as MgZn2 or Mg2Si. In 

this case, the lattice structure of this precipitate is completely divergent from that of the 

aluminum matrix. The diameter of these precipitates and heterogeneities measures 

between 0.02 /lm and 5 /lm. Partic1es larger than approximately 1 /lm in diameter are 

visible under an optical microscope. 

The results indicate that modification has an influence in the Al matrix, as well as 

on the eutectic Si (Figures 4.12 and 4.13). The shorter the solution heat treatment, the 

smaller the difference existing between the unmodified and modified alloys. 

Spheroidization and coarsening of the eutectic Si occur at the elevated temperature of 

solution heat treatment or at prolonged times. The change in size and morphology of 

the discontinuous Si phase is significant since it directly influences the hardness. Thus, 

the modifier does have sorne effect on the metallurgy of the heat treatment process. 

The modified alloys (alloys S and MS) remain softer after artificial aging. 

To determine the effectiveness of aging temperature and time on the hardness of 

alloy M (high Mg content, high volume fraction ofintermetallics) coupons were treated 

similarly (same solution heat treatment conditions and aging times), as can be seen in 

Table 4.9. Prolonged aging treatment at 220 oC brought about significant changes in 

hardness. When the aging treatment temperature is raised from 210 to 220 oC, a 

remarkable aging response (decrease in VH by -10 %) is exhibited by the unmodified 

high Mg-containing alloys. 

Also, although the modified high Mg alloy apparently displays slightly lower 

hardness parameters compared to those obtained from the high Mg alloy, the 

consistency in the data is better. Due to improvement in the silicon partic1e 

spheroidization process, coupled with a greater dissolution of the CuAh phase in the 

aluminum matrix, the hardness of the high magnesium alloy also decreases. 
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6.2.3. Tensile Properties 

After solution heat treatment (4 h at 495 OC) and quenching, the alloy A 

possessed a YS of 177 MPa (Figure 4.l8a). Aging either at 180 oC or at 220 oC slightly 

enhanced the YS level to 219 MPa only after 10 h. Other authors have reported that 

aging in the temperature range of 180-220 oC is characterized by the presence of peak

aging [55]. However, the maximum yield stress value diminished with the increase in 

the aging temperature. A noticeable softening was observed in samples with Sr 

additions when aged at 220 oc. 

In cast samples with Mg additions, the YS was 228 MPa, and increased to 237 

MPa under the T4 condition. As can be seen from Figures 4.18 and 4.19, each aging 

temperature reveals a peak aging. The maximum YS and aging time decreased with the 

increase in aging temperature. The maximum YS value (345 and 375 MPa) was 

~btained when the high Mg alloy was aged either for 0.5 h at 220 oC or 10 h at 180 oc. 

In cast samples with Mg and Sr additions the YS was 213 MPa. After solution 

treatment, the YS value was 227 MPa. When the alloy was aged for 8 h at 180 oC, an 

increase by about 50 % was seen. Lower aging temperatures caused hardening in 

samples with Mg and Sr additions, although the obtained YS values were lower than in 

samples with Mg additions. 

For the 319.2 alloy the UTS value for samples that were solution treated was 

about 310 MPa. A somewhat linear hardening resulted when using an aging 

temperature of 220 oC, with a decrease in the slope with decrease in aging temperature. 

The maximum UTS value was 320 MPa at 180 oC for 0.5 h. When adding Mg, there is 

a strong response to aging conditions and peak-aging was c1early distinguished. In the 

T4 condition a value of the order of 339 MPa was obtained. Peak-aging was clearly 

distinguished, but aging at higher temperature led to a more linear hardening. The 

maximum UTS level reached was 370 MPa, corresponding to either 4 h at 180 oC or 

0.5 h at 220 oc. 
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As mentioned previously, the alloy with Mg and Sr additions had tensile 

properties lower than those with Mg. Prior to aging, the UTS value was 313 MPa. 

When aging at 220 oC a substantial increase to 349 MPa was observed, followed by an 

overaging effect. An inverse phenomenon was seen at 180 oC. The minimum UTS 

level (270 MPa) was obtained when aging at 220 oC for 5 h. In order to reach the peak

hardness, the time required decreased with the increase in aging temperature. The 

maximum UTS value was around 350 MPa, obtained at 180 oC for 4 h or at 220 oC for 

0.5 h. 

From the results, it can be seen that the addition of 0.40 % Mg to A319.2 alloy 

enhances the YS in the as-cast condition, maintaining a good level ofUTS. When aged 

either at 180 oC or 200 oC for 8 h, the Mg additions increased the YS and UTS by 5 % 

and 44 %, respectively. For samples in the T4 condition, addition of Mg enhances the 

YS and UTS by -31 % and -2 %, upon aging at 180 oC or 220 oC for 8h. 

Samples with Sr additions did not exhibit a remarkable difference in UTS, 

although other authors have reported a negative effect of Mg addition on the 

modification efficiency of Sr in 319 alloys [102-104]. Aging the samples with Mg and 

Sr additions at 180 oC and 220 oC for 4 h, showed increases in the YS and UTS by -79 

% and -10-27 %, respectively, in comparison to the values obtained from the 319 

alloy. 

The decreases in hardness and tensile values with increasing aging time and 

temperature can be explained by the increased rate of growth of the precipitates at 

higher temperatures. As temperatures increase, so does the diffusion rate, which is 

defined as the atom's ability to move within the crystal lattice. For hardness, as the 

precipitates grow, the aluminum crystallattice is strained, creating a hardening effect. 

Once the precipitates exceed a critical size, the lattice will shear and the crystallattice 

strain will be reduced. When this occurs, the condition is termed "overaging" and 

lower hardness values are recorded [102, 105]. 
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Tensile strength is also impacted when the precipitates exceed a critical size, but 

in this case it is related to the quantity and distribution of precipitates. Let us make the 

assumption that, initially, the precipitates are evenly distributed and uniformly sized. 

As a preferential precipitate grows, it draws atoms from the surrounding precipitates, 

which in tum reduces the total number of precipitates, which in tum reduces the total 

number of precipitates within the aluminum crystal lattice. With fewer precipitates 

present, the average distance or spacing between neighboring precipitates increases, 

and thus it is easier for slip plane movement to occur. This is an important point, due to 

the fact that the force required to cut through a precipitate is inversely proportional to 

the precipitate spacing. Once this critical size and precipitate spacing is reached, tensile 

strengths will begin to decrease. 

Thus, UTS and hardness are optimum at low aging temperatures due to an 

increase in the number of precipitates being nuc1eated at lower temperatures. In the 

case of hardness as the precipitates grow, the increased quantity of them provides a 

uniform strain of the crystal lattice, resulting in higher hardness. Due to the lower 

aging temperatures, diffusion is slowed and maximum hardness is achieved at longer 

aging times. 

For tensile strength, as opposed to what was previously stated for increased aging 

time and temperature, the greater the quantity of precipitates, the smaller the 

interpartic1e spacing and the greater the force required to cut through the precipitates. 

In addition, the greater quantity of precipitates will interface with the slip-planes by 

pinning the grain boundaries, thereby resulting in higher UTS. 

From Tables 6.2 and 6.3, it is seen that the yield strength is unaffected by the 

micro structural changes associated with solution treatment or modification and 

depends primarily on the Mg content and the aging conditions. It is significant that heat 

treatment yields a somehow larger improvement in tensile properties than does 

modification. 
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Table 6.2 - Effect of the Composition on Tensile Properties and 
Vickers Hardness (VH) in As-Cast Condition Samples 

Composition 
UTS YS VH 

(MPa) (MPa) (5 Kgf) 

A 279.28 ± 9.20 177.31 ± 2.23 68.75 ± 2.71 
S 251.53 ± 1.39 161.20 ± 0.68 65.60 ± 4.88 
M 313.16 ± 8.77 228.27 ± 6.69 87.54 ± 1.01 

MS 269.45 ± 1.01 213.11 ± 0.98 82.55 ± 2.49 

Table 6.3 - Effect ofthe Composition on Tensile Properties and 
Vickers Hardness (VH) in T4 Condition Samples 

Composition 
UTS YS VH 

(MPa) (MPa) (5 Kgf) 

A 310.32 ± 6.95 178.61 ± 8.44 85.69 ± 0.46 
S 291.09 ± 3.92 163.20 ± 1.99 84.60 ± 0.42 
M 339.12 ± 0.84 237.22 ± 5.36 100.70 ± 2.36 

MS 312.83 ± 8.88 227.29 ± 3.30 96.32 ± 1.81 

6.3. Electron Probe Microanalyzer (EPMA) Results 

145 

The distribution of various elements within the aluminium dendrites was 

determined by performing quantitative line scans (5- or 10- /-lm steps) across 

aluminium dendrites. Figure 5.1 shows an example ofthis analysis for a modified high

Mg as-cast sample. The quantitative line scans were done along the major and minor 

axes of the dendrites (Table 5.1). The Cu concentration is a minimum (0.95 wt %) near 

the center ofthe dendrites, and increases (up to 3.7 wt %) at the edges. 
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A non unifonn concentration across the aluminum dendrites was observed for Si, 

although its maximum concentration was at the center of the dendrite (1.18 wt %) and 

its minimum at the dendrite eutectic boundary (0.5 wt %). This non unifonn 

distribution results from the non equilibrium solidification or coring [31]. The effect of 

coring seems to disappear after solution heat treatment. 

After 4 h of solution treatment, the Cu concentration in the matrix around the 

CuAlz partic1es is ~4 wt %, whereas after 24 h of solution the Cu concentration is ~ 3.5 

wt %. So, during the solution heat treatment, the Cu atoms diffuse in the matrix far 

away from the remaining CuAb during the solution heat treatment. This is in 

agreement with other authors [3, 13, 98-100], that even after solution at 495 oC for 24 

h, the dissolution of CuAh occurs by diffusion of the Cu atoms in the outer layer of the 

CuAh phase partic1es into the surrounding matrix, without changing the chemical 

composition of the remaining portions of the partic1es. 

In alloy M and MS, the Si concentration in the matrix after 4 h of solution 

treatment decreases by 27 %. Prolonging the solution time does not seem to have an 

influence on the Si concentration in the matrix around CuAlz partic1es. On the other 

hand, in alloy M, the Mg concentration in the matrix doubled after 4 h of solution 

treatment. When the high Mg alloy is modified, the Mg concentration increases by 55 

%. Further solution treatment has little influence on the Mg concentration in the matrix. 

The effect of solution treatment time and aging temperature on the element 

content at the center of dendrites for alloys M and MS aged for 4 h is presented in 

Table 5.2. The presence of Sr in alloy MS promotes the precipitation of Cu- and Mg

rich phases and Si partic1es. In high Mg samples solution heat treated for 4 h, higher 

aging temperatures promote the precipitation of Cu, Mg and Si phases within the 

dendrites. When high Mg samples are modified and after solution heat treated for 4 h, 

higher aging temperatures do not promote the precipitation of Cu, Mg and Si phases 

within the dendrites. When high Mg samples are solutionized for longer times, there is 

an increase in the amount of elements distributed within the dendrites. An inverse 
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phenomenon lS seen when these samples are modified. Overall higher agmg 

temperatures slightly decrease the element content at the center of the dendrites, except 

in high Mg samples solution heat treated for 4 h. 

The line scans corresponding to alloy M in the as-cast and T4 condition (Figure 

5.2) reveal the concentration gradients of Cu and Mg across the area containing the Cu

and Mg- phase partic1es. After 4 h of solution, the concentration gradient of Cu around 

CuAlz partic1es decreases 16 %, whereas that of Mg around Al5M8Si6Cu2 partic1es 

decreases ~39 % and increases again after 24 h of solution due to coarsening ofthe Mg 

phase partic1es. After 24 h of solution, the CuAlz phase was very small and dispersed, 

making its detection impossible. 

The line scans for alloy MS (Figure 5.3), show that the concentration gradient of 

Cu around CuAlz partic1es remains stable during solution treatment, whereas that of 

Mg around Al5M8Si6Cu2 partic1es decreases ~20 % and increases after 24 h of solution 

due to coarsening of the Mg phase partic1es. The stable concentration gradient of Cu 

around CuAlz partic1es is attributable to the presence of Sr, since the rate of dissolution 

decreases with Sr concentration (compare Figure 5.5 b and e). 

Figure 5.4 and later Figure 5.20 show that in modified high-Mg alloys 

segregation of Al5M8Si6Cu2 and CuAlz phase partic1es exists in are as away from the 

advancing interfaces of the eutectic silicon colonies. This results in a blocky 

morphology of the CuAlz phases, making their dissolution in the aluminum matrix very 

slow during solution heat treatment, as can be seen in Figure 5.5 and 5.6. The EDX 

spectra of the corresponding phases in samples in the as-cast and T4 conditions are 

seen in Figure 5.7,5.8 and 5.9 respectively. 

During aging, precipitation of second phase partic1es containing mainly Cu and 

Mg takes place (Figures 5.10 and 5.11). Such precipitated partic1es are too fine to be 

c1early examined by optical microscopy and even hard to detect by the beam of the 

electron probe. 
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Wavelength-dispersive X-ray maps analyzed the Al, Si, Cu, Mg and Fe 

distribution in alloy M and MS after 4 h of aging (Figures 5.12 to 5.15). Figures 5.16 to 

5.19 show the Cu and Mg precipitates in alloy MS under different T6 heat treatments. 

It appears that at higher aging temperatures these precipitates are slightly larger 

independent of the solution time. However, it must be appreciated that the diameter of 

the beam limits the analysis of such fine precipitates. 

The effect of solution treatment time and aging temperature on the precipitation 

of second phase partic1es for alloy MS aged for 4 h is presented in Figures 5.21 to 

Figure 5.24. From the figures, it is seen that when samples are solution heat treated for 

4 h and aged at a higher temperature, Cu, Mg and Si precipitates are coarser but fewer 

in number. When samples are solution heat treated for longer times, there is a decrease 

in the amount of the second phase partic1es. 

The results of the WDS analysis carried out on different phases found in the 

modified and unmodified high Mg alloys are summarized in Table 5.4 and 5.5. 

6.4. Field Emission Scanning Electron Microscopy (FE

SEM) Results 

To characterize the fine precipitates in the alloy M, an imaging technique capable 

of achieving good resolution and contrast at a magnification of roughly x 1 OOk was 

necessary. For such application, the selection of an appropriate detector is a significant 

factor in determining how charging, contrast and contamination will occur. As was 

pointed out by other authors [106], the FE-SEM can analyze small partic1es (below 50 

nm) but the analysis in 'bulk' samples must be carried out at low voltages to preserve 

volume resolution, resulting in very weak signaIs. Thin foils were analyzed using 

relatively high voltages since the interaction volume effect is no longer a problem. 

Since an accelerating voltage of 10 kV gave the best results for the EDS analysis, this 

voltage was used to analyze smaller partic1es. 
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As was explained previously, hardening in this alloy occurs by cooperative 

precipitation of CuAlz and Mg2Si phase partic1es. In the peak-aged conditions, the 

CuAh and p' -Mg2Si are metastable phases, coherent with the matrix. The size of these 

metastable phases increases with increase in either the time or temperature of the 

aging. 

As a result, equilibrium 9 (CuAh) and p' (Mg2Si) phases in the form of 

incoherent partic1es are responsible for the observed drop in the alloy strength. The 

precipitated partic1es in the peak-aged condition are too fine to be c1early analyzed by 

optical microscopy. In the over-aged condition, the partic1es are visible and can be 

distinguished from the other dissolved phases. 

The size and distribution of the precipitation in alloy M in the as-cast condition is 

presented in Figure 6.15, where large (300nm x 100nm) and small (50 nm x 25 nm) Si 

partic1es were detected. After solution heat treatment of the alloy, almost all partic1es 

remain in solution (Figure 6.16). When prolonged times are used, coarsening of Si, 

CuAh and AIMgSiFeCu phases takes place (compare Figure 6.16b and 6.17b). 

The size and distribution of the precipitation in alloy M after being solution heat 

treated at 495 oC for 4 h and aged at 180 oC for 2, 4, 6, 12 and 24 h is presented in 

Figures 6.18,6.19,6.20,6.21 and 6.22, respectively. 

The homogeneous distribution of the precipitated partic1es throughout the matrix, 

when the tensile properties were in the peak-aged condition and represent a maximum, 

can be seen in Figure 6.19 and 6.21. These figures correspond to samples solutionized 

for 4 h at 495 oC and aged at 180 oC for 4 h and 12 h, respectively. The size of the 

partic1es varies between 5 Ilm x 500 nm x 50 nm (length x width x diameter) when 

aged for 4h and 500 nm x 100nm x 100 nm (length x width x diameter) after 12 h of 

agmg. 
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The increase in the number and the distribution of the very fine Cu and Mg 

precipitates after 4 h of aging, can explain the increase in strength reported for this 

condition. After 12 h of aging, strength can be explained due to the large amount of Cu 

and Mg precipitation throughout the sample and the existence of large coherent CuAlz 

phase partic1es. No definite partic1e boundaries can be seen and the corresponding 

EDX spectrurn (Figure 6.23) reveals diffused Mg and Cu reflections, indicating the 

coherency of the partic1es with the matrix. 

Samples that report a minimum on the hardening curve can be seen in Figures 

6.18 and 6.20, and correspond to samples aged for 2 h and 6 h, respectively. After 2 h 

of aging, there is no detectable fine precipitation within the matrix, but coarse Si 

partic1es of ~ 1 ~m and Cu partic1es of 40-80 nm are present. When aged for 6 h, the 

size of the partic1es varies between 500 nm x 100 nm x 100 nm (length x width x 

diameter). A remarkable increase in the size and number of small precipitates (~40 to 

80 nm of diameter) was seen after 6 h of aging. 

When the sarnple is overaged (Figure 6.21 and 6.22), two phases were identified, 

namely CuAlz and Mg2Si. The large CuAlz phase partic1es have defined boundaries 

indicating their coherency with the matrix. The associated EDX spectrum reveals 

strong Mg and Cu reflections compared to the ones of the peak-aged condition (Figure 

6.23). 

Figure 6.24 shows the effect of Sr on the high Mg alloy after solution at 495 oC 

for 4 h and aging at 180 oC for 4 h. An increased arnount of precipitation is seen in 

modified samples, along with a segregation of Al5MgsSi6Cu2 and CuAlz phases. 

FE-SEM was used to successfully characterize Cu and Mg precipitates as fine as 

50 nm (comparable to the capabilities of a TEM). It was found that increasing the 

accelerating voltage from 5 kV to 30 kV improved the EDS acquisition. This 

improvement is due to its advantage on the high peak-to-background ratio inherent in 

thin specimens, such as in thin foils, due to their small interaction volume. 
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Figure 6.15 - Alloy M Showing: 
(a) Si Containing Phase (Blue Arrowed) Precipitation 
(b) Magnified View of the Circ1ed Area Showed in (a) 
( c) EDS Spectra Corresponding to the Phases Present 

In the As-Cast Condition 
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Figure 6.16 - Alloy M Showing: 
(a) Cu Containing Phase (Yellow Arrowed) Precipitation 

(b) Magnified View of the Circ1ed Area Showed in (a) 
( c) EDS Spectra Corresponding to the Phases Present 

After Solution Heat Treated at 495 oC for 4 h 
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Figure 6.17 - Alloy M Showing: 
(a) Cu Containing Phase (Yellow Arrowed), Mg Containing Phase (Red 

Arrowed) and Si Containing Phase (Blue Arrowed) Precipitation 
(b) Magnified View of the Circ1ed Area Showed in (a) 
( c) EDS Spectra Corresponding to the Phases Present 

After Solution Heat Treated at 495 oC for 24 h 

153 



Chapter 6 Discussion 154 
~~~~----------------~~~~---------------------

(a) 

(b) 

500 Al 

400 

.1!l 300 
c 
::s 
0 
(.) 200 

100 Cu 

LA, C'Â Cu 
0 .A 

0 2 4 6 8 10 
Range (keV) 

(c) 

Figure 6.18 - Alloy M Showing: 
(a) Cu Containing Phase (Yellow Arrowed) Precipitation 

(b) Magnified View ofthe Circ1ed Area Showed in (a) 
(c) EDS Spectra Corresponding to the Phases Present 

After Solution Heat Treated at 495 oC for 4 h and Aged at 180 oC for 2 h 
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Figure 6.19 - Alloy M Showing: 
(a) Cu Containing Phase (Yellow Arrowed), Mg Containing Phase (Red 

Arrowed) and Si Containing Phase (Blue Arrowed) Precipitation 
(b) Magnified View of the Circ1ed Area Showed in (a) 
( c) EDS Spectra Corresponding to the Phases Present 

After Solution Heat Treated at 495 oC for 4 h and Aged at 180 oC for 4 h 
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Figure 6.20 - Alloy M Showing: 
(a) Cu Containing Phase (Yellow Arrowed), Mg Containing Phase (Red 

Arrowed) and Si Containing Phase (Blue Arrowed) Precipitation 
(b) Magnified View of the Circled Area Showed in (a) 
( c) EDS Spectra Corresponding to the Phases Present 

After Solution Heat Treated at 495 oC for 4 h and Aged at 180 oC for 6 h 
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Figure 6.21 - Alloy M Showing: 
(a) Cu Containing Phase (Yellow Arrowed), Mg Containing Phase (Red 

Arrowed) and Si Containing Phase (Blue Arrowed) Precipitation 
(b) Magnified View ofthe Circ1ed Area Showed in (a) 
(c) EDS Spectra Corresponding to the Phases Present 

After Solution Heat Treated at 495 oC for 4 h and Aged at 180 oC for 12 h 
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Figure 6.22 - Alloy M Showing: 
(a) Cu Containing Phase (Yellow Arrowed) Precipitation 

(b) Magnified View of the Circ1ed Area Showed in (a) 
( c) EDS Spectra Corresponding to the Phases Present 

After Solution Heat Treated at 495 oC for 4 h and Aged at 180 oC for 24 h 
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Figure 6.23 - EDXs Corresponding to Precipitation in AIloy M After 
Solution Heat Treated at 495 oC for 4 h and Aged at 180 oC, Showing: 

(a) Peak-Aged Condition After 4 h of Aging 
(b) Over-Aged Condition After 24 h of Aging 
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(c) (d) 

Figure 6.24 -Size and Distribution of Cu Containing Phase (Yellow Arrowed), 
Mg Containing Phase (Red Arrowed) and Si Containing 

Phase (Blue Arrowed) Precipitation 

After Solution Heat Treated at 495 oC for 4 h and 
Aged at 180 oC for 4 h Showing: 

(a, b) AlloyM 
(c, d) Alloy MS 
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6.5. Transmission Electron Microscopy (TEM) Results 

Understanding the age-hardening curves requires TEM analysis of the aluminum 

dendrites. It is apparent from the microstructural observations, that 319 alloy is 

complex, with a variety of particIes and precipitates which exceed that normally 

encountered in most cast aluminum alloys. Along with the existence of large particles 

of silicon and intermetallics -which has long been recognized-, this alloy exhibits the 

presence of smaller precipitates in the aluminum matrix. Such small precipitates can 

contribute to the strength of the alloy to some degree. In the age-hardening process of 

AI-Si-Cu-Mg alloy, GP zones and metastable phases can strengthen alloys and lead to 

the aging pea1e 

Fine and profuse GP zones are distributed homogeneously in the matrix in the 

early stage of aging, and their strengthening effects are significant. Metastable phases 

at intermediate aging in semi-coherency with the matrix, are resistant to the movement 

of dislocations, and thus have a certain strengthening effect [8, 13, 97, 98]. However, 

the GP zones dissolve before th~ metastable phase formation in the precipitation 

sequence of AI-Si-Cu-Mg alloy [3]. Other authors have reported that the 8 phase has 

been nuc1eated on dislocations [3, 99, 100]. These plate-like metastable phases are 

nuc1eated and grow on dislocations at the expense of fine and uniformly dispersed GP 

zones. 

In the transition from GP zones to metastable phases, the number of GP zones 

decreases significantly by dissolution, while the metastable precipitates have not grown 

enough and their size is too small to resist the movement of dislocations. Therefore, the 

age-hardening effect of the alloy is low at this stage, and this can explain the lower 

hardness in valleys between two aging peaks. 

The continuous transition from GP zones to the metastable phase may be 

responsible for the hardness plateau presented along the aging-curve. 
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From the TEM observations and measurements of tensile strength, important 

strengthening precipitates have been identified; namely Si plates and partic1es, 

CuMgAh and Mg2Si. The relative contributions of these precipitates depend very 

strongly upon the Mg concentration in the aluminum matrix which is in turn controlled 

by the thermal history. Minor species do not contribute significantly to strength, among 

them: the two quaternary precipitates (Q phase or AIsCu2Mg7Si7 and AICuMgSi), the 

Si rods, the Si laths, and the CuAh precipitates. 

Additionally to 8' precipitation, very small precipitates can be seen in the form of 

dark points or small needles. The diffraction pattern from these precipitates is similar 

to that from 8', but the streaks are stronger and sorne additional maxima can be 

identified within them. They result most probably from the presence of S' (CuAhMg) 

phase. Computer simulations of the S' reflections done by other studies [6, 102-106] 

show that S' reflections are hidden within the streaks of8'. Eskin et al. [2-6,55.105] 

suggested that the small plates are the P" phase, but his supposition was based only on 

the morphology, not the diffraction evidence. 

Silicon forms precipitates in the aluminum matrix with four distinct 

morphologies, as illustrated by the transmission electron micrographs in Figure 5.30. 

The most common form of Si consists of small almost spherical particles ~50 nm in 

diameter. These precipitates seldom grow any larger than 50 nm in diameter even after 

aging for 24 h at 220 oC. They consist of multiple domains due to the intersecting twins 

which impinge on each other and arrest further growth ofthe partic1e (Figure 5.30a). 

Silicon rods were observed as a minor constituent, typically 200 nm long and 10 

nm in diameter and aligned along the <100> axis of the aluminum lattice (Figure 

5.30b). 

Silicon can be present in the form of plates 500-1000 nm long and 10-30 nm 

thick, oriented almost parallel to the [100] plane of the aluminum lattice (Figure 5.30c). 
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Another minor form of Si consists of very large laths with a rod-like morphology 

typically 5 /-lm long and 1 !J.ffi thick. These large precipitates are intemally twinned on 

planes parallel to their length (Figure 5.30d). 

The high concentration of Cu in the 319 aluminum alloys promotes the binary 

precipitate CuAh (8') to a major role in the T6 temper. These plates are typically 50-

100 nm in diameter and 10 nm thick and are oriented parallel to the [100] plane of the 

aluminum lattice. In the overaged condition sorne of the 8' converts to 8 partic1es 

(Figure 5.30e). 

The binary precipitate Mg2Si (~') is found only as a very minor species. These 

needles are typically 50 nm long and 5 nm in diameter, oriented parallel to the <100> 

direction of the aluminum lattice. The only temary precipitate observed is the 

CuMgAh (S ') phase in the form of rods typically 100 nm long and 10 nm thick 

oriented parallel to the <100> axis of the aluminum. They nuc1eate heterogeneously on 

either dislocations or on very small partic1es of a quatemary phase (Figure 5.30f). 

6.6. Precipitation Processes 

It was believed previously that natural aging occurred in heat-treatable aluminum 

alloys together with zone formation, while artificial aging brought about incoherent 

precipitation. 

The structural changes during the age-hardening process, in reality, are not so 

easy to distinguish. With increasing aging temperatures, different decomposition and 

precipitation processes take place in sequence, in sorne cases, and simultaneously in 

others. This can be shown in detail by considering the 319 alloy of this study. In this 

alloy, five stages of structural changes can be determined during the heat-treating 

operations. These are summarized in Table 6.4. 



Chapter 6 Discussion 164 

Table 6.4 - Age Hardening Behavior of Alloy M 

Stage Heat Treatment Phases 

1 None Mostly precipitated as equilibrium CuAlz 
phases (point A) 

II Solution treatment and rapid 
cooling 

III N atural aging at room 
temperature 

NAge hardening at 180 oC 

AlI Cu in solution 
Most Mg phases in solution (point B) 

Segregation into GP 1 zones (coherent) 

Dissolution of GP 1 zones 
Segregation into GP II zones (coherent) 
Precipitation of S' phase (CuAlzMg) 
(point C) 

Further age hardening at 180 oC Increased diffusion into GP II zones and 
precipitation as 8 phase (partially 
coherent) (point D and E) 

V Overaging resulting from 
treatment time too long 

Precipitation of S' phase (CuAlzMg) 
(point E and F) 
Precipitation of W' phase (Point E and F) 
Precipitation of traces of Si (Point G) 

Precipitated as 8 phase, the equilibrium 
phase (incoherent) (Point Gand H) 
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The first stage represents the structure prior to solution heat treatment. The 

precipitates may originate either in the cast structure or in any previous thermal 

treatment. In the second stage, the copper atoms that had precipitated previously are 

taken into solution at 500 oC. This solution heat treatment also removes any previous 

cold work or precipitation hardening. The material is then quenched from the solution

treatment temperature to room temperature, developing helical dislocations. 

During natural aging, the dissociation of the supersaturated solid solution begins 

by coherent precipitation of copper-rich GP zones only a few atoms thick. These 

precipitates stress the aluminum lattice, and because of their great number, form a 

dense network that impedes the movement of dislocations during deformation. The 

extremely small zones that originate at room temperature are called GP l zones and do 

not grow more during subsequent artificial aging, but actually re-dissolve in a short 

time at temperatures between 150 to 200 oC, leading to a temporary reduction in 

hardness. This regression suggests that the arrangement of the strengthening atoms, 

after artificial aging, is basically different from that after natural aging. Artificial aging 

at elevated temperatures causes new enrichment of copper atoms in GP II zones soon 

after the end of the reversion. 

As the artificial aging continues at approximately 180-220 oC, the formation of a 

metastable phase, S, takes place, which corresponds to the equilibrium phase CuAlz in 

composition, but has a different crystal lattice. Maximum hardness is obtained during 

the appearance of the GP II zones and sometimes for a mixture of GP II, S'and a 

mixture of S' + S' + W' and precipitating Si. 

Sorne authors [2-6], have reported that they observed Q' phase, but these 

precipitates have electron diffraction patterns very close to that of the W' (or W) phase. 

Copper and excess silicon refine W' precipitates, Mg facilitates the formation of the S' 

phase instead ofS" [5, 6]. 
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As soon as only 8' particles are present, the stage of overaging is attained, 

characterized by a reduction in hardness, tensile strength, and elongation. When aged at 

longer times, the equilibrium phase CuAh forms a relatively coarse precipitate, which 

is visible under the optical microscope. 

The change of phase composition affects the aging response and mechanical 

properties of alloys. Impurities and small additions can considerably affect the 

hardening effect of AI-Si-Cu-Mg alloys, mainly due to the binding of main alloying 

elements in insoluble particles and to the decreasing content of copper and magnesium 

in the supersaturated solid solution. 

From this study it can be seen that multiple aging peaks in the age hardening 

curves of 319-type alloys are present. Although sorne of the minor peaks will tend to 

be overlooked when plotting these curves within the 95 % confidence limit, the major 

peaks stay and are very weIl distinguished on the age hardening curves. Multiple aging 

peaks have not been studied in deep previously partly because aging phenomena is not 

seen in long time frames and partly because sometimes these multiple peaks tend to be 

overlooked. 
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CHAPTER7 

CONCLUSIONS 

The Al-Si-Cu alloy system is of great importance in the casting industry. The 

addition of Mg increases considerably the strength of the alloy after aging treatment. 

The mechanisms of strengthening are challenging due to several alloying additions and 

resulting complexity of phase transitions. Based on the theoretical and experimental 

investigation the conclusions that can be drawn from this research are summarized as 

follows: 

• The alloy does not exhibit the common peak-overaging conditions normally found 

in the literature. This is due to the presence of sequential precipitation of different 

species during the aging process. 

• Except for the modification ofthe Si phase, Sr has few influences on the hardening 

mechanisms. 

• The increased Mg content (up to 0.40 wt %) in sorne of the samples results in 

higher hardness. This may be due to the increased amount of AIsMgsCu2Si6 phase 

presented. 

• Hardness is less sensitive to overaging at lower aging temperatures. 

• Higher solution times promote higher hardness in samples with high Mg content, 

but an inversed phenomenon is seen for the unmodified and modified alloys. 
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• In the unmodified and modified alloys, hardness decreases with increasing aging 

time and temperature. 

• In samples solution heat treated at 495 oC, the highest hardness occurs: 

o A319.2 

Solution heat treated for 24 h and artificially aged at 220 oC for 2 h 

o A319.2 + Sr 

Solution heat treated for 24 h and artificially aged at 180 oC for 3 h 

o A319.2 + Mg 

Solution heat treated for 4 h and artificially aged at 220 oC for 2 h 

o A319.2 + Mg + Sr 

Solution heat treated for 4 h and artificially aged at 220 oC for 6 h 

• In the age-hardening curves of AI-Si-Cu-Mg alloys, multiple aging peaks are 

present. 

• Hardness plateau and weaker peaks are present III age-hardening curves of 

modified and unmodified Al-Si-Cu alloys. 

• In the case of the high Mg content alloy, after 4 h of solution heat treatment at 495 

oC, virtually all the CuAlz phase was dissolved in the matrix. 

• Prolonged solution treatments tend to put the rest of the copper into the 

surrounding aluminum matrix. 

• Sr modification slows down the rate of CuAlz and Al5MgsCuzSi6 dissolution due 

to its effects on the segregation and morphology of Cu phases during 

solidification. 
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• The age hardening peaks are related to their precipitation sequence. The first 

hardness peak of the age-hardening curve is attained depending on the high GP 

zones, while the second one is acquired in terms of metastable partic1es [2]. The 

transition from GP zones to metastable phases due to dissolution of GP zones and 

the nuc1eation of metastable phases on dislocations is the reason for the formation 

of double aging peaks. 

• In the Al-Si-Cu alloys only binary 8' phases contribute to the hardening and no 

temary Si nor Mg containing phases were found. 

• Additions of 0.40 wt % Mg caused the precipitation of S phase (CuAlzMg) in 

addition of 8' plates. The presence of both kinds of precipitates was confirmed 

using electron diffraction phase analysis. 

• The precipitation of 8", 8' due to the presence of Cu and S'and 13" (Mg2Si) due to 

the addition of Mg and presence of Si has been reported. 

• Plate shaped CuAlz forms stable 8 and metastable 8' precipitates. 

• Mg refines 8' partic1es and increases their precipitation density, thus improving 

hardening. 

• The needle-shaped Mg2Si is rare and forms only as a minor precipitate in T6 

condition. 

• The Si phase is present in the form of plates, needles, laths and partic1es. Si plates 

and Si partic1es are the most numerous and are heavily twinned. 

• The best combination of mechanical properties corresponds to the presence of all 

hardening phases: 8', S'and p'. 
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STATEMENT OF ORIGINALITY 

The following aspects of the present work are considered to be original 

contributions to knowledge: 

• The effect of Sr modifications and Mg additions on the heat treatment of A319 

aluminum alloy has been further understood. The use of macrohardness, matrix 

microhardness measurements, tensile testing and electron microscopy helped to 

identify the different precipitates and phases present in the Al-Si-Cu and AI-Si-Cu

Mg alloys. 

• The alloy does not exhibit the common peak-overaging conditions normally found 

in the literature. This is due to the presence of sequential precipitation of different 

species during the aging process. 

• For the first time it has been shown that, in the age-hardening curves of AI-Si-Cu

Mg alloys, multiple aging peaks are present. Hardness plateaus and weaker peaks 

are present in the age-hardening curves of modified and unmodified Al-Si-Cu 

alloys. 

• The influence of artificial aging time on the properties of heat-treated A319 

aluminum alloy was studied and relationships with artificial aging temperature 

have been established. It is seen that hardness is less sensitive to overaging at 

lower aging temperatures. In the unmodified and modified alloys, hardness 

decreases with increasing aging time and temperature. 
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• For the first time in aluminum casting aUoys, a technique was developed to 

examine fine precipitates using FE-SEM techniques, by using thin specimens that 

would normaUy be used in TEM, such as thin foils. 

• The nature of the precipitates in the AI-Si-Cu-Mg aUoys was characterized using 

FE-SEM techniques, which was ascertained in this work to be as effective as TEM 

methods in resolving the dimensional and composition features of the particles 

with the added benefits of simplicity and statistical confidence. 

• A transmission electron microscopy study involving aU the stages of the heat 

treatment of the A319 aluminum aUoy has been done. An influence of the artificial 

aging time on the precipitate distribution was found. The precipitation of 8", 8' 

due to the presence of Cu and S'and P" (Mg2Si) due to the addition of Mg and 

presence of Si has been reported. Based on the precipitate morphology, it was 

found that the best combination of mechanical properties corresponds to the 

presence of aU hardening phases: 8', S'and P' . 
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ALLOYA 

Artificially Aged at 180 oC 

AgingTime UTS YS VH 
(h) (MPa) (MPa) (5 Kgf) 

As-Cast 279.3 + 9.2 177.3 + 2.2 68.7 + 2.7 
0* 310.3 + 6.9 178.6 + 8.4 85.7 + 0.5 
0.5 319.7 + 2.6 186.4 + 5.4 89.0 + 0.8 
1 282.9 + 2.1 180.9 + 8.2 88.5 + 0.8 - - -
2 285.5 + 14.1 164.0 + 11.0 82.6 + 0.9 
3 282.9 + 2.3 159.8 + 15.7 79.5 + 0.7 
4 295.5 + 12.3 172.1 + 14.2 88.8 + 1.9 
5 274.1 + 12.8 153.0 + 7.2 89.2 + 1.1 
6 264.1 + 14.5 151.5 + 4.9 90.2 + 1.1 
8 258.4 + 6.7 154.3 + 8.9 89.7 + 1.0 
10 321.3 + 7.5 204.3 + 9.0 87.2 + 0.7 
12 306.7 + 3.8 204.4 + 6.2 90.9 + 1.5 
14 298.0 + 4.0 194.5 + 8.5 91.0 + 0.8 
19 316.9 + 10.7 217.0 + 0.7 88.9 + 1.3 
24 316.8 + 0.2 207.6 + 2.8 89.6 + 1.1 

* Solution Heat Treated for 4 h at 495 oC 
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ALLOYB 

Artificially Aged at 180 oC 

Aging Time UTS YS VH 
(h) (MPa) (MPa) (5 Kgf) 

As-Cast 251.5 + 1.4 161.2 + 0.7 65.6 + 4.9 
0* 291.1 + 3.9 163.2 + 2.0 84.6 + 0.4 
0.5 305.4 + 15.4 194.6 + 8.8 87.5 + 3.7 
1 313.5 + 8.2 191.2 + 15.0 88.5 + 1.6 
2 290.7 + 0.8 181.1 + 6.7 80.1 + 0.7 
3 286.2 + 4.7 180.6 + 5.0 88.5 + 3.8 
4 293.8 + 10.4 184.9 + 6.1 83.0 + 5.2 
5 285.8 + 7.2 168.6 + 8.7 83.8 + 0.9 
6 272.4 + 9.6 169.5 + 4.9 79.3 + 0.9 
8 278.1 + 8.5 176.3 + 3.1 83.3 + 0.7 
10 299.1 + 0.5 208.0 + 10.5 91.4 + 2.9 
12 289.0 + 6.9 191.1 + 0.3 85.8 + 2.1 
14 284.9 + 0.4 185.1 + 4.1 89.0 + 1.2 -
19 279.3 + 4.7 192.3 + 4.9 89.2 + 1.6 
24 305.7 + 5.9 228.6 + 4.7 82.7 + 3.5 

* Solution Heat Treated for 4 h at 495 oC 
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ALLOYC 

Artificially Aged at 180 oC 

AgingTime UTS YS VH 
(h) (MPa) (MPa) (5 Kgf) 

As-Cast 313.2 + 8.8 228.3 + 6.7 87.5 + 1.0 
0* 339.1 + 0.8 237.2 + 5.4 100.7 + 2.4 -
0.5 331.1 + 14.7 266.3 + 11.1 98.2 + 0.7 
1 347.6 + 10.4 293.3 + 3.0 98.0 + 0.7 
2 298.9 + 7.7 248.1 + 14.2 86.1 + 0.4 
3 341.4 + 1.5 324.6 + 1.2 93.9 + 0.1 -
4 369.8 + 6.3 336.6 + 9.7 113.5 + 1.6 
5 293.8 + 5.2 260.8 + 4.9 101.4 + 1.2 
6 284.9 + 3.9 242.2 + 10.6 95.4 + 0.4 
8 326.2 + 12.4 317.5 + 9.3 105.6 + 0.6 -
10 352.8 + 15.3 347.3 + 12.9 88.2 + 0.1 -
12 384.1 + 4.2 374.2 + 3.5 93.6 + 1.2 
14 348.3 + 6.1 328.6 + 7.3 83.9 + 0.6 
19 350.7 + 9.1 344.1 + 3.7 83.0 + 0.7 
24 364.2 + 7.0 375.4 + 3.6 111.3 + 2.8 

* Solution Heat Treated for 4 h at 495 oC 
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ALLOYD 

Artificially Aged at 180 oC 

Aging Time UTS YS VH 
(h) (MPa) (MPa) (5 Kgf) 

As-Cast 269.5 + 1.0 213.1 + 1.0 82.6 + 2.5 
0* 312.8 + 8.9 227.3 + 3.3 96.3 + 1.8 
0.5 30004 + 14.9 209.2 + 10.8 80.6 + 0.2 
1 330.7 + 11.5 244.9 + 1004 94.0 + 004 
2 308.8 + 5.0 209.6 + 3.8 90.2 + 0.0 
3 329.7 + 15.6 316.6 + 1.3 97.9 + 0.5 
4 354.5 + 14.0 320.1 + 8.8 96.5 + 0.2 
5 280.3 + 12.9 207.5 + 0.2 72.7 + 0.9 
6 341.9 + 1.2 334.3 + 1.7 105.7 + 0.6 -
8 353.3 + 1.5 348.1 + 6.2 106.8 + 004 
10 360.5 + 0.5 365.9 + 1204 93.6 + 2.3 
12 348.7 + 704 332.9 + 5.7 96.3 + 4.0 
14 357.9 + 8.3 349.3 + 1104 97.5 + 0.5 
19 364.3 + 9.8 353.0 + 12.0 107.0 + 2.0 
24 366.0 + 6.1 343.3 + 8.6 98.1 + 0.3 

* Solution Heat Treated for 4 h at 495 oC 
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ALLOYA 

Artificially Aged at 220 oC 

Aging Time UTS YS VR 
(h) (MPa) (MPa) (5 Kgf) 

As-Cast 279.3 + 9.2 177.3 + 2.2 68.8 + 2.7 
0* 310.3 + 7.0 178.6 + 8.4 85.7 + 0.5 
0.5 311.5 + 4.3 173.4 + 1.3 92.5 + 1.4 
1 299.2 + 6.9 174.8 + 5.1 88.3 + 0.7 
2 299.7 + 13.4 157.8 + 0.6 88.0 + 0.7 -
3 282.7 + 0.3 174.5 + 4.3 80.8 + 1.2 
4 293.6 + 9.9 172.5 + 3.3 85.6 + 0.9 
5 260.3 + 6.6 166.9 + 8.5 79.5 + 1.0 
6 285.9 + 6.9 177.5 + 6.3 79.0 + 0.9 -
8 273.8 + 1.3 164.3 + 0.5 78.6 + 2.0 
10 351.0 + 5.4 233.6 + 4.6 76.7 + 1.1 
12 316.4 + 0.0 234.1 + 15.3 75.7 + 1.0 
14 288.2 + 1.5 222.5 + 13.0 75.6 + 1.7 
19 336.8 + 2.1 234.1 + 5.2 71.6 + 0.8 
24 312.2 + 14.8 229.6 + 10.8 69.4 + 1.1 

* Solution Reat Treated for 4 h at 495 oC 
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ALLOYB 

Artificially Aged at 220 oC 

Aging Time UTS YS VH 
(h)* (MPa) (MPa) (5 Kgf) 

As-Cast 251.5 + 1.4 161.2 + 0.7 65.6 + 4.9 
0 291.1 + 3.9 163.2 + 2.0 84.6 + 0.4 

0.5 300.8 + 8.9 201.7 + 3.5 82.9 + 0.3 
1 265.8 + 8.2 199.3 + 3.8 79.9 + 1.0 
2 286.4 + 6.3 174.6 + 6.5 81.9 + 0.3 
3 275.3 + 6.6 187.1 + 6.7 72.2 + 0.6 
4 289.0 + 0.9 195.5 + 4.4 86.7 + 0.3 
5 269.6 + 7.6 178.2 + 7.4 79.3 + 0.9 
6 280.0 + 5.5 189.1 + 5.5 84.3 + 0.3 -
8 263.7 + 10.3 176.7 + 3.7 72.4 + 0.3 
10 318.1 + 1.4 225.7 + 2.4 70.1 + 0.4 
12 304.5 + 9.5 215.5 + 12.1 68.7 + 1.2 
14 285.9 + 2.4 211.7 + 10.6 63.4 + 0.5 
19 294.8 + 4.8 213.8 + 10.9 63.9 + 1.5 
24 303.0 + 6.7 212.8 + 6.0 63.5 + 1.4 

* Solution Heat Treated for 4 h at 495 oC 
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ALLOYC 

Artificially Aged at 220 oC 

Aging Time UTS YS VR 
(h) (MPa) (MPa) (5 Kgf) 

As-Cast 313.2 + 8.8 228.3 + 6.7 87.5 + 1.0 
0* 339.1 + 0.8 237.2 + 5.4 100.7 + 2.4 
0.5 369.8 + 5.7 341.5 + 2.7 96.2 + 0.3 
1 332.8 + 9.7 337.4 + 0.8 89.4 + 1.4 
2 351.8 + 8.6 301.9 + 5.8 126.7 + 0.9 
3 337.0 + 336.0 + 1.1 127.6 + 1.1 
4 323.6 + 1.7 316.9 + 2.0 110.2 + 2.0 
5 304.1 + 9.5 298.8 + 8.6 104.5 + 0.6 
6 329.7 + 4.0 324.7 + 6.6 120.3 + 1.4 -
8 328.9 + 300.7 + 13.8 108.6 + 2.1 
10 349.7 + 14.8 327.4 + 1.4 88.9 + 1.7 
12 321.2 + 4.3 313.3 + 0.3 93.6 + 0.9 
14 309.9 + 6.8 280.6 + 7.3 83.9 + 1.9 
19 340.4 + 2.6 289.5 + 9.2 83.0 + 1.7 
24 310.1 + 0.1 288.0 + 8.0 111.3 + 1.6 

* Solution Reat Treated for 4 h at 495 oC 
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ALLOYD 

Artificially Aged at 220 oC 

AgingTime UTS YS VH 
(h) (MPa) (MPa) (5 Kgf) 

As-Cast 269.5 + 1.0 213.1 + 1.0 82.6 + 2.5 
0* 312.8 + 8.9 227.3 + 3.3 96.3 + 1.8 
0.5 348.9 + 0.6 326.2 + 1.3 84.7 + 0.5 -
1 347.4 + 2.1 327.8 + 1.0 83.2 + 0.0 
2 302.8 + 2.3 275.0 + 7.6 88.9 + 0.2 
3 338.1 + 9.7 308.9 + 12.0 121.3 + 0.5 
4 308.6 + 2.0 317.1 + 9.2 112.2 + 0.6 
5 270.1 + 5.0 252.4 + 14.7 95.8 + 3.3 
6 298.6 + 14.5 274.6 + 3.5 107.8 + 0.9 
8 298.6 + 13.9 234.2 + 12.4 107.1 + 1.7 
10 287.2 + 4.8 273.7 + 15.5 91.3 + 1.5 
12 298.8 + 10.4 269.3 + 107.9 + 1.9 
14 300.8 + 1.2 277.5 + 2.1 71.3 + 0.5 
19 319.9 + 2.6 287.0 + 2.2 100.2 + 1.1 
24 301.3 + 9.3 279.5 + 1.5 66.0 + 1.9 

* Solution Heat Treated for 4 h at 495 oC 
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Aging 
Time 
(h) 

As-Cast 
0 

0.5 
1 
2 
3 
4 
5 
6 
8 
10 
12 
14 
19 
24 

AFTERT6 (W) 

Solution Heat Treated for 4 h at 495 oC 
& Artificially Aged at 180 oC 

Alloy A Alloy S AlloyM AlloyMS 

68.8 + 2.7 65.6 + 4.9 87.5 + 1.0 82.6 + 2.5 
85.7 + 0.5 84.6 + 0.4 100.7 + 2.4 96.3 + 1.8 
89.0 + 0.8 87.5 + 3.7 98.2 + 0.7 80.6 + 0.2 
88.5 + 0.8 88.5 + 1.6 98.0 + 0.7 94.0 + 0.4 
82.6 + 0.9 80.1 + 0.7 86.1 + 0.4 90.2 + 0.0 
79.5 + 0.7 88.5 + 3.9 93.9 + 0.1 97.9 + 0.5 
88.8 + 2.0 83.0 + 5.2 113.5 + 1.6 96.5 + 0.2 
89.2 + 1.1 83.8 + 0.9 101.4 + 1.2 72.7 + 0.9 
90.2 + 1.1 79.3 + 0.9 95.4 + 0.4 105.7 + 0.6 
89.7 + 1.0 83.3 + 0.7 105.6 + 0.6 106.8 + 0.4 
87.2 + 0.7 91.4 + 2.9 88.2 + 0.1 93.6 + 2.3 
91.0 + 1.5 85.8 + 2.1 93.6 + 1.2 96.3 + 4.0 
91.0 + 0.8 89.0 + 1.2 83.9 + 0.6 97.5 + 0.5 
88.9 + 1.3 89.2 + 1.6 83.0 + 0.7 107.0 + 2.0 
89.6 + 1.1 82.7 + 3.5 111.3 + 2.8 98.1 + 0.3 
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Aging 
Time 
(h) 

As-Cast 
0 

0.5 
1 
2 
3 
4 
5 
6 
8 
10 
12 
14 
19 
24 

AFTERT6 (X) 

Solution Heat Treated for 4 h at 495 oC 
& Artificially Aged at 220 oC 

Alloy A Alloy S AlloyM AlloyMS 

68.8 + 2.7 65.6 + 4.9 87.5 + 1.0 82.6 + 2.5 
85.7 + 0.5 84.6 + 0.4 100.7 + 2.4 96.3 + 1.8 
92.5 + 1.4 82.9 + 0.3 96.2 + 0.3 84.7 + 0.5 
88.3 + 0.7 79.9 + 1.0 89.4 + 1.4 83.2 + 0.0 
88.0 + 0.7 81.9 + 0.3 126.7 + 0.9 88.9 + 0.2 
80.8 + 1.2 72.2 + 0.6 127.6 + 1.1 121.3 + 0.5 
85.6 + 0.9 86.7 + 0.3 110.2 + 2.0 112.2 + 0.6 - -
79.5 + 1.0 79.3 + 0.9 104.5 + 0.6 95.8 + 3.3 
79.0 + 0.9 84.3 + 0.3 120.3 + 1.4 107.8 + 0.9 
78.6 + 2.0 72.4 + 0.3 108.6 + 2.1 107.1 + 1.7 
76.7 + 1.1 70.1 + 0.4 88.9 + 1.7 91.3 + 1.5 
75.7 + 1.0 68.7 + 1.2 93.6 + 0.9 107.9 + 1.9 
75.6 + 1.7 63.4 + 0.5 83.9 + 1.9 71.3 + 0.5 
71.6 + 0.8 63.9 + 1.5 83.0 + 1.7 100.2 + 1.1 
69.4 + 1.1 63.5 + 1.4 111.3 + 1.6 66.0 + 1.9 
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Aging 
Time 
(h) 

As-Cast 
0 

0.5 
1 
2 
3 
4 
5 
6 
8 
10 
12 
14 
19 
24 

AFTERT6 (Y) 

Solution Heat Treated for 24 h at 495 oC 
& Artificially Aged at 180 oC 

Alloy A Alloy S AlloyM AlloyMS 

68.8 + 2.7 65.6 + 4.9 87.5 + 1.0 82.6 + 2.5 
80.1 + 2.3 75.0 + 0.1 102.0 + 2.9 99.9 + 4.7 
87.6 + 0.2 87.7 + 0.4 99.0 + 1.1 95.2 + 0.5 
89.9 + 0.0 90.7 + 0.5 99.8 + 0.6 87.6 + 0.1 
86.8 + 0.2 84.4 + 0.4 122.9 + 0.3 92.7 + 0.2 
84.4 + 0.2 96.2 + 0.2 117.5 + 0.6 120.2 + 1.1 
84.1 + 0.3 83.5 + 0.2 104.6 + 0.3 92.9 + 0.1 
84.3 + 0.3 83.8 + 0.3 108.3 + 2.6 107.1 + 0.4 
86.3 + 0.1 83.6 + 0.2 106.4 + 0.7 91.2 + 0.5 
82.6 + 0.0 83.6 + 0.1 118.0 + 1.2 97.2 + 0.6 
85.7 + 0.2 83.5 + 0.5 123.3 + 0.2 98.2 + 0.5 
85.1 + 0.0 80.3 + 0.1 110.1 + 1.3 95.2 + 0.7 
80.0 + 0.3 80.0 + 0.6 90.3 + 1.5 89.6 + 0.7 
79.8 + 0.3 75.6 + 0.4 88.9 + 0.8 84.4 + 0.4 
77.8 + 0.6 74.3 + 0.9 85.1 + 0.8 83.4 + 0.5 
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Aging 
Time 
(h) 

As-Cast 
0 

0.5 
1 
2 
3 
4 
5 
6 
8 
10 
12 
14 
19 
24 

AFTER T6 (Z) 

Solution Heat Treated for 24 h at 495 oC 
& Artificially Aged at 220 oC 

Alloy A Alloy S AlloyM AlloyMS 

68.8 + 2.7 65.6 + 4.9 87.5 + 1.0 82.6 + 2.5 
80.1 + 2.3 75.0 + 0.1 102.0 + 2.9 99.9 + 4.7 
93.2 + 0.5 75.4 + 0.4 96.3 + 0.5 97.3 + 0.9 
84.7 + 0.3 82.4 + 0.2 105.7 + 0.5 100.4 + 1.3 
99.9 + 1.5 80.6 + 0.6 124.0 + 0.7 95.5 + 0.1 
82.1 + 0.2 65.1 + 0.7 115.5 + 0.3 109.5 + 0.4 
83.2 + 0.4 83.4 + 0.1 123.7 + 0.2 105.4 + 0.4 
75.0 + 0.3 76.3 + 0.0 113.7 + 0.2 101.6 + 0.9 
75.5 + 0.7 81.7 + 0.4 115.3 + 0.1 104.0 + 1.3 
71.8 + 1.0 65.9 + 0.2 96.8 + 0.3 100.3 + 1.8 
73.8 + 0.3 80.0 + 0.3 94.4 + 0.5 99.2 + 0.3 
71.8 + 0.3 77.2 + 1.2 90.0 + 0.8 92.2 + 0.9 
70.0 + 0.2 69.7 + 1.0 85.8 + 0.2 87.6 + 1.4 
66.7 + 0.6 65.9 + 0.7 83.4 + 0.3 84.3 + 1.3 
65.4 + 0.1 64.1 + 0.5 77.7 + 0.5 74.7 + 0.6 
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MICROHARDNESS 

Solution Heat Treated at 495 oC 

Aging 
Time 
(h) 

Alloy A 

As-Cast 75.6 + 4.3 

T4 

(4h) 

T4 

(24 h) 

87.5 + 0.6 

82.2 + 3.0 

Alloy S 

74.3 + 1.9 

85.0 + 1.5 

75.1 + 0.9 

AlloyM AlloyMS 

81.9 + 4.5 81.7 + 4.4 

95.8 + 2.2 90.9 + 1.3 

90.7 + 2.5 85.7 + 3.2 


