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• ABSTRAcr

Abstract

The formation of iron-bearing intermetallics in the 413 type of ;:.luminum alluys

was investigated comprehensively. Bo&. synthetic and commercial 413 alloys weI"(.

studied with iron concentrations in the range of 0.4 - 1.2 wt. % and manganese up to 0.5

w•. 'JO. The effects of cooling rate during solidification and of melt chemistry on the

morphology of iron intermetallic phases were determined. Image analysis was used to

quantify the intermetallic size, volume fraction, and number, as a function of both mdt

chemistry and cooling rate. The total volume fraCtilJn of intermetallic compounds in these

alloys was related to cooling rate by an exponentië(\ equation.

The kïnetics of both dissolution of intermetùlics on melting, and of re-formation

on cooling of the liquid were investigated by means of quenching experiments.

Superheating the me1t to temperatures of SOCl-SSO'C for up to l.S hours is necessary to

completely dissolve an pre-existing intermetallics. Once dissolved, they will not reform

until a certain temperature is reached. This temperature depends on the alloy chemistry.

particularly the iron concentration. The relationship between iron content and the

formation temperature can be expressed by a power equation. The kinetics of formation,

considering the roles of holding temperature, holding time, and iron content, were

studied. Quantitative eva\uation ofintermetallic size and number revea1ed that the change

in volume fraction of intermetallics h~ !h<: liquid state is controlled by nucleation. Thus,

the average size does not change appreciably with holding time in the liquid, but the

number of intermetallics is a strong function of holding lime because the nueleation

kinetics are slow.

The effect of settling time and the rate of gravily segregation of intermetallic

compounds in a stagnant liquid metal were investigated. The rate of settling varies with

location in the mold due ta depletion of intermetallics at the top and accumulation at the



bonom. It was found that, in the absence of convection, settling cbeys Stokes' law with

L;:: terminal velocity reached at very short times and very close to the melt surface.
• ABSTRAcr 11

Strontium was used to modify or eliminate the iron-interr:.etallics. It complelely

eliminates all intermetallic cc:npounds in commercial alloys in the permar.ent :nold cast

condition, and causes the fragmentation of needles (P-phases) in the sand calit condition.

Strontium is also an effective element in changing the l3-phase to t.'Je a-phase morphology

in these alloys.



• RÉSUMÉ

Résumé

III

•

La formation d'intermétalliques contenant du fer dans les alliages du type ~ 13 a

été examinée. Des alliages 4\3, synthétiques et commerciaux. avec des tenellr~ en fer

entre 0.4 et 1.2% en poids et des teneurs en manganèse jusqu'à 0.5 % en poids. ont été

étudiés. Les effets de la vitesse de refrC)idissement pendant la soliditication ainsi que les

effets de la composition chimique de la coulée sur la morphologie des phases

intermétalliques au fer ont été déterminés. Un analyseur d'images a été utilisé ?Our

quantifier la taille, la fraction volumique et le nombre d'intermétalliques en fonetion de

la composition chimique de la coulée et de la vitesse de refroidissement. La fraction

volumique totale des composés intermétalliques dans ces alliages est reliée à la viiessc

de refroidissemen~pal' une équation exponentielle,

Les cinétiques de dissolution des intermétalliques lors de la fusion, ainsi que leur

reformation lors du refroidissement du liquide, ont été examinées au moyen

d'expériences de trempe. Le surchauffage de la coulée à des températurt;S de l'ordre de

SOO-S50°C pendant au moins une heure et demie est nécessaire pour dissoudre

complétement tous les intermétalliqlles pré-existants. Une fois dissous, ils ne se

reformeront pas tant qu'une certaine température ne sera pas atteinte. Cette température

dépend de la composition de l'alliage, plus particulièrement de la teneur en fer. La

relation entre la teneur en fer et la température de formation peut être exprimée par une

équation en puissance. L'influence de la température de maintien, du temps d'attent~ et

de la teneur en fer sur les cinétiques de formation a été étudiée. L'évaluation quantitative

de la taille et du nombre d'intermétalliques a révélé que le changement de la fraction

volumique des intermétalliques dans l'état liquide est contrôllé par la germination. Ainsi,

la taille moyenne ne change pas d'une façon significative avec le temps d'attente dans le

liquide, mais le nombre d'intermétalliques est très dépendent du temps d'attente car les

cinétiques de germination sont lentes.



L'cffct du tcmps dc sédimentation et du taux de ségrégation gravit.ationnelle des

composés intermétalliques dans un liquidc stagnant, a été analysé. Le taux de

sédimcntation varie avec la position dans le moule à cause de la dépléùon en

intermétallique:; dans le haut et leur accumulaùon dans le bas. Il a été trouvé qu'en

l'absence de convection, la sédimentaÙon obéit à la loi de Stokes avec la vélocité

terminale atteinte très rapidement ct très proche de la surface de la coulée.

• RÉSUMÉ iv

•

Du stronùurn a été uùlisé pour modifier ou éliminer les intermétalliques contenant

du fer. 11 élimine complétement tous les composés intermétalliques dans les alliages

coulés en coquille et provoque la fragmentaùon des aiguilles (phases 6) dans les alliages

coulés dans le sable. Dans ces alliages, le stronÙum est aussi un élément efficace pour

changer la phase 6 en la morphologie de la phase Ci •
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Chapter 1

Introduction

1.1. Aluminum Casting Alloys

Aluminum casting alloys are used extensively in various applications n:quiring a

high strength-to-weight ratio. such as automotive. aerospace. and other structural

components. These alIoys are characterized by thcir 10w specifie gravity which can vary

slightly above and below the specifie gravity of pure aluminum depending on the lll'\Îor

alloying elements. In addition to thcir light weight. othcr advantages of aluminum casting

alloys inc1ude relatively low melting tcmperatures. negligible gas solubility with the

exception of hydrogen, excclIent castability especialIy near the eutectic composition of

12.6%, good machinability and surface finishing, good corrosion resistance. and good

electrical and thermal conductivity. A volumetrie shrinkage ofbetween 3.5% and 8.5%

occurring during solidification eonstitutes the major drawback of aluminum casting

alloys. The shrinkage coefficient is taken into account during mold design in order to

obtain dimension:ù accuracy and to avoid hot tearing and shrinkage porosity. While the

mechanical properties are usually inferior to those of wrought products, the hcat

treatment of some alIoys considerably improves their mechanical properties.

The soundn~s and mechanical behaviour of these structure-sensitive alIoys arc

greatly affected by the impurity containing phases and compounds. The composition.

morphology, size, amount, and distribution of the impurity containing structures have a

strong influence on the mechanical properties of the a1uminum castings. An incrcasing

volume of aluminum castings is produced by utilizing recyc1ed a1uminum in which

impurities have a tendency to accumulate. The economical use of recyc1ed (secondary)



aluminum is possible, if the effects of impurities on the solidification and mechanical

propenies of aluminum castings are recognized. The presence of impurities may not be

ignored either, during the use of electrolytically refined (primary) aluminum alloys.
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1.2 Constitution of Aluminum Alloys

The composition of aluminum alloys is based on the solubilities of elements in

aluminum, the economical considerations, as weil as the desired propenies of the

castings. The elements present in aluminum alloys can be categorized as the principal

alloying elements, the additional alloying elements, and the impurities. Commercial

purity aluminum as weil as aluminum alloys frequently contain impurities which affect

molten metal treatment, castability, and properties. The impurities and alloying elements,

in general, partly go into solid solution in the matrix and partly form intermetallic

particles during the solidification process.

1.2.1 Alloying Elements

Alloying elements are usually added 10 aluminurn to increase its strength, although

improvements in other properties are very important. The (Wo most commonly used

methods of increasing the strength of aluminum alloys are 10 :

• Disperse alloying elements or elements in solid solution and cold work the alloy

(work-hardening alloys).

• Dissolve the alloying e1ements into solid solution and precipitate them as coherent

submicroscopic partîc1es (precipitation-hardening alloys).

The solubilities of e1ements in aluminum are reviewed in the literature[l]. None of the

e1ements is reported to have complete miscibility with aluminum in the solid state. Zinc,

magnesium, copper, manganese, and silicon form the basis for the principal commercial



aluminum alloys. Altenpohl[2] has summarized the most important aluminum alloys in

Figure 1.1. The most widely used aluminum alloys are based on the aluminum-silicon

system, in which magnesium and copper may also be used as alloying elements.
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AI-Cu

AI-Cu-Mg

Age-
AI-Mg-S, hardening

alloys
AI-Zn-Mg

AI-Zn-Mg-Cu

AI-Si
} Casting

AI-Si-Cu alloys

AI-Mg } Work·
harden,ng

AI-Mn alloys

3

Figure 1.1 : Principal aluminum alloys. [2]

Most casting alloys have silicon as the major alloying addition because aluminum

silicon alloys are able 10 fill the mold complete1y and are not sensitive to hot cracking.

The silicon in shape casting produces a modest increase in strength because of the large

volume fraction of hard silicon particles or fibers formed during solidification.[I]

Altenpoh1[2] lists the aluminum alloys as age hardenable alloys, cast alloys, and

work hardenable alloys (Figure 1.1) on the basis of whether the alloys are heat treatable

or not. The Al-Si and Al-Si-Cu alloys are included into the group of cast alloys, most

probably on the basis of the faet that these alloys do not show any age hardening during

the heat treatment, and therefore are not heat treated.
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The additional alloying elements are considered to be the elements, the presence

of which in aluminum alloys is beneficial, in addition to the principal alloying elements.

The additional alloying elements may be the refining inoculants (Ti,B) , modifying

inoculants (Sr, Na, Sb, Ce, Nb, Be) as weil as the transition metals (Mn, Cr, Zr) and

metals having low melting points (pb, Bi, Sn).

Transition metals with moderate solid solubilities, such as manganese, chromium,

and zirconium are added to aluminum alloys because they can be precipitated as a

dispersion of fine intermetallic particles, less than 1 !Lm in diameter, which do not

dissolve during hot working or annealing. This fine, stable dispersion of particles can be

used ta pin grain or subgrain boundaries and improve strength, taughness, and resistance

ta stress-corrosion cracking.[I)

1.2.3 Impurities

The elements and compounds which have a negative effect on the castability,

mechanical properties, and/or heat treatment of cast aluminum alloys, or whose effects

on these concepts are unknown, are regarded as impurities.[3) In other words, anything

which is not added on purpose, or ail elements which are not categorized as the aIloying

or additional aIloying elements are impurities. The impurities originate from four main

sources:

1. Mïxed aIloys due to poor scrap segregation, recovery of metal from furnace

drass, remelting of multialloy products such as used beverage cans and clad sheet,

2. Contamination of the scrap by extraneous materials such as banding iron, sand,

painted sheet, and coatings on cans,

3. Incorporation of nonmetallic inclusions, such as oxide films and aluminum

magnesium spinel, into the metal during melting and casting,



4. Contamination from furnace tools, refractories, and hydrogen from furnace

atmospheres.

Depending on the impurity contents, different impurity containing phases and compounds

may exist in the microstructure of cast aluminum alloys. The impurity rich structures

impairing the mechanical properties of aluminum alloys frequently lie within the

intergranular/interdendritic regions.
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1.3 Primary and Secondary Aluminum Alloys

Attention is paid te the definition of primary and secondary aluminum alloys as

well as to the impurities accumulating in secondary alloys. The primary aluminum alloys

are based on electrolytically refined aluminum. The electrolytically refined aluminum is

alloyed according te the specifications by adding virtually pure alloying e1f:ments into the

melt. Since the alloying elements (Si, Mg, Cu, Zn, and Mn) of aluminum can be

separately refined before adding them inte electrolytically refined aluminum, and since

the purity of the electrolytic aluminum is high, the impurity contents of primary

aluminum alloys are low.

The production of secondary aluminum alloys, on the other hand, is based on the

remeltîng of aluminum scrap. The desired specification analyses are achieved by the

careful selection of scrap material as well as by molten metal treatments. The impurity

contents of secondary alloys are relatively high, duc te the nature of the production

method.

1.4 Inclusions in Alurninum Melts

Inclusions present in an aluminum melt can be either non-metallic or intermetallic.

The commonly encountered inclusions are oxides, e.g., Al20 3, Al2~-MgO, aluminum

carbides (AI.~), titanium boride (T~, ete. These particles, apart from being a porosity



;nducer during solidification, can aIso be detrimentaI to the mechanical properties of a

casting.• INTRODUCTION 6

1.4.1 NOll-metallic Inclusions

The wearing process (erosion and impact) of the refractory linings of melting

fumaces is difficult 10 avoid in praetice. Groteke[4] as well as Kaye[5] have shown that

the refractory materiaIs of the melting crucibles and tools may find their way into the

aIuminum melt as solid particles. The fluxes used during the melting of aIuminum aIloys

can aIso produce inclusions in the melt. The chemical composition of the fluxes indicates

that the nature of these inclusions is non-metaIlic.[3]

A bard non-metaIlic inclusion will act as a stress intensifier while the part is in

service. This could lead to an initiation of cracking in the intensified stress field around

the inclusion, thus impairing the fatigue properties of the part.

The oxidation of the aIuminum melt results in the formation of solid AIl 0 3 films

on and in the melt. The Al10 3 films are often trapped in the microstructure of aIuminum

aIloys during solidification. Although solid aIuminum bas a thin film of oxide which is

protective, the molten metaI forms oxide at a rate which increases with temperature, and

this is a major cause of bard spots. Any disruption of this film on the surface of the

metaI from turbulence during pouring or excessive disturbance when ladling willlead to

a continuous build-up of further oxide formation. The density of aIuminum oxide is not

significantly different from that of the molten aIloy and consequently the oxide particles

remain suspended in the melt and are ttansferred to the casting. Sometimes oxide skin

sticking 10 the pouring 1adle after the casting operation is inadvertantly returned to the

mell. Oxides may aet as nucleation centres so that primary crystaIs of high melting point

compounds may be observed on this kind of inclusion.[6]
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1.4.2 Intermetallic Compounds
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Groteke[4] and Kaye[5] have shown that solid interrnetallic (sludge) is formed

during the me1ting of secondary aluminum alloys if the aluminum scrap contains

moderate amounts of iron, chromium, and manganese which causes phases rich in these

e1ements 10 precipitate from the aluminum me1t. Accordingly, sludge consists of solid

interrnetallics, more precise\y of complex interrnetallic compounds. Complex

interrnetallic compounds are brittle; they act as stress raisers and are points of weakness

which reduce the strength and ductility of the alloy.

Groteke[7] has observed that the formation of sludge consisting of complex

interrnetallics is almost impossible to avoid during the melting of commercial die cast

aluminum aUoys. This is due to the fact that the strength and soldering properties of

these alloys require a relative1y high iron content. Manganese additions modify the shape

of (Fe, Mn, Si) containing precipitates to cause globular instead of needle-like partic1es.

1.5 A)nmïnum-Silicon Alloys

The Al-Si binary system[8] shown in Figure 1.2 exhibits a simple phase diagram

with a single euteetic point at 5noC and 12.6 wt% Si. It consists of two solid solution

phases, Al (FCC) and Si (diamond cubic). The maximum solubility of Si in (AI) is 1.5

± 0.1 a1Omic% at the euteetic temperature, and it decreases to 0.05 atomic% at 300°C.

The maximum solubility of Al in (Si) is 0.016 ± 0.003 a1Omic% at ll90°C. Al-Si alloys

have not been reported 10 fonn metastable interrnetallic compounds or glassy alloys.[8]

Aluminum-Silicon alloys can be broadly classified into three categories, based on

their silicon content. The alloys which contain 2-9 wt% Si are c1assified as hypoeutectic

alloys, 10-13 wt% Si are classified as euteetic alloys and 14-25 wt% are c1assified as

hypereuteetic alloys.
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Figure 1.2 : Equilibrium binary Al-Si phase diagram.[8]

•

Aluminum-silicon castings constitute 85 to 90% of the total aluminum cast pans

produced. The most common aluminum casting alloys are 1isted in Table 1.1. .AJuminum

alloys containing silicon as the major alloying eIeI!lent offer excellent castability, good

corrosion resistance, and can be machined and welded. From the phase diagram in

Figure 1.2 it is seen that the 413.0 alloy (approximately 12% Si) contains a predominant

euteetic phase, and therefore must be modified with either strontium or sodium ta ensure

adequate tensile strength and duetility. For high pressure die casting, alloy 413.0 has

better castability than alloy 443.0. AlI casting processes can be used to cast 443.0 pans

when ductility, corrosion resistance and pressure tightness are more important than

strength.[9]
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Table 1.1 : Composition of Common Aluminum-Silicon AlIoys(a) [ref.9]

9

Eements (wt%)

AIIoy Method(b) Si Cu Mg Fe Zn Others

319.0 S,P 6.0 3.5 <0.10 < 1.0 < 1.0

332.0 P 9.5 3.0 1.0 1.2 1.0

355.0 S,P 5.0 1.25 0.5 <0.06 <0.35

A356.0 S,P 7.0 <0.20 0.35 <0.2 <0.1

A357.0 S,P 7.0 <0.20 0.35 <0.2 <0.1 0.05 Be

380.0 D 8.5 3.5 <0.1 <1.3 <3.0

383.0 D 10.0 2.5 0.10 1.3 3.0 0.15 Sn

384.0 D 11.0 2.0 <0.3 <1.3 <3.0 0.35 Sn

390.0 D 17.0 4.5 0.55 <1.3 <0.1 <0.1 Mn

413.0 D 12.5 <0.1 <0.10 <2.0 .
443.0 S,P 5.25 <0.3 <0.05 <0.8 <0.5

(a) Remainder : Aluminum and other impurities
(b) S, Sand casting; P, Permanent Mo1d casting:

D, High Pressure Die casting

Strengthening of Al-Si alloys is achieved by adding small amounts of Cu, Mg or

Ni. In this fami1y of alloys of hypoeuteetic composition, silicon provides good casting

properties and copper improves tensile strength, machinability, high temperature

pxoperties, and thermal conductivity at the expense of a reduction in ductility and

corrosion resistance. AIIoy 319.0 is used extensive1y for sand and permanent mold

casting, while the 380.0 aIIoy bas been used for many years as the principal high

pressure die casting aIIoy. General1y 319.0 and 380.0 a1loys are supplied in the as-cast

temper, but strengtil and machinability of a 319.0 a1loy can be improved by T6 or T5

heat treatments.
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1.6 Eutectic Aluminum-Silicon Alloys

lO

Binary aluminum-silicon alloys close 10 the eutectic composition (12 % Si) exhibit,

in the unmodified state, an acicular or a lamel!ar eutectic silicon weil dispersed

throughout the aluminum matrix (Figure 1.3a). Because of non-equilibrium cooling and

slight variations in composition, the presence of polyhedric primary silicon particles is

aIso observed frequently. The addition of 0.02% strontium results in a ful! moditication

with a completely fibrous structure (Figure 1.3b). Moditication causes the al!oy to

become slightly hypoeutectic with the result that aluminum dendrites appear more

frequently in the microstructure.

(a)
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Figure 1.3 : Microstructure of 413 alloy. (a) Unmoditi.:d

(b) Fully modified with 0.02% Sr (400X)

1.7 413 Aluminum Alloy

Alloy 413 is a general-purpose alloy with good characteristics for casting larg.:.

intricate parts with thin sections. Mechanical properties are good. 413 alloys ar.: lIs':ù in

the die casting and permanent mold processes and have good castability, Sine<: th.: aim

of the present work (which will be discussed in the following sections) is to stllùy lh<:

formation and growth of iron-intermetallic compounds in aluminum-silicon alloys. a 413

die-east alloy was chosen because it contains a high iron concentration (1.2 % iron). The

chemical composition specification limits for the 413 group of alloys are pr.:s<:nl<:ù in

Table 1.2.
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Table 1.2 : Chemical Composition Limits of 413 Group of Alloys [ref.lO)

Alloy• Elements (wt%)

Si Fe Cu Mn Mg Ni Zn

413.0 11.0-13.0 2.0 1.0 0.35 0.10 0.50 0.50

A413.0 11.0-13.0 1.3 1.0 0.35 0.10 0.50 0.50

.. Beth alloys used in ; die casting

The physical and mechanical properties of the alloy are listed below [10,11] :

Physical Constants :

Density, kg/m3 ••••••••••••••••••••••••••••••••••••••••••2657

Coefficient of Thermal Expansion, ILmlm.K •••.... 20.4

Specific Heat, IIkg.K .......•••••....••••.............. 963

Latent Heat of Fusion, Kjlkg ..•..•..•.....•.......... 389

Thermal Conductivity, W/m.K •.....•................ 121

Electrical Conductivity, %lACS •....•......•••....... 31

Electrical Resistivity, nO.m ...••.•....•••...•.•........ 55.6

Fabrication Characteristics :

Permanent mo1d casting and die casting.

Melting Temperature •....•........•...••....••.......... 650 to 760°C

Die Casting Temperature ....••••••••..•••..•••••....... 635 to 704oC

12

Castability :

The fluidity, resistance ta hot cracking and pressure tightness ofalloys 413.0 and A413.0

are al! excellent.
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Thermal Treatment :

Stress Relieving

To reduce internal stresses, heat at 177-260°C for 4-6 k Cool in still air.
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Anneating

To increase ductility, heat at 260-371°C for 4-6 hr. Cool in the furnace or in still air.

Machinability :

Because of the abrasiveness caused by the high silicon content of these al10ys. tungsten

carbide (or better) tooling is recommended. Otherwise, the alloys have good

machinability.

Weldability :

These alloys have good welding characteristics in arc, resistance or gas methods. Brazing

is not recommended but is sometimes performed on a limited basis.

Mechanical Properties :

Table 1.3 : Typical Mechanical Properties of 413 Alloy.(as cast)

Tensile Yield Elongation Shear Fatigue
Ailoy Strength Strength % Strength Strength

(MPa) (MPa) (a) (MPa) (MPa),(b)

413.0 300 140 2.5 170 130

A413.0 290 130 3.5 170 130

(a) in 50 mm or 2 inches , (b) at 5 x 108 cycles

Corrosion Resistance :

Corrosion resistance of alloys 413.0 and A413.0 are very good. Chemical conversion

coatings are often used to further increase resistance.



Applications :

These aIloys are used for miscellaneous thin-waIled and intricately designed casüngs, and

other applications where excellent castability, resistance to corrosion and pressure

tightness are required. The alloys are recommended for architectural, marine, food and

dairy equipment applications, pressure tight parts, large instrument cases, typewriter

frames, dental equipment. engine parts, and pistons.
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1.8 Objectives of the Present Work :

Since 1945, the growth of aluminum casting in the U.S. has been mainly due to

the expansion of the pennanent mold and high pressure die casting industries. Between

1955 and 1986 production of high pressure die castings increased from 178,000 tons to

825,000 tons which corresponds to an average annual growth rate of 11.7%. The rapid

expansion of high pressure die casting production can be directly related to the

automotive industry especiaIly in a country like Japa" where the growth rate over the last

17 years was 13.8% on an average annual basis.

As discussed in earlier sections, impurity elements have a major role in die

casting aIloys (e.g. 413). One of the sources of impurities is recycled materials.

Increased activity in the recycling of spent automobiles, in order to cut down the alloy

production cost, bas caused the iron level to rise as high as 1.5 to 2.0%. Unlike

magnesium and other elements, iron cannot be readily removed from molten aluminum

by conventional foundry treatments.

On the other band, an iron content up to 1.3% is beneficial to die cast parts in

terms of improved strength, hardness, and tendency toward hot cracking. The high

cooling rate of the die casting process causes iron compounds to be refined. Iron also

reduces the tendency of the metal to weld or solder to the die surface, which can cause

tearing of the casting surface. However, higher iron contents can cause problems of



sludging in holding fumaces or where the melt operating tt:mperature is low. Sludgt:

consists of complex intermetallic compounds which are deleterious to the mechanical

properties of cast parts. In order to widen the scope of application of die casting alloys.

it is essential to study the influence of various operating parameters on the formation and

growth of these intermetallic compounds.
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In the present work the 413 type ofalloy is chosen for study due to its popularity

arnong aluminum-silicon alloys for its excellent castability and because it contains a high

leve1 ofiron (1.2 wt%) and high silicon content (12 wt%). The aim of the present work

is to carry out a comprehensive investigation on the formation and growth of complex

intermetallic compounds in 413 alloys. The main goals of the present study are (i) to

understand the influence of important metallurgica1 parameters such as melt chemistry.

holding temperarure, holding rime on the formation of intermetallics in the liquid metal

and the effeet of cooling rare during solidification on the formation of different

morphologies of intermetallic compounds; (ü) to discover the effecl oftime and the rate

of graviry segregation of intermetallic compounds in a stagnant liquid metal; (iii) to

deve10p a new techrJque to modify or elimi1la!e the complex intermetallic compounds in

commercial aluminum alloys to reduce the negative effects of iron-intermetallics.

In order to fulfil the broad objectives of the present work. the study is divided

into five different phases as follows :

Phase 1; Phase 1 includes studies on; the effect of melt chemistry on the formation of

intermetallic compounds; the influence of iron and manganese concentration on the

morphology of complex intermetallics; the relation of volume fraction, number of

particles, and size of different morphologies with iron and manganese content.

Phase Il; The kinetics of the formation of complex intermetallic compounds is the

subject of phase n. This includes an understanding of the relation between the

temperature of sludge formation and the iron concentration in Al-Si alloys; the



stoichiometry of different morphologies of intermetallic compounds; the influence of

temperature, time, and Iron concentrations on the volumetrie changes of intermetallics.
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Phase ID; The subjeet of phase III is the effeet of solidification conditions on the

formation and morphology of intermetallic compounds including an investigation of the

influence of cooling rate on the volume fraction, number, and size of various

morphologies.

Phase IV; Gravity segregation of complex intermetallic compounds in liquid aluminum

silicon alloys is investigated in phase IV. This includes the effeet of settling time and

location in the melt on the volume fraction, number, size of intermetallics, and

concentration of elements.

Phase V ; Modification of intermetallic compounds by strontium :n alurninum-silicon

casting alloys is the objeetive of phase V.
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Chapter 2

Literature Survey

2.1. Introduction

lï

Cast aluminum alloys have widespread applications, especially in the aerospace

and automotive industries. These foundry alloys possess excellent tensile and fatigue

properties and good corrosion resistance. The major alloying element, silicon, impans

good castability and resistance 10 hot tearing. Also, since silicon increases in volume

during solidification, the susceptibility of the castings to shrinkage defects is reduced.

Consequently, alloys containing silicon :ue ideally suited for high-volume production in

the aluminum foundry.

In most cast aluminum alloys, solidification begins with the development of a

dendritic network of primary (a) aluminum. The secondary dendrite arm spacing (OAS)

is essentially determined by alloy composition, cooling rate, local solidification time and

temperature gradient. Among the primary alloying elements, silicon has been reported

to have an influence on DAS.[12] Increasing the silicon content leads to a decrease in the

secondary dendrite spacing. It has been shown that DAS varies with cooling rate in alloy

A356.0 according to the relation :[13]

10g(dT/dt) = -[log(DAS) - 1.66]/0.40

where dT/dt, the cooling rate, is given in ·C/s. and DAS is in micrometers. The

secondary dendrite arm spacing controls the size and the distribution of porosity and

second phase constituents are dispersed more finely and uniformly as OAS decreases.

This refinement of the microstructure leads to a substantial improvement in mechanical
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properties.[12, 14,15]

2.2. Aluminum-Silicon Alloys

18

Alloys with silicon as a major alloying ingredient are by far the most important

commercial casting alloys, primarily because of their superior casting characteristics in

comparison to other alloys. A wide range of physical and mechanical properties is

afforded by these alloys. Binary aluminum-silicon alloys combine the advantages of high

corrosion resistance, good weldability, and 10w specific gravity, but castings of these

alloys are somewhat more difficult to machine than the aluminum-copper or aluminum

magnesium alloys.[l]

Aluminum-silicon alloys which are widely used to produce a large number of

components for the automotive industry usually contain sorne transition metals such as

manganese, iron, and chromium. These elements exist in the alloy either as impurities

or as intentional additions, and can react in the liquid phase to form complex

intermetallic compounds. One of the most harmful impurity elements in aluminum alloys

is iron, which together with aluminum and silicon forms severa! compounds which cause

a deleterious effect on the mechanical properties of the alloys being produced.[16,17, 18]

2.3. The Effect of MeU Chemistry

The chemical composition of the melt bas a significant influence on microstructure

and mechanical properties in the cast component. In Al-Si alloys of commercial

importance, there are a number of naturally occurîng impurities and great eare must be

exercised in minimizing their concentration to produce premium quality castings. Iron

is one of the most important elements to control because it forms brittle intermetallic

compounds which seriously impair ductility of the alloy.
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2.3.1. The Influence of Iron
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As iron can be readily picked up by aluminum from numerous sources, 10015,

scrap, etc., the limit can be easily exceede.d if proper care is not exercised to avoid

contamination. With the current accent on recyc1ing of used products there is an

increased risk of metal contamination.[19,20]

Bonsack[l8] says that iran is probably the most undesirable impurity in binary AI

Si alloys. Iron forms a temary eutectic with Al and Si that contains 87% Al, 12.5 % Si

and 0.5% Fe. According to Bonsack[18] any amount of Fe over 0.5% will be present as

Al-Fe silicide in large platelets(needles) which, up to about 0.8% Fe, increase strength

and hardness but slightly reduce ductility. Above 0.8% Fe, the strength and elongation

drop rapidly. Grand[2l] states that increasing Fe from 0.50 to 1.2% in Al-! j % Si alloy

dramatica11y reduces the mechanica1 properties, particularly e1ongation. It is also

reported[22] that e1ongation and Charpy impact strength were decreased by adding iron.

The e1ongation and impact values of Al-5% Si are 13% and 181 at 0.75% Fe and 10%

and 101 at 2.05% Fe.

The solubility of iran and other alloying elements in aluminum is very low. As

a result of this, during solidification, liquid in the interdendritic regions becomes

enriched with alloying materials, and iran forms complex intermetallic compounds with

aluminum, silicon, manganese, and chromium. These are insoluble complexes and their

volume percentages increase with an increase in iran content. ln die-casting alloys, a

higher percentage of iran is tolerated. At the high cooling rates prevailing in the die·

casting process, iran compounds are refined.[23] ln fact, an iran content up to about

1.3% is beneficial because it he1ps to limit the soldering effect of the die cast metal 10

the die.[6,23] Iron is attacked by molten aluminum, and although dies are prolected by

lubrication coatings, areas opposite the gate affected by turbulence of the injected metai

become roughened and tend 10 adhere to the die cast metal. The presence of iron in the

alloy reduces this tendency.



It has been reported that the Al-Si-Fe euteetic composition occurs at about 0.8%

Fe. When Fe is alloyed to somewhat above this level, the molten metal has little or no

tendency to dissolve die steel while the two materials are in intimate contact. Thus, the

higher iron content of the alloy reduces the solution potential for the iron components of

the casting machine and die, and for this reason, most aluminum pressure die casters

desire that their alloys contain between 0.8 and 1.1 % iron.[19,22,24,25,26,27] However,

the iron content should not be higher than the spccified amount otherwise iron creates

complex intermetallic compounds with aluminum, silicon, and manganese.[6,28] These

compounds act as hard spots and have a detrimental influence on mechanical and physical

properties of die-cast parts. It was found that lowering of the iron content resulted in a

marked improvement in tool life.[29,17]
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Many authors have mentioned the influence of iron on mechanical properties at

room temperature; however, Al-Si alloys also have applications at high temperature, as

for example in pistons. The present infonnation[30,3l,32,33] shows that iron can

dramatically increase the tensile strength and yield strength of Al-1l.5 % Si alloy at

316°C. Some research[32] indicates that a certain amount of iron is of benefit to the

creep resistance of an Al-Si alloy.

Increasing iron from 0.50 to 1.20% in an Al-13%Si casting alloy dramatically

reduces the mechanical properties, partïcularly the elongation because of needle or

platelet phase formation.[19,34] The platelet phases, which appear as needles in the

microstructure, aet as stress raisers which contribute to the brittleness of the material.

In addition to this effeet on mechanical properties, large iron-rich needles which fonn

carly in the solidification process tend to prevent the flow of liquid metal through the

feeding channels and may cause unsoundness.[19,35] Eklund[3] reported that

intermetallic compounds in as cast aluminum all0Ys may frequently appear in contact

with porosity. He showed that compounds of the AlFeSi and AlFeMnSi type favour the

formation of shrinkage porosity by blocking the interdendritic feeding channels of
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hypoeuteetic aluminum-silicon alloys.[3] It is therefore important to know how to avoid.

or at least control, the precipitation of iron containing intermetallic compounds during

alloy solidification.

2.3.2. The Influence of Manganese

Manganese is the most common alloying addition which is used to neutralize the

effect of iron and to modify the morphology and type of intermetallic phases.[13,19,36]

Mondolfo[30] indicates that chromium can act in a similar manner to manganese, and

each element is able to change the morphology of the iron-rich phase from brittle

plate1ets to a more cubic form or to globules. These morphologies improve tensile

strength, e1ongation, and ductility.[22,24,36] Manganese is added to many of the alloys

for !Wo purposes : 1) increase of high temperature strength and creep resistance through

the formation of high melting compounds; Cu2Mn)Al2Q, Mn)NiA116, MnCrAI 12 , and also

(FeMn»)Si2Al15, and possibly more complex ones with chromium and nickel; 2)

correction of the embrittling effect of iron.

Severa! authors attribute the beneficial influence of Mn additions in AI-Si alloys

to the change of the Fe compounds to less harmful types and shapes.[12,18,21,36,37]

Bonsack[18] shows that the presence of 0.5% Mn in an AI-13% Si alloy with as much

as 1.5% Fe transforms the harmful AlFe5i-needles into the relatively harrnless Chinese

script. Colwell and Kissling[22] state that Mn, in the Mn:Fe ratio of 1:2, breaks up the

Fe needles and helps both the mechanical properties and castability. An addition of

0.35% Mn to 380 and 413 alloy die castings was investigated as a means of improving

machinability and pressure tightness. While machinability was apparently unaffected,

pressure tightness was measurably improved.[20] Manganese and chromium additions

are also used for the phase modification in silumins (Al-13 % Si master alloy) to provide

the appearance of (FeMn)~i~12 and (FeCr).SiAl phases, which are crystallized in

Chïnese script morphology.[38]



Quadt[39] determined the effect of Fe and Mn on the mechanical properties of a

sand-east alloy containing S% Si-l % Cu-O.S % Mg. The properties were in general

reduced when Fe was increased from 0.3 to 0.8% in the absence of Mn. When Mn was

added, a distinct improvement in properties was noticed which made them generally

equivalent to those of the original alloy with low Fe and low Mn. When 0.37% Mn was

present, Fe up te 2.4 % only causee! a slight deterloration of the properties. Thus, Mn

changes the harmful needle-like compound into the less harmful Chinese script.

Quadt[39] concludes by saying that Mn should probably be specified in the range 0.3 to

0.7%, and Fe content in castings should be limited to 1%.
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The other usage of manganese in aluminum casting alloys has been the

enhancement of elevated temperature properties in compositions commonly referred to

as heat resistant. Alcoa's research in hypereutectic Al-Si alloys nearly always led to the

addition offrom 0.7% to 1.0% manganese.[20] The studies on which final compositions

were based suggested that the effects of manganese were most pronounced in improved

elevated temperature strength and hardness with little or no sacrifice in other properties

and charaeteristics.

Manganese is also used in wrought alloys. The role of manganese in wrought

alloys is improved strength as a function of work hardening. In wrought applications,

manganese occurs in the microstructure in the form of an extremely stable, essentially

insoluble dispersoid. It significantly improves the rate of work hardening for the

development of an attractive combination of mechanical properties after hot and cold

working.[20] The role of manganese in casting compositions is considerably different

because of the absence of work hardening. In the absence of manganese, aluminum-iron

silicon constituent is normally present in p1atelet or needle morphologies detrimental to

fluidity, feeding charaeteristics, and accordingly their presence increases shrinkage and

shrinkage crack tendencies. When manganese is present, the intermetallic phase assumes

a more globular form. For this reason, it is common practice to observe a 2: 1 iron to
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manganese ratio in composition control for many alloys.

2.3.3. The Role of Other Alloying Elements

23

Silicon is usually added for castability, as many of the intricate shapes which are

common today could not be cast without it. Unfortunately, silicon adversely affects

machinability.[17,40] Increasing silicon content appears to lower the temperature at

which iron-rich primary crystals begin 10 separate. On the other hand, silicon additions

lowerthe liquidus temperature of the base alloy more than they lower the temperature

at which iron and manganese separate in the melt. Helice at constant superheat,

increasing silicon restricts the permissible iron and manganese content of the alloy. [41]

Glaisher also indicated that an increase of silicon content lowers the "apparent

liquidus", giving longer time in the mold before solidification if the sarne pouring

temperature is used. This effect of high silicon content in promoting gravity segregation

is likely 10 be greater in castings of thick section and may be reduced by lowering the

pouring temperature.[41]

Small amounts of copper, nickel, magnesium and zinc have been reported to have

little effect on the degree of segregation.[41] The normal variations in these elements

may therefore be expected to be unimportant in this connection. Colwell and Kissling

indicated that a zinc content of about 0.5 % helped machinability and had no harmful

effects; magnesium in amounts greater than about 0.10% was harmful both to castability

and 10 the mechanical properties obtained.[22]

2.4. Intermetallic Compounds
Comp1ex intermetallic compounds are brittle; they act as stress raisers and are

points of weakness which reduce the strength and ductility of the alloy, the reduction

depending on the amount present and on the size and type of crystals.[19] Kaye[5] also



reported that oxide films readily encourage the nucleation of intermetallic compounds

with high hardness, particularly in pressure-die-cast aluminum-silicon-copper alloys

containing high levels of iron, manganese or chromium.

• LITERATURE SURVEY 24

It is worth to mention that a feature of aluminum alloy systems is the wide variety

of intermetallic phases which occur because aluminum is highly electronegative and

trivalent. The complete literature on intermetallic phases has been reviewed by

Pearson.[42] Intermetallic phases in aluminum alloy systems have also been discussed

as part of a wider review by Mondolfo. [30] The stability of such phases and the

narrowness of their compositional range is determined by size and valency factors. In

binary systems, sorne phases can he exactly stoichiometric, for example, AISb. Other

systems can have a very narrow compositional range not containing the composition of

their formula, for example CuAl2, thus containing lanice defects. Others such as Ag2AI

show a wider compositional range. Transition metals often exhibit a succession with well

defined and sometimes complex stoichiometry. The origin of aluminum-transition metal

and silicon-phases is still being investigated. There is sorne evidence that the valency

e\ectrons are absorbed into the d-shell of the transition metals and are replaced by

e\ectrons from the aluminum shell.[I] Transition metals also exhibit frequent

metastability, in which one phase introduced during fast solidification transforms in the

solid state tu another, for example, FeA4 - FeAl], or a metastable variant such as

MnA112 precipitates from supersaturatcd solid solution.

In temary alloys, a few intermetallic phases of other binary systems can form a

pseudobinary euteetic with primary aluminum solid solution, for example, Mg2Si or

MgZn2. In quaternary systems, intermetallic phases of the respective binary and temary

systems are occasionally isomorphous, forming continuous series of solid solutions in

equilibrium with aluminum solid solution. An important example is in the aluminum

iron-manganese-silicon quatemary system; here the stable phase (FeMnhSi2Alls (body

centered cubic) can vary from Mn]Si2AI IS, a= 12.652 A to (F~.9Mno.t)]Si2AIIS'
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a= 12.548 A. The stable phase of the closest composition in aluminum-iron-silkl)1l is

F~SiAI8 (hexagonal); the hexagonal .... cubic transition is also accomplished by small

additions of vanadium. chromium. molybdenum. and tungsten. and larger additit)lls lJ{'

copper.[43] Such chemicaJ stabilization effects. coupled with the l1letastability introdlll:ed

by casting, frequently cause a complex alloy structure.

2.5. Aluminum-Iron-Silicon System

2.5.1. AlFeSi Phases

A wide range of AIFeSi particle types is reported ill the literature.

[13,25,30,43,44,45,46,47,48,49] These can generally be divided into three din-':rell!

morphologies :

1. polyhedral crystals (and star-Iike), (Figure 2.la)

2. Chinese script (Figure 2.1b)

3. needle-like (thin platelets), (Figure 2.lc)

(a)
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(b)

•

(c)

Figure 2.1 : Intermetallics in 413 al10ys a) Polyhedral particles (400X)
b) Chinese script (IOOX). c) Platelet (needle-like); (400X)



Although investigation ~f the AIFeSi system began in 1921 [50], because of its

complexity the entire sys:em is still unclear.[51] Construction of the phase diagram is

made more difficult by the fact that the prevailing peritectic reactions do not take place

completely. Solidification is of a non-equilibrium character in almost every case, and

while carrying out heat treatment, the equilibrium state is approached very slowly.
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In this system, the range of 0 to 35 % Si and 0 to 30% Fe has been investigated

by Gwyer and Phillips[52] by means of thermal analysis and optical metallography.

Within this range the 6-AlFe, a-AlFeSi, tl-AlFeSi and é-AIFeSi phases have been

identified and their primary crystallization range and their transformation temperature

have been determined. (The phases are designated according to the system of Phillips and

Varley.[53]) The authors emphasized that the peritectically solidifying phases formed

a crust-like encasement around each other thus excluding the earlier solidified phases

from the system.[52] Therefore, in the cast state, more phases may exist simultaneously

than ought to be possible according to the phase rule in equilibrium.

Armand[54] distinguished between three independent phases within the a-AIFeSi

field and designated them ah az and a]. Similarly, Munson[43J revised the range of 0

to 16% Si and 0 to 12% Fe. In the temary alloys within the a-field he found two phases

which were earlier described by Armand[54] as az and a], but he designated them as

hexagonal a-AlFeSi and tl-AlFe5i. He established that the cubic a-AlFeSi (that is the a,

phase of Armand) can form in alloys containing small amounts of transition metals

(manganese, chromium).

In another investigation, the equilibrium phases in low-alloyed AI-Fe-Si material

are reported to be : e-Al]Fe (monoclinic), a-Al,FezSi (hexagonal) and tl-AlsFeSi

(monoclinic). The a-phase bas aIso been reported to have the composition Al1zFc]Si2

(30.7% Fe, 10.2% Si).[48] These phases are dominant in slowly cooled castings,

whereas the metastable phases A4Fe (orthorhombic) and a'-AlzOFesSiz (cubic) only occur



in rapidly-quenched material.[13,26,30,43,45,48,55] Since many commercial aluminum

alloys contain manganese, or chromium, either as impurities or intentional additions, it

is to he expected that the cubic a-AlFeSi phase will be found in these alloys rather than

the hexagonal a-AlFeSi phase. [43,5 1]
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Mondolfo(30] reported (Wo other phases, AI.FeSi2(o), in high silicon alloys, and

A13FeSi(oy) in high-iron and high-silicon alloys.[30,51] Phragmen[49] has indicated that

a-AlFeSi has 31.9% Fe and 5.57% Si ; tl-AlFeSi has 27% Fe and 13.5% Si. Awano

et al. [56] also showed that the AlFeSi compounds in a Chinese script form had the

composition of Als.~.•Fe,.J.uSi with higher iron content and lower silicon contents. The

crystals of tl-AlFeSi appear in needle-like form [44,47,57]. Other investigators have

reported widely different formulae for these compounds with the result that no reliance

can he t>laced on these formulae.

The fields of existence of the temary phases in the solid state are mostly outside

their range of primary crystal1ization, and completion of perileCtic reactions is necessary

for equilibrium to he established. For this reason most commercial alloys are not in

equilibrium and it is common to find alloys in which AI.Fe, A13Fe, AlaF~Si, AlsFeSi and

AI.FeSi2 may coexist with one another and with silicon. Often in heat treated alloys

equilibrium may he reached by diffusion in the solid State, and AlsFeSi may be found in

the Chînese script shape characteristics of AleF~i. Thus, identification of the phases

from the shape alone may he misleading.(30)

A.L.Dens has stlldied the crystal structure of AlFeSi compounds in (WO DC cast

and six strip cast alloys. He has compared them with structures reported by other

investigators.[47] A number of intermediate non-equilibrium phases which can form in

Al-Si-Fe alloys have been also reported elsewhere.[l6,26,55) Moreover, three new

intermetal1ic phases have been identified by Liu et al. (55) in dilute Al-Fe-Si alloys. These

are termed AI,Fe, qt-AlFeSi, and ~-AlFeSi. As a summary, a list of the crystal
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structures of the intermetallic phases is given in Table 2.1. Severa! iron-rich

intermetallics have also been extracted and analyzed.[58.59.6O.61] In most cases. these

particles were extracted by dissolution of aluminum matrix in acids [60] or in alcohol

(Butanol).[58,59]

Table 2.1 : The Crystal Structures of the Intermetallic Phases

Name Structure a (À) b (À) c (À) II (0) Reference

Al3Fe monoc\inic 15.49 8.08 12.47 107.5 [42.48]

Al",Fe bct 8.84 - 21.6 - [62]

AI.Fe monoclinic 21.6 9.3 9.05 94 [63]

A4Fe C-centred 6.49 7.44 8.79 - [64]

a bec 12.58 - - - [16,42], as
c-AIFeSi [49]

. hexagonal 12.3 - 26.2 [42], asa -
a-AIFeSi [48]

a
. hexagonal 12.6 - 37.0 [16]-

av monoclinic 8.47 6.35 6.10 93.4 [65]

aT monoclinic 28.1 30.8 20.8 97.74 [66]

(J monoc\inic 6.12 6.12 41.5 91 [42,48]

(J' monoclinic 8.9 4.9 41.6 92 [16]

ql-AlFeSi C-centred 1.27 3.62 1.27 - [55]

Ih-AlFeSi monoclinic 1.25 1.23 1.93 109 [55]

2.5.2. Alpha and Beta Intennetallics

Of the many AlFeSi intermeta11ics, the most important are generaily thought to

be the a and (J phases. AlIF~i (31.6% Fe, 7.8% Si), often reported as A112F~Si2

(30.7% Fe, 10.2% Si), with a probable range of existence of 30-33% Fe, 6-12% Si. is

hexagonal; parameters a= 12.3 X lO·,om , c=26.3 x lO"om; density 3.58 g/cm3• This



is the phase that appears as 'Chinese script' and is commonly referred to as a-AIFeSi

(Figure 2.2b). Al5FeSi (25.6% Fe, 12.8% Si), with a range 25-30% Fe, 12-15% Si, is

monoclinic; laltice parameters a=b=6.12 x lü·,om, c=41.5 x lü·,em, a=91°; density

3.30-3.35 g/cm3.[30,67,68,69,70,71] This needle-like phase is the ,s-AIFeSi (Figure

2.2c).
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The cubic a-phase, which is often observed in commercial Al-alloys, forms both

as euteetic colonies on grain boundaries and in the interdendritic spacings, as weil as in

the interior of the dendrites. In the latter case the particles were more or less spherical

with a distinct internaI subgrainlgrain boundary nelWork, giving the particles the

appearance of a polygonized struclUre.[16,65]

Conflicting data have been reported about a-AIFeSi.[43] The phase was

designated a(FeSi) by PhilIips[72] and c-AlFeSi by Phragmen.[49] The latter found that

c-AlFeSi had a cubic unit ceII a= 12.58 A and was i5Omorphous with the ternary c

AlMnSi, described by Phillips as a(MnSi). Pratt and Raynor[48] found that a-AlFeSi had

a hexagonal unit ceII with lattice parameters a=12.3 ± 0.1 A, c=26.2 ± 0.2 A.

Mun5On[43] confinned that pure a-AlFeSi had a hexagonal unit ceII; crystals with a

cubic unit ceII were formed only when certain other transition metals were present at

more than a critical concentration.

According te Mun5On[43] and Mondolfo[30], the hexagonal alf"AlFeSi crystallizes

in high purity alloys with compositions near te the Al-comer of the AlFeSi system, and

the cubic ac·AlFeSi phase forms only if other alIoying elements or impurities are also

present.[73] It bas been reported that the thermodynamical1y stable a-AlFeSi which is

hexagonal becomes unstable with very small amounts of Mn. The cubic structure has

been confinned as the stable phase up to an Fe:Mn ratio of 4:1, but its unit cell volume

is 50 small as to Sliggest four vacancies per unit ceII.[74]



The ,s-AlFeSi crystal phase shows latera! or faceted crystal growth. The~e crystals

are bounded by slowly growing planes of low indices. These s,: ;aces are relatively

"smooth" on the atomic scale, any further atoms from the liquid find only few

possibilities tojoin the interface and so their growth is restricted and therefore slow.[73]

ac-AlFeSi phase grows in irregular, curved crystal fonn conforming to the complicated

shape of the interdendritic spaces during solidification. The form of the crystals is

controlled by temperature gradient and by the diffusion of atoms in tho: liquid. During

crystallization, atoms can add on to the solidified part when they arrive at the interface.

In this case there is a "rough" interface between the solid and liquid.[73]
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The effeet of cooling rate on the aspect ratio of ,s-phase has been explained[25]

by referring to the growth meehanism of this phase i.e. the phase is non-metallic and thus

solidifies with a faceted interface, which is comparable to silicon growth in aluminum

alIoys. However, despite the ability of silicon to branch and to keep up with the more

kinetically mobile aluminum phase, the thin plate1et intermetallic compound èœs not

show any branching capability and thus is expected to be overgrown by the aluminum

phase.

A reduction in ductility, fracture toughness and fatigue properties has been

attributed to the precipitation of thin, coarse platelets of FeSiAls. The size and amount

of plate1ets depends strongly on iron content and solidification rate.[75,76] Yeneva

et.al.[46] have studied the :ippearance of iron intermetallic phases in AI-Si cast alloys at

different iron concentrations. They showed that for a given concentration of manganese,

the perccntage of needle-like ;;hase increases rapidly witll increasing iron concentration

as shown in Figure 2.2. At 0.9 wt% Fe nearly aIl iron containing precipitates are

needle-like causing a decrease in the fatigue strength. Figure 2.3 shows the decreasing

percentage of needle-like compound in Al-Si alloys with lower Si-content.
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Figure 2.2 : Dependence of the percentage

of P-phase vs. iron content [46]

Figure 2.3 : Dependence of the percentage

of P-phase vs. silicon content [46]

2.6. AIuminum-Iron-Manganese-Silicon System

2.6.1. AlFeMnSi Phases

In sand casting and permanent mold alloys, AlFeMnSi phases usually assume the

shape of a snowflake, known as Chinese script (Figure 2.1b), because these aIloys are

usually cast above 677°C, preferably 788°C or even higher. When poured from these

temperatures into a cold sand mold or a fast chilling permanent mold, the intermetallics

become the snowfiaJœ like, desiIable, strengthening, easy-to-machine crystals. However,

die castings are most often cast at temperatures of 682oC or less. At these temperatures,

iron complex compounds grow into hardspots.[17,77]

•
Iron forros AlI~(FeMn)3Si2 with manganese, often in the shape of Chinese script, thus

removing the embrittling effect of ~Fesi.[30,41,66,78] Mondolfo[30] showed that if



the total manganese plus iron content is above 0.8%. the Al,s(FeMn)JSiz crystals are

primary, and they appear as hexagonal globules (although the compound is cubic). These

globules do not embrittle the alloy, but reduce appreciably the machinability; therdore.

manganese content is often controlled for only partial correcùon of iron to prevent the

formation of primary crystals.[30,79]
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The Ia.'1ge manganese 0 - 4%, silicon 0 - 4%, iron 0 - 4% has been studied in detail

by Phillips and Varley.[53] Severa! addiùonal alloys, in the neighbourhood of the

ternary eUlectic points, have also been investigated.[53) According to the literature, the

following intermetallic phases can be found in cast AI-Si alloys which contain Fe and

Mn: [29,43,44,46,49,53,80]

m-Al(Fe,Mn)Si, a neenle-like phase (known as tl-phase), which causes deterioraùon of

the mechanical properties of the casting;

a-Al(Fe,Mn)Si phase appears in fine "Chinese script" forro. lt has a less significant

influence on the tensile properties;

c-Al(Fe,Mn)Si particles in polyhedra! crystal forro (and star-like) are usually observed

when the iron content is higher!han 0.8 wt. % and Mn-content is moderate (0.2 to 0.3

wt. %).

Composition, shape, and dimension of these interroetallic phases depend on the

crysta1lization conditions.[46]

Table 2.2 presents the e1ectron microprobe analysis of the large, equiaxed

particles which were believed ta be c-AlFeMnSi in the microstructure of a commercial

380 alloy.[27,29] The shape of c-Al(FeMn)Si intermetallic compounds is shown in

Figure 2.1. [40]

Table 2.2 : Composition (wt. %) of c-AIFeMnSi

Al Fe Mn Si Cr Cu

62% 20% 6% 10% 1% 1%



This c-phase analysis agrees weil with previous determinations of the composition of the

c-phase by Phragmen [49] and by Pratt and Raynor [48]. Il has also been reported that

the star-like (polyhedral) intermetallic phase in alloy 339 has a composition

corresponding te AI,2(Fe Mn CrhSi2. [81]
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The two iron phases (rn-and a-) were investigated[46], and their compositions are

shown in Table 2.3. They indicate that even at low Fe and Mn concentrations « 0.15

wt%), quaternary phases are observed.

Table 2.3 : Composition (wt. %) of the Observed Iron Phases.

needle-like phase (m) chinese script (a)

Al Si Fe Mn Al Si Fe Mn

58.25 15.85 21.2 4.01 61.1 7.4 21.27 10.23

The composition of the needle-like m-phase corresponds to the formula A~(Fe,Mn)2Si2'

while a-phase's composition corresponds to AlI2(Fe,MnhSi. However, other investigators

state that the composition of a-phase corresponds to Al15(Mn,Fe)3Si2.[30,36,82] The

percentage of m-Al(Fe,Mn)Si depends on the crystallization rate, Si-concentration and

the presence of modifying agents. Il was found that decreasing solidification rate results

in an inerease of a-phase (Chinese script) content.[46]

Munson[43] showed that in quaternary aluminum-iron-M-silicon alloys (where M

is another transition metal), the crystal symmetry of the primary "a" phase depends on

the nature and amount of tJ:e quaternary addition. Vanadium, chromium, manganese,

copper, molybdenum, and tungesten all cause the formation of a B.C.C. phase with a

lattice parameter between 12.5 and 12.7 À. That this phase has a body-eentred unit celI

was confirmed by e\ectron diffraction.[43]



2.6.2. Solidification Process in Al-Fe-Mn-Si System

Backerud et a1.[82] stlldied the conditions of fonnation of Al,~(Fe,Mn),Si:phase

in the Al-Fe-Mn-Si quatemary system. In Figure 2.4 the composition of a1loy 356.0 is

indicated; it falls well within the standard specifications (shaded area (A». The

solidification process stans by fonnation of a1uminum dendrites and the interdendritic

liquid becomes success.ively cnriched in iron and silicon according to path (1). The

segregation line penetrates the Al15(Mn,Fe),Si2 surface and stans the second reaction, by

which this latter phase is precipitated, path (23). Some Mn is consumed, and we saon

reach the valley between the two iron-bearing phases, AI15(Mn,Fe),Si2 and AI~FeSi, and

during the following reaction these two phases precipitate together along path (2b) until

the euteetic composition (3) is reached. From there on, Al, Si and AI~FeSi will

precipitate together in the main euteetic reaction. In a similar way the first solidification

events can be followed in the various alloys.[82]
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Figure 2.4 : Simplified phase diagram showing original composition of actual
sample (representing aIloy 356.0) and the segregation line followed by dendritic
growth and precipitation of intennetallic phases.



The solidification of alloys in the Al-Fe-Mn-Si system may be divided into four

different main events: pre-dendrilic, dendrilic, pre-eulectic and main eutet:tic. The

primary precipitation of phases other !han aluminum dendrites, is called pre-dendritic.

Tamminen[83) has explained the pre-dendritic precipitation of intermetallics for alloy

380. The chemical composition of the alloy is presented in Table 2.4. It is seen from

Figure 2.4 that the composition of this alloy is in the region which may cause pre

dendritic precipitation of AluMn3Si2 or even Al,FeSi, during holding of the me1t for

extended periods of time before casting. A critical situation appears when holding the

me1t at low temperature, just above the me1ting point. At this temperature, crystals of the

primary particles may star! to grow, and as their densily is higher than that of liquid

aluminum, they sediment te the bottol:! of the holding furnace.
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The pre-eutectic period takes place after the dendritic growth of aluminum

dendrites. The reaction paths for these intermetallics will be different, depending on

cooling rate.

Table 2.4 : Chemical Composition of AIloy 380

AIloy Si Fe Cu Mn Mg Ni Zn Sn

380.0 7.5-9.5 2.0 3.04.0 0.50 0.10 0.50 3.0 0.35

A380.0 7.5-9.5 1.3 3.04.0 0.50 0.10 0.50 3.0 0.35

Pre-euleetic tmd 11U1in Euleetic Reactions al low Coaüng Rale

If the cooling raie is low enough, large AI,FeSi intcrmetallics may star! to form from

liquid tegether with a funher growth of aluminum and AluMn3Si2.(see Figure 2.4)

During the main eutectic reaction Al,FeSi and silicon will form, partly dïrectly from

liquid phase, but aise due te a reaction between liquid and AluMn3Si2•

Pre-euleetic tmd 11U1in Euleetic Reactions al high Coaüng Rate

At higher cooling rates, closer te die casting conditions, the precipitation of aluminum



and Al15Mn)Siz continues until the main euteetic, without any formation of Al~FeSi. In

the main euteetic, aluminum and AlISMn)Siz precipitate together with silicon. No

formation of AlsFeSi occurs, neither by precipitation nor by transformation of

Al1sMn)Siz•
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Mascre[84] studied the Al-13% Si alloy with 0.55 to 1.20% Fe and up to 1.3%

Mn using test bars cast in sand and in permanent molds. His metallographic examination

revealed four phases in these alloys :

1) the alpha phase, which is a solid solution of aluminum containing small quantities

of iron, silicon and manganese;

2) the silicon-rich phase, which, in fine lamellae, forms a eutectic with the alpha

phase, or, in improperly modified alloys, exists as regular silicon crystals;

3) the "m" phase[49l, which is the AlsFeSi compound (.8-phase) and exists in the

form of long needles or platelets and is very brittle and detrimental to the

properties;[30,36] and,

4) the "c" compound[49l, whose crystals are compact and therefore less detrimental

to the properties than the "m" compound.

He also studied the fields of primary solidification of phases alpha, "m" and "c".

Figure 2.5 shows !hat the boundary positions depend on cooling rate and the Fe and Mn

contents of the casting.[84] The diagram illustrates the compensating effect of Mn. For

example, a sand-east test bar with 1% Fe but no Mn will contain much brittle "m"

compound and this will markedly reduce the tensile strength and particularly the

e1ongation. If the same casting, again with 1% Fe, contained 0.6% Mn, the "m"

compound would be replaced by the less damaging "c" compound and the properties

would be improved. Mascre presents contour diagrams and, from these, he arrived at the

followïng general "neutralization" formula for sand and permanent-mold castings :

Mn % = 2(Fe % - 0.5)
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Figure 2.5 : Fields of primary solidification in Al-13 % Si alloy

containing Fe and Mn.[84]
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Similarly, Mascre[84] explained the embrittling phenomenon of the alloy Al-13%

Si having 0.55 to 1.20% Fe and up to 1.3% Mn, as follows : When sufficient Fe is

present, constituent "m"- Al,FeSi (known as P-phase)- exists in the primary fonn, i.e.

it cryst3l1izes before the Al-rich alpha phase. As shown in Figure 2.5, the Fe level at

which Al,FeSi appears depends on the cooling rate and the Mn level. In the absence of

Mn, Al,FeSi appears with about 0.75% Fe in sand cast test bars, and probably at

somewbat lower Fe contents in large sand castings. However, in thin chilled sections,

which cool rapidly, as much as 1.2% Fe rnay be present without causing the fonnation

of the platelet phase.[84]

So far, the solidification sequence and especially the segregation phenomena have



been described in relation to equilibrium phase diagrams. ln real casting processes.

however, kinetics factors are of importance, since they influence nucleation as well as

growth of the various phases precipitated. [82] lt is reported that the metallic phase. Q

aluminum, grows more easily in its non-faceted manner than silicon crystals and Most

intermetallic phases, which grow by stepwise nucleation on specific crystallographic

planes. But there are also differences in growth rate between intermetallic crystals. The

cubic AlIS(Mn,Fe)JSi2 phase grows more easily than the monoclinic AlsFeSi phase, and

therefore dominates at high cooling rates, provided the chemical composition of the alloy

permits formation of the former phase.[82]
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Barlock and Mondolfo[45] showed that in the non equilibrium conditions. which

result from commercial solidification rates, F~, F~SiAll and FeSiAls can appear even

if the WlII is higher than Fe but no other phases appear. Rapid cooling up to lOoC/s and

superheating do not change substantially the structure. Interdenditic spacing and size of

intermetallics decrease with increasing cooling rate and increased superheating.

2.6.3. Reactions in Al-Fe-Mn-Si System

When iron is present in aluminum-silicon alloys, it is usuaily as the FeSiAls

compound. This compound is brittIe and has a relatively low bond strength with the

matrix. The addition of manganese reduces this embrittling. In Most manganese

compounds that form in aluminum alloys, iron can replace large amounts of manganese

without change ofcrystal type. The Most common manganese compounds are (FeMn)Al.

and (FeMn)JSi2AlIS in copper-free alloys; (CuFeMn)Alo, (CuFeMn)JSi2Al1s and

Cu:zMnJAl2Q in copper-bearing alloys. AlI of these phases form more or It:.<:s equiaxec!

crystaIs and tend to solidify in the form of dendrites, with Chinese script type, thus

eliminating Most or all of the iron embrittling effect. [36]

The replacement ofFeSiAlsby manganese compounds also increases the corrosion

resistance at least in the copper-free alloys bPcause the difference of potential between



the iron-bearing compounds and the matrix is greatly reduced. Together with the

improvement of ductility produced by the neuttalization of the iron, manganese also

produces a limited increase in strength and fatigue resistance. [36] If the iron content

exceeds 0.45 wt%, it is reported that the manganese content 'ihould not be less than half

of the iron.[19]
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Binary and temary phase diagrams have limited application when anempting to

understand phase formation in commercial alloys of aluminum since these always contain

appreciable amounts of other elements which substantially affect the structure. In Figure

2.6 are shown the liquidus and the solid state distributions of phases in the quatemary

aluminum-iron-manganese-silicon system. None of the phases !hat appears is truly

quatemary : the (FeMnhSi2AlU is the temary Mn3Si2AlU in which iron replaces up to

90% of the manganese so !hat its field extends far toward the Fe-Si side.[36] The

stoichiometry of these phases is (FeMn)3Si2AlIS. with a composition range of 0-31 % Fe,

2-29% Mn, 8-13% Si. Mn3Si~u is cubic with a lanice parameter which changes from

a= 12.65 x HtlO m at 0% Fe to 12.5 x 10-10 m at 31 % Fe. There is no work in the

literature to identify the crystal structure of (FeMnhSi2AlU precisely.

According to Mondolfo[36], (FeMn)A4 is the first phase in the Al-Fe-Mn-Si

system to form over a good part of the system where many of the commercial alloys are

loc:ated. In many alloys. (FeMn)~ then reaets peritectically with the liquid to form

(FeMn)~i~Ll' There are many other invariant reactions in the system (sec Table 2.5),

the only one of sorne interest for aluminum-base alloys is :

By this reaction the FesiAls platelets that badly embrittle high silicon alloys are

transformed into the (FeMn)3Si2AlIS phase that does not appreciably reduce the ductility

of the alloys in which it is present.
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Figure 2.6 : Projection of the aluminum corner of the aluminum-iron-manganese-silicon

diagram : (a) Liquidus ; (b) Phase distribution in the solid (after Mondolfo [30,36])
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Table 2.5 : Invariant reactions in the aluminum-iron-manganese-silicon system.

The leners locate the reactions in Figure 2.6.[ref.30]

42

R~QClion
Composition T~mperQIUre

'lOFe 'lOMn 'lOSi (OK)

Binary
A. Iiq.- AI ... FeAl, 1.9 928
B. liq.- AI ... MnAl, 1.9 931
C. Iiq.- AI ... Si 12.5 850

Iiq.... MnAI. - MnAI, 4.1 983
T~rnQr)'

D. liq.• FeAl, - Fe,siAI, ... AI 2.5 4.0 923
E. liq.... Fe,siAI.- AI ... FeSiAI, 1.7 7.5 885
F. liq.-AI ... FeSiAI, ... Si 0.7 12.0 848
G. liq.-AI ... Si ... Mn,Si,AI" 0.75 Il.75 846
H. liq.... MnAI,- AI ... Mn,Si,AI" 2.0 1.3 922
1. liq.- AI ... (FeMn)Al, ... FeAl, 1.7 0.7 927

Iiq.... MnAI.- MnAI,'" Mn,SiAI,. 4.5 0.5 963
liq.... Mn,SiAI IO - MnAI, ... Mn,Si,AI" 2.65 1.6 928
Qual~rnary

J. liq.• FeAl, ... (FeMn}AI, - AI ... (FeMn),Si,Al" 2.0 0.35 1.75 921
K. liq.... FeAl,- AI ... (FeMn),Si,AI" ... Fe,siA" 2-2.5 <0.2 3-5 900-905
L. liq.... Fe,siAI.- AI ... FeSiAl, ... (FeMn),Si,AI" 1-2 0.1-0.5 5-10 870-880
M. liq.... FeSiAI, - Al ... Si ... (FeMn),Si,AI,,' 0.6 0.2 11.7 848

Iiq~ MnAI.. Mn,SiAI... (FeMn)AI.. FeAl, 2.35 3.9 O.~~ 1002
Iiq~ Mn,SiAl... (FeMn)Al,. FeAl,. Fe,siAl. 2.35 2.6 1.35 968

Only Ibe reaetions wilb a !etter are shown in Ibe projections. because the olbers under
equilibrium conditions cannot talte place in aluminum-rich alloys. They are Iisted, however.
because in commercial alloys some or the phases involvcd may be present, allbough not in
equilibribm.

Practica1ly no commercial alloys fall within the fields in which FeAl]. F~iA1,

or Fe5iAlsare the phases that crystal1ize after the primary aluminum phase. If manganese

is added to correct for the iron, its amount is made sufficient not only 10 avoid those

fields. but also 10 prevent the formation of FeAl] or Fe5i even at the later stages of

solidification. If there are other elements (cobalt, chromium, nickel, ete.) which also

combine with iron, Jess manganese is needed. In high silicon alloys, (FeMnhSi2Al15 may

be primary, and since its crystals tend 10 be limited by the (Ill) faces. it appears as

more or Jess weil formed hexagons.[36]

In the alloys in which (FeMn)~ is the first 10 form, but t!'....è are close to the



peritectic line (FeMn)A4 -. (FeMn)3Si2Alll , fast cooling, as can be obtained in die

casting suppresses the nuc1eation of the (FeMn)AIo phase and (FeMn)3Si2A1" ma)'

become the first manganese-bearing phase to crystallize. This results in a change of phase

appearance : instead of having the sharp comered structure of (FeMn)AIo. the Chinese

script is more rounded and smaller. Superheating of the melt, which also tends to

suppress nucleation of (FeMn)A4 has the same effect.[85] In the higl1 silicon alloys fast

cooling has no special effect. It reduces the size of the phases and may result in the

silicon assuming a more or less modified appearance, but no new phases are formed nor

do equilibrium ones disappear.
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2.7. Sludge Formation

The primary phases or complex intermetallic compounds formed with aluminum,

silicon, iron, manganese, and chromium are called "sludge". These compounds have

high me1ting points and high specific gravities, two properties which cause them to seule

to the floor of the me1t. They occur in me1ts having sufficiently large amounts of iron,

manganese, and chromium in relation to the furnace-operating temperature.

(24,40,44,57,86] (Figure 2.7)

IntermetalIic phase separation from the me1t occurs most often in the die casting

industry where low me1t holding and casting temperatures are typical. The problem is

encountered in Al-Si casting alloys, and the phase that precipitates and accumulates in

the bottom of the furnace is an Al(Fe Mn Cr)Si-type intermetalIic. This is a hard phase

that is extreme1y detrimental to the mechanical properties and surface machining

characteristics of cast products if it is drawn into the casting during melt transfer.

[5,24,28,87] Sludge can be a serious problem to die casters when it forms in the alloy

or when gross partic1es become entrapped in the casting. The former causes tool wear

during machining and the latter can cause tool breakage. Sludge shows up in a machined

casting surface as a raised, shiny spoL
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Figure 2.7: Sludge particles in 413 alloys. (400X)
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In sludge formation, temperature is more impvrtant than time.[43] Oobrecht

reported the Iimiting temperature of segregation as a function of the content of the

segregating elements in some Al-Si alloys. [44,86] Miller[88] has shown that the

formation of sludge is dependent on the temperature. It was noticed that more polyhedral

particles segregated at lower pouring temperatures, but no suggestion has been put

forward to explain this observation. Oranger reported that holding a melt of al10y 339

for a short time at 760·C, and pouring from a temperature of 704·C, ensured that the

intermetallic phase went into solution.[81]

The iron content of sludge typica1ly is about 4%, but it can range up to 20 %. The

formation of sludge consumes the iron in the melt sometimes to a l~ve: high enough to



cause the alloy ta tend to solder to the casting die. [24] The sludge can not be diluted and

re-alloyed effectively at die casting temperatures because it contains a large amOl:nt of

iron, manganese, and chromium.[27] Nevertheless, if it is present. it is best to have

sludge as spheroidized and dispersed as possible.[17.29]
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2.7.1. The Sources of Siudge Formation

It is reported[89] !hat high silicon alloys are susceptible to precipitation of !he:

alloying elements, thus forming sludge. The rate of sludge formation increa:;es as the

temperarure (if the molten bath decreases and the concentration of impurities increases.

Local high concentrations of Fe, Mn and Cr or a combination of each or all, result in

an insoluble sludge compou.1d. Titanium-boron, strontium-~ilicon and beryllium based

hardener alloys as well as iron pickup from foundry tools are sorne of the sources of Fe.

Mn and Cr which may form harmful sludges in the meiting furnace. ln addition,

charging of cold ingots ta the molten bath I:laY cause sludge precipitation as a result of

the temperarure drop.

It is reported !hat the source of sludge is usually the holding fumace. [34] When

metaI is melted in a holding furnace, localized chilling of the bath can cause sludge to

form.[27] The formation of sludge indicates !hat the aluminum melt has been held for

extensive time periods at too low temperatures, or !hat the melting fumace has been

operated above its meltin~ capacîty. The sludge obviously forms eve."1 above the sludge

formation temperarure when rejected castings are added into the aluminum melt, since

the melt temporarily cools locally below this critical temperature.[3] Accordingly, sludge

is also formed near the cold refractory linings of the melting fumace. Groteke[7] has

observed that the dissolution of sludge requires an extensive holding time above the

sludge formation temperarure.

Unfortunate1y, with the demands for increased production and throughput from



the primary melting furnaces, and the normal agitation associated with charging and

tapping the melt, most die casting alloys contain a percentage of sludge crystals that is

d!!"eCtly related to the quality of the melt practice and the chemica! co::1po~!tion. The

question often becomes a matter of size of the inclusions, rather than their presence or

absence.
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2.7.2. Segregation Factor

Gobrecht[44,57,86] and Jorstad[24] have defined a segregation factor (sludge

factor; SF) in Al-Si-Cu alloys which is a useful tirst step to determine how much Fe,

Mn, and Cr can cause sludge to :orm. The segregation factor can be used to predict ~he

occurrence of sludge in the bottom of crucibles or furnaces as a function of temperature

and initial chemica! composition.[90] This factor is ca! .lated from the formula

:[24,44,57,86]

Segregation Factor = (l x wt% Fe) + (2 x wt% Mn) + (3 x wt% Cr)

The above formula is useful for predicting susceptibility to sludge formation.

However, metal temperature and, to some extent, agitation of the molten metal also

influence susceptibility to sludge formation. At hight. :101ding temperatureS, or with an

agitated bath (as in induction furnaces), a segregation factor higher than 1.9 can be

tolerated.[34]

Dunn[27] reported on the chemica! composition of sludges in the alloy A.380.

The material removed from the bottom of a melt gave an analysis which included 6.5 %

Fe, 3.03% Mn and 1.44% Cr. The actua1 crystals of the compound in the sludge were

analyzed by microprobe, giving a composition which included 20% Fe, 10% Si, 6% Mn,

1% Cr and 1% Cu. Anothe! analysis was made of large crystals of sludge which had

accumulated over a long period in a reverberatory furnace melting A.380 alloy. This



sludge had a me1ting point of over SOO°C and contained 9.4% Si, 11.4% Fe, 6.07% Mn.

2.16% Cu, 1.77% Cr and 0.4% Zn. The results of Dunn in alloy A3S0 verify that the

factors l, 2, 3, for Fe, Mn, Cr, respectively, in th~ sludge formula are reasonably

correct and can be used as a me1ting control.[27]
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Gobrecht[S6] also showed the relationship between holding temperature and

segregation factor (SF) for severa! important aluminum-silicon alloys. His work revea1ed

t'Jat segregation occurs at a critical holding temperature for different alloys when SF> 1.

Therefore, no segregation occurs if the me1: is kept at higher temperatures. It has been

reported[23] that increasing iron beyond that of a specified SF of I.S to 2.1 did not result

in the formation of sludge, but merely resulted in increasing the amount of platelet phase.

However, increasing manganese to maintain a specified 2: 1 (iron : manganese) ratio,

resulted in the precipitation of sludge in the microstructure. This shows that manganese

plays a more important role in the formation of the sludge than iron, and it requires a

more critical control in die-casting alloys.

2.8. Sedimentation of Intermetallic Compounds

2.8.1. Gravity Segregation

The temperature at which primary compounds begin to separate depends on the

combined content of sludge forming e1ements, and when these are sufficiently high,

separation of iron-rich compounds may occur even above the pouring temperature. Slow

cooling of the metal in the mould aIso favours gravity segregation, since these crystals

grow larger and have more time to sink!han when cooling is more rapid.[41]

Kaye et al.[6] reported that when me1ting and metal treatment conditions are not

controlled efficiently, the intermetallic compounds are forrned around solidification

centres provided by aluminum oxide nuclei present in the molten metal. Being heavier



than the aluminum, the solidified intermetallics settle to the bottom of the melt, causing

a sIudge te form. The rate of precipitation is te!TIperature dependent. Maimaining too low

a temperature (generally in holding furnaces) encourages their precipitation and when the

metal is retained longer in the crucible more segregation occurs.
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Groteke[7] and Kaye[5] have shown that the density of the int.rmetallic

compounds connected with the formation of sludge is relatively high compared with that

of the aluminum melt, and therefore the sludge has a tendency to settle to the bottom of

the melt. The commercial melting and casting processes are, however, relatively fast

processes, thus causing agitation of the melt which in turn hinders the settlement of

sIudge on the bottom of the melt. Therefore, it is better to consider the size of the

intermetallic particles rather than simply the existence or absence of them.

It has been reported that lower Cu-eontaining alloys show less tendency to

segregation.[8l] The results of Glaisher[4l] on a series of Al·5%Si alloys show that a

manganese content over 0.6% causes segregation whether the iron content is 0.8 or

2.3%. Manganese is more powerful than iron in causing gravity segregation, and the

combined effect of the two may be expressed approximately by the formula Fe% + 1.5

Mn%. In the absence of manganese, no segregation occurred, even with 2.3% iron.

In alloy A380 the thin plate1et and CuAl2 intermetallics are mainly segregated within

the euteetic regions, while the polyhedra1 and a few Chïnese Script particles are reported

te be uniformly dispersed throughout the bulle specimen. [25] Segregation is more likely

to occur in large sand castings and sIowly cooled ingots than in small sand castings or

die castings.[41] Gravity segregation was not experienced in melts which were

thoroughly stirred after heating to at least 720°C and which maintained the melt

temperature above 670°C. [40,41] Therefore, gravity segregation of intermetallic

compounds can be prevented by proper temperature control during holding and by

thorough stirring of the molten bath.
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2.8.2. Lon Removal by Segregation Method

49

The use of aluminum scrap in the secondary aluminum industry, has increased

markedly over the past tell years.[91] The use of aluminum scrap involves severa!

teehnical drawbacks because it is generally associated with other metals or materials

which cause c:.'lemical contamination. One of the most harmful impurities in aluminum

alloys is iron. It is reported that iron removal from aluminum scrap cao be done by the

use of a segregation process that ailows the production of a liquid alloy with an iron

content below 0.3 wt. %, with an efficiency in the liquid close te 90%.[90,91,92] Iron

removal occurs through the formation, growth and sedimentation of the Alu(Fe,Mn»)Si2

phase containing about 30 wt. % iron.[82] This phase is solid in the range of temperature

in which the alloy is liquid élnd further purification is obtained by filtration. [91,92]

2.8.3. Agglomerati"'\D

Sludge particles sometimes agglomerate in sorne sections of castings.

Agglomeration usuallyarises from interaction between particles, as a result of which they

adhere to one another to fonn clusters. The main mechanisms giving rise to

agglomeration are:[93]

1) MecJumical interloclàng. This cao occur parti.:ularly if the particles are long and

thin in shape, in which case large masses may become completely interlocked.

2) Sul/ace tlttractiDn. Surface forces, including van der Waals' forces, may give rise

to substantial bonds between particles, particularly where particles are very fine

« 10 Ilm), with the result that their surface area per unit volume is high. ln

general, a freshly fonned surface, such as that resulting from particle fracture,

gives rise to high surface forces.

3) Plastic welding. When irregular particles are in contact, the forces between the

particles will be borne on extremely small surfaces and the very high pressures

developed may give Tise te plastic welding.



4) EUctroslalic attraction. Partic1es may become charged as they are fed into

equipment and significant e1ectrostatic charges may be built up. particularly on

fine solids.

5) Temperoturt! fluctuations give rise to changes in partic1e structure and to greater

cohesiveness.
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2.9. Effect of Casting Variables

2.9.1. The Influence of Cooling Rate

Different statements, which are often contradictory, have been

made[13,17,25,46,56] about the effect of cooling rate on the morphology of intermetallic

compounds. Yaneva et al.[46] reported that even at low-iron content ( < 0.15 % )

intermetallic phases appear, especially in zones where solidification is slow (Le. the thick

sections of the castings). It is reported that casting into cold ingot molds results in

Chinese script compounds, but as the molds heat and the alloy cools more slowly, the

intermetallics grow into a falter polyhedral shape.[l?] Ghomashchi[25] reported that the

polyhedral and Chïnese script morphologies are independent of the cooling rate, and the

thin platelet morphology is dependent upon cooling rate. The thin-platelet intermetallic

morphology is sensitive to cooling rate in which both the volume fraction and aspect-ratio

of this phase decrease with increasing cooling rate. Finer and le liger particles form at

longer times, (i.e. at lower cooling rates). The volume fraction of thin platelets also

reduces at shorte! times. In fact, these are beneficial results for castings prepared at

higher cooling rates, (e.g. die-casting), since thin platelets are reported to be detrimental

to mechanicaI properties of the component and aet as !WO dimensional defects. The

reduetion in volume fraction of the thin-platelet phases at higher cooling rates may be due

to the aluminum's ability to dissolve more impurity elements.[25] Gustafsson et al.[13]

worked on A356 alloy with !WO different levels of iron and found that all types of

intermetallic phases which appear in the alloys were independent ;:Jf cooling rate in the

range investigated (0.2 to 16°C per second).



It bas also been reported that the Chinese script intermetallic forms when the

solidification rate is high.[56] Gobreeht[44] showed that the shape of primary crystals

depends on solidification conditions. During cooling of the melt, when the temperature

of the melt falls below the liquidus, compact crystals form which cause rapid segregation

and which can be transferred into the casting during pouring of the melt. Generally, a

high cooling rate favours a fine particle dispersion.[l6] It has been shown that the size

and amount of iron-eontaining phases is strongly influenced by solidification

rate.[13,16,49] Grand[21] mentions that slow coollng increases the size of the AI-Si-Fe

particles if enough Fe is present.
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Mascre[84] showed that increasing the rate of coollng increases the :evel of Fe

at which the brittle "m" constituent (p-phase) fust appears (sec Figure 2.5). For

instance, with no Mn, that point is at :

0.7S% Fe when the coollng rate is lOC/s

0.9% Fe when the cooling rate is SoC/s, and

1.0% Fe when the cooling rate is 10°C/s.

TItese results are plotted in Figure 2.8. TItus, the effeet of Fe on properties is less

mar\œd in rapidly cooled castings than in slowly cooled ones.

1.2

1.1

10·

us
%Fe

Ile

~'S!;--~---'-"--7------""'-o 5 10

coollng rate reIs)

Figure 2.8 : Influence of Fe content and cooling rate
on the structure of Mn-free Al-13% Si alloy. [84]



It has also been reported that at low cooling rates, FeSiAI, needles are coarse and

coneentrated at grain boundaries, where they promote a brittle fracture. At higher cooling

rates, FeSiAI, particles are quite small and interspersed more uniformly. Consequently,

Fe levels tolerable in permanent mold casting alloys are greater than in sand casting

alloys.[12,75]
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2.9.2. Melt Superheat

Awano and Shimizu[56] rerorted that the morphology of an AlFeSi compound

was found to change from a needle-like to a Chinese script form by superheating the

melt. The AlFeSi compound in a Chinese script form crystallized in the Fe-enriched

residuai liquid through non-equilibrium solidification at a later period than the

crystallization of the compound in a needle-like form. The AlFeSi compound crystallized

in a Chïnese script form even when the melt was superheated to 10\'/er temperatures as

long as the solidification rate became Caster. They showed that if the melt is once

superheated to the temperature at which the iron compound crystallizes in a Chinese

script form, the change in the shape of the iron compound is not affected by the thermal

history of the mell(56]

Awano and Shimizu[56] also studied the re1ationship between melt superheating

temperature and shape of the iron compound upon crystaIlization, as well as the effects

of iron, silicon and magnesium content and solidification time. The influence of these

parameters on microstructure is plotted in Figures 2.9 - 2.11. Their results highlight the

importance of low iron, silicon and magnesium content as well as high cooling rate in

order to achieve complete crystaIlization of iron compounds in a-AlFeSi form.

Yaneva et al. [46] carried out sorne experiments to check an assumption, that the

appearance of intermetaI1ics results from the incomplete dissolution in the melt of the

iron phases carried over from the bulk material. Test bars obtained by slow solidification

were remelted and held at 750'C for different times. According to [86] this temperature



is high enough for dissolution of iran phases even when SF= 1. 8 while in their case

SF=O.44. A unifonn distribution of a-Al(FeMn)Si partic1es with ncarly equal size was

observed in the microstructure. The m-phase was not discovered though it had been

present as at least 55 vol. % in the initial ingot material.
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It is reported that in any aluminum-silicon alloy where the iron content is between

0.8 to 1.8%, the morphology of the iron compounds changes from a long needle fonn,

to rosettes, and thence to a spheroidal shape as the melt-temperature changes from low

to high.[33] For exarnple, when an allov containing 1.2% Fe is heated to a temperature

below S40·C, the morphology of the iron compound present in the sample poured at that

temperature is needle-like. An increase in the pouring temperature to above 920·C causes

the fonn to become spheroidal. When poured in the range S40·C-920°C it will be seen

that most of the iron compounds appear as rosettes, with only a small proportion

appearing as needles or spheroids.

•
Where the needle-fonn compounds in an Al-Si alloy have been transfonned into

spheroids, the room-temperature tensiIe strength of an alloy containing 1.8% Fe is

increased by 83% and the eIongation by 115%. The high-temperature(300·C) tensile

strength and eIongation for the same material increase respectively by 32%and 80%.[33]



Mondolfo and Barlock(85) reported that the higher the superheat, the faster the

solidification rate. With increase in solidification rate, interdendriùc spacing, size of

intermetallic compounds and grain size decrease. lt appears that the effect of supcrheating

is due to a reduction in the size and possibly number of nucleant particles. which forces

the early growth of the nuclei at increased undercoolings, so that the interdendriùc

spacing starts much smaller, and, in spite of the extra coarsening due to increased

freezing time, remains smaller.[45,85,94)
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A remelting test has shown that the spheroidal form of iron compounds still exists

after remelting and recasting.[33) If the superheat temperature is wel1 above the

precipitation temperature, then the iron compounds in the melt will go into solution. At

high cooling rates the iron compounds solidify as spheroidal solids. As a result, high

temperature treatment and a high rate of cooling are the two important factors which

guarantee the formation of spheroidal-form iron compounds.

2.10. Mcdification of Iron-Rich Intermetallics

Khudokormov[37] reporte<! that the addition of more than 1% Mn to AI-12 % Si

2 % Fe alloy 100 to the intermetallics solidifying in the form of polygons in a matrix of

lame1lar silicon euteetic.

An alloy with the more complex Fe-rich phase (12% Si, 2% Fe, 1.5% Mn) was

then modifiOO with 0.05-0.5% of Na, K, Li, P, Sb, Bi, S, Se and Te. The strongest

effects on the form of the Fe-rich phase were produced by S, Se and Te. The partîcles

became much finer and were also reduced to a more equi-axed form. The effects of

these additives on the crystallization of the silicon eutectic are independent of the

presence of transition elements.

The most powerful compensators for iron in silumins were found to be Cr and



Mo. They refined a..d globularized the iron-rich phase partic1es at relatively low

concentrations of about 0.5%. When silumin (AI-13% Si master alloy) was subsequently

modified ·....ith a group VI element, the intermetallic partic1es became very fine and

uniformly distributed.[37]
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It has recently been reponed about the use of strontium in modification of

intermetallics in wrought aluminum alloys. There is now considerable evidence that

strontium modifies and refines many of the detrimental intermetallic compounds in

wrought alloys. A 1975 Alcan patent[95] indicates that at 0.05 % Sr, substantially ail of

the AIFeSi intermetallics in 6063 alloy billet are in the Ct form. In a 1987 patent by

ALCOA [96], it is reported that the addition of 0.01 % to 0.10% strontium (nominally

0.05% Sr) ta Al-Cu-Mg-Zn wrought aIloys refines the intermetallic phases including

Mg~j, Al-Cu-Fe and Al-Cu-Mg particles. As a result of the refinement of the

intermetallics, the st.rontium-treated alloy has enhanced toughness, shorter homogenizing

time and finer grain size than a non-strontium containing alloy. A 1987 Japanese

patent[97] also indicates that the addition of 0.005 % to 0.10% strontium, in combination

with similar quantities of zinc, effectively reduces the formation of deleterious

(Mn,Fe)Al,s intermetallics in AI-Mg-Mn alloy sheet for can end stock. In these alloys,

microadditions of strontium reduce both the number and size of detrimental

intermeta1lics. It has also been reponed that Sr addition of 0.06% alters the needle-like

P-phase ta the Chïnese script a-phase in synthetic 1XXX and 6061 alloys, and in DC cast

commercial 6061 aIloys. The volume percent of a-phase is shown to be dependent on

cooling rate, Fe/Si ratio, and Sr levels of the aIloy.[98]
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Chapter 3

Effeet of MeU Chemistry and Temperature

on the Formation of Intermetallic Compounds

3.1. Introduction

5i

The amounts of iron and manganese play important roles in establishing the

mechanical properties of aluminum-silicon casting alloys. It is therefore of special interest

ta study the precipitation of iron and manganese containing phases in these alloys. Iron,

as one of the main impurities in aluminum, is always present in alloys made from

commercially pure base materia\. The solid solubility of iron in aluminum is very low

with the resuIt that most iron present forms intermeta\lic compounds, the nature of which

depends strongly on other impurities or alloying elements present. Except in pressure die

casting alloys, it is well known that iron is a harmful element and in high concentration

is responsible for inferior mechanical properties of aluminum-silicon alloys. Melting

temperalure is the other important parameter in the formation of intermetallic

compounds. Therefore, it is also of particular interest to investigate the role of

temperature in the formation of intermetallics.

As recycling of aluminum alloys becomes more common, sludge will be a

problem of increasing importance due ta the concentration of Fe, Mn, Cr and Si in the

scrap cycle. Control of complex intermetallics in cast structures will l'equire increased

knowledge ofand control of temperature and melt chemistry. The increasing importance

of complex intermetallics in Al-Si alloy metallurgy and the relatively small amount of



knowledge pertaining to them make this subject an important one fo: further research.

In the present chapter the effect of melt chemistry, particularly Fe and Mn concentration,

on tl.e formation of i:ltcrmetallic com;:><>unds has been studied in an AI-12.7% Si alloy

ccntaining 0.1 % Cr with three levels of iron (0.4, 0.8, 1.2%), and five different levels

of manganese ranging from 0.0 to 0.5 %. Temperature of intermetailic formation has also

been inves:igated in commercial and synthetic aluminum-silicon alloys by means of

quenching experiments and thermal analysis.
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•

3.2. Experimental Procedure

3.2.1. Effect of MeU Chemistry on the Formation of IntermetalIic

Compounds

The chemical composition of the alloys prepared for the present investigation is

shown in Tables 3.1,3.2, and 3.3. These allcys "".:Te prepared by making appropriate

additions 10 an Al-12.7% Si aii.::~ !!'.:;...~.....Lured from commercial purity aluminum and

silicon in an induction fumace. Fe, Cr and Mn additions were made to this alloy by

means of commercial master alloys of composition: Al-24.7% Fe, Al-20.1 % Cr and Al

25.2% Mn. Their complete chemical anaiysis is given in Table 3.4. 18 alloys were

prepared with 0.1 % chromium, three levels ofiron (0.4, 0.8, 1.2%), and five levels of

manganese ranging from 0.010 0.5%. 120 g of each alloy composition was remelted in

an induction fumace and two samples were cast from 670·C into the copper molds. The

time interva! between remelting and casting was 5 minutes. One sample was used for

err.ission spectrometry to verify the chemical analysis of the alloy. The other was

subsequently examined metailographicaIly in order to determine the effect of variations

in chemistry on the intermetallic morphology.
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Table 3.1: Chemical Composition of Alloys in Batch l, wt %

59

alloy Si Fe Cu Mn Mg Cr Ni

Al 13.10 0.41 0.003 <0.008 0.011 <0.001 <0.001

A2 12.73 0.37 0.003 <0.008 0.10 0.10 <0.001

A3 12.74 0.38 0.003 0.14 0.011 0.11 <0.001

A4 12.75 0.39 0.003 0.22 0.011 0.11 <0.001

AS 12.85 0.37 0.003 0.33 0.012 0.10 <0.001

A6 12.94 0.36 0.003 0.50 0.013 0.10 <O.OO!

Table 3.2: Cl:emical Composition of Alloys in Batch 2, wt%

alloy Si Fe Cu Mn Mg Cr Ni

BI 12.87 0.78 0.003 <0.008 0.010 <0.001 0.006

B2 12.53 0.75 0.003 <0.008 0.010 0.10 0.005

B3 12.88 0.77 0.003 0.12 0.010 0.11 0.007

B4 12.79 0.80 0.003 0.23 0.010 0.11 0.007

B5 12.28 0.77 0.003 0.31 0.010 0.10 0.007

B6 12.51 0.75 0.003 0.53 0.011 0.10 0.007

Table 3.3: Chemical Composition of Alloys in Batch 3, wt%

alloy Si Fe Cu Mn Mg Cr Ni

Cl 12.71 1.20 0.003 <0.008 0.010 <0.001 0.006

C2 12.10 1.17 0.003 <0.008 0.010 0.10 0.006

C3 12.51 1.17 0.003 0.10 0.010 0.10 0.006

C4 12.49 1.16 0.003 0.21 0.010 0.10 0.006

CS 11.86 1.15 0.003 0.31 0.010 0.10 0.006

C6 12.18 1.16 0.003 0.51 0.011 0.10 0.006
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Master AIloy Fe Cr Mn Si Zn V Ni

.~-24.7% Fe 24.7 <0.01 0.15 0.05 0.01 0.01 0.01

Al-20.1 % Cr 0.14 20.1 0.01 0.15 0.01 0.02 <0.01

AI-25.2% Mn 0.14 <0.01 25.2 0.06 <0.01 0.01 <0.01

3.2.2. Temperature of Sludge Formation

Temperature of sludge formation has been investigated on one commercial a110y

and three synthetic a1uminum aIloys.

3.2.2.1. Commercial 413P alIoy

413P is a die-casting aIloy which is usee! in piston manufacturing. The aIloy used

in this work ;s produced by Roth Brothers Smelting Company. Sludge bas been observed

in the aIloy and from this view point, it is a good material on which to investigate sludge

formation. The chemical ana1ysis of alloy 413P is given in Table 3.5 and the

microstructure of the ingot showing sludge partic1es is presented in Figure 3.1.

Table 3.5 : Chemical Composition of AIloy 413P, wt. %

Al Si Fe Mn Cr Ni Cu Mg Zn Ti

rem. 12.9 0.68 <O.S 0.07 1.23 0.87 1.16 0.24 0.03

•



• EFFECT OF MELT CHEMISTRY AND TEMPERATURE

Figure 3.1 : Sludge particles in 413P ingot (400X)

To investigate the temperature of sludge formation, a system was designed to

carry out a rapid quenching of molten droplets directly in water. The system consists of

a bottom pour graphite crucible with a conie graphite stopper which controls the exit of

mo1ten metal. Small pieces of alloy were charged into the crucible and melting was

carried out in an induction fumace. The temperature was controIIed continuously by a

K-type thermocouple. Molten droplets of alloy 4l3P were quenched directly in the cold

water at different temperatures in the range of 660°C-720°C. The system of rapid

quenching is shown in Figure 3.2.
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• Figure 3.2: Experimental set-up for rapid quenching of molten metal
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Thermal analysis was also perl'ormed on this alloy to investigate at which

temperature sludge forms and to compare the results with those obtained in the prcYiolis

experiment. In thermal analysis a very slow cooling rate of 0.1 °C/s was achicycd

through use of a fire clay cup pre-heated to 300°C and encased in a tiber-l'rax insulation

box. The geometry of the sample cup is shown in Figure 3.3. Al'ter melting thc alloy in

an induction furnace, the thermal analysis sample w::.s poured at nooe, and thc

temperature was read by chromel-alumelthermoco"ples located at two positions near thc

cup wall and at the cup center, both at mid-heighl. nata was logged on a computcr via

a commercial interface (Data Acquisition System). Thermocouples were protected in a

1 mm inside diameter stainless steel sheath 50 that they could be removed l'rom thc

solidified sample. One sample was eut from the section at which the tip of thc

thermocouples was locatcd. It was mounted, polished and preparcd for metallographic

study.

Center thermocouple

;/

Figure 3.3 : Sampie cup used in thermal analysis
(dimensions ln mm)
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Threc ailoys with nominal iron levels of 0.4. O.S. or 1.2% and constant

manganese and chromium were prepared in an induction fumace to investigate the effect

of iron content on the temperature of sludge formation. Their initiai chemicai

composition is shown in Table 3.6. To study the temperature of sludge formation

precisely one must assure the dissolution of the intermetailics contained in the starting

materiai. 200 g of each ailoy was therefore melted in a tire clay crucible in an induction

fumace, and the melt w..:: maintained at S50°C for a long time (1.5 - 2.0 hours) to cause

complete dissolution of t.'1e intermetailics. Af~er dissolution of the compounds, the ailoys

were maint:;ined at different temperatures in the range S50°C - 630°C for 20 minutes at

each :emperature. A molten droplet of each ailoy was then quenched rapidly from each

temperature by using a thin quartz tube. Rapid quenching was performed in three

different media: water, a mixture of dry ice and ethanol. and Iiquid nitrogen. The

soliditied droplets were mounted and prepared for metailographic study to determine if

they contained sludge particles.

Table 3.6: Chemicai Composition of AIIoys (wt. %) Used to Study
the Temperature of Siudge Formation

Alloy Si Fe Cu Mn Mg Cr Ni Zn

1 12.SS 0.42 <0.002 0.31 <0.009 0.11 <0.001 <O.ooS

2 12.74 O.SO <0.002 0.30 <0.009 0.11 <0.001 <O.ooS

3 12.46 1.21 <0.002 0.29 <0.009 0.10 <0.001 <O.OOS

3.2.3. Microstructural Study and Phase Analysis

Ali samples of the alloys listed in Tables 3.1, 3.2, and 3.3 were prepared for

metailographic study and image anaiysis. Various microslructurai parameters were



investigated and measl:red using image analysis, such as the particle area (jLm"j. average

size (jLm), number of particles per unit area (mm'~, and particle area percentage (50).

The data was automatically processed in Leco 2005 image analysis software using

statistical prograrns and the mean values are reponed in this chapter. The phases were

investigated by scanning electron microscope (SEM) and the element distribution in the

phases was deterrnined by X-Ray mapp:ng. The chemical composition of ail complex

intermetallic compounds observed in 'Jli~ work was also determined by electron probe

microanalyzer (EPMA).
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Sludge particles in the experiment on temperature of sludge formation were

analyzed through SEM-EDS (Energy Dispersive Spectrometry) and EPMA. Ali samples

of 413P alloy and synthetic alloys were also studied through metallography.

3.3. Results and Discussion

3.3.1. Effect of Melt Chemistry on the Formation of Intermetallic

Compounds

Metallographie study of the alloys revealed that the intermetallic compounds do

not form when the level of iron, manganese, and chromium is low. ln the alloys of batch

1 which contained 0.4% Fe and 0.1% Cr, iron platelets (p-phase) and star-like

intermetallics did not form if the manganese concentration was less !han 0.3 %. ln the

alloys ofbatch 2 which contained 0.8% Fe and 0.1 % Cr, the star-like compounds were

formed in the range from 0.1 ta 0.3% Mn and the amC'unt of these phases increased as

the content of manganese increased. Large iron containing platelets formed in the high

iron-bearing alloys with 1.2% Fe (batch 3). These phases shown in Figure 3.4 decreased

in amount when 0.1 % Cr was added, and sorne of them changed to the star-like

compounds also seen in Figure 3.4. The decrease in the amount of platelets continued



by adding 0.1 % Mn (alloy C3). Ail platclets were changed to the star-like compounds

if the manganese content exceeded 0.2 %. The microstructures of the alloys studied in the

present work are shown in Figures 3.5 - 3.7.
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Figure 3.4 : Needle or platelet phase (1) and star-like (2) intermetallics in alloy C3.
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Figure 3.7 Microstructures of the alloys containing 1.2% Fe. (Table 3.3)
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The segregation factor (SF) was calculated for each alloy based on the formula

given in Chapter 2 (section 2.7.2). To relate the effeet of chemical composition te the

microstructure and the phases which form in the alloys, the segregation factor was

plotted versus manganese concentration. Figure 3.8 shows the effeet of manganese

content at each leveI of iron on the formation of intermetallic compounds. Star-like

compounds form at higher manganese concentrations (Mn > 0.3%) in alloys which have

0.4% Fe and in which the segregation factor is greater than 1.30. However, in alloys

which have 0.8% Fe, star-Iike intermetallics form at lower manganese concentrations

(0.1 % Mn) with the same segregation factor (SF > 1.30). To convert all platelet phases

ta small star-Iilee intermetallics, in alloys which have 1.2% Fe, more than 0.2 %

manganese and 0.1 % chromium are needed and the segregation factor is about 1.85.
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The influence of iron concentration at each 1eveI of manganese on the formation

of intermetallics is shown in Figure 3.9. It is seen that when the iron content increases

from 0.4 to 1.2%, star-1ilœ compounds form at 10w 1evels of manganese and chromium,

and if the manganese content is high enough all intermetallics are star-Iike. The combined

effeet of manganese and iron on the formation of intermetallics is shown in Figure 3.10.

Two regions are apparent : one in which no intermeta11ics forro and one in which t.iey

do. The onset of sludge formation in this 0.1 % Cr alloy can then be represented by the

equation:

% Fe + 1.7 % Mn = 0.97

This relation is indicated by the straight line shown in Figure 3.10. The results shown

in this figure and the equation are in a reasonable agreement with the segregation factor

(SF) equation used by Gobrecht[57,86] and Jorstad[24] in which the coefficients of iron,

manganese, and chromium are 1,2, and 3, respectiveIy.
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Figure 3.8: Effect of manganese at each level of iron in Al-12.7%Si~.1%Cr aUcy
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Tne resullS of image analysis of the sampies are shown in Figures 3.11. 3.12. and

3.13. In Figure 3.11. the volume percent of intermetallics is plotted as a function of iron

concentration at various levels of manganese content. As the iron content increases in

each alloy, more intermetallic compounds form and consequently the volume percentage

of these compounds increases. The iron effect is more significant in the alloys which

have higher levels of manganese. Any increase in volume percentage of intermetallics in

all alloys is related to the size and the number of particles formed in a unit area. The

results of the average size and the number of particles measured by image analysis are

given in Table 3.7. This table indicates that the size of intermetallics as weil as the

number of particles increases with manganese, and/or iron content in the alloys.

However, the contribution of the number of particles in increasing the volume percent

of intermetallics is more significant than that of particle size.
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The effect of l:langanese content at each level of iron on the volume percent of

intermetallics is shown in Figure 3.12. This figure shows !hat no intermetallic forms at

low iron and manganese concentration. The amount of intermetallics increases with

manganese content in high iron concentration alloys.(eg. 0.8 and 1.2% Fe)

The volume percentage of intermetallics formed in each alloy as a function of

segregation factor (SF) is plotted in Figure 3.13. This figure indicates that the volume

percent of intermetallics increases linearly with segregation factor (SF) according to :

Volume % - 1.33 SF - 1.53

Use of this equation allows an estimation of the volume percent of intermetallics from

the segregation factor (SF). It is seen from this equation that no intermetallics form in

alloys with a segregation factor (SF) less than about 1.20. It is important to note that this

equation applies only to the short holding time of 5 minutes at 670·C. ln a

comprehensive investigation reported in chapter 4, it is shown that the amount of

intermetallics increases with holding time and decreases with holding temperature.



• EFFECT OF MaT CHEMISTRY AND TEMPERATURE 75

2.------------------~--,

0.1% Mn
~

1.41.210.8
%Fe

0.60.4
Q'----'----'l......'-'--...&..-.-----'--...J..-----I.-""""'-----'--'--'----'
0.2

0.2% Mn
1.6 ....

0.3% Mn
-a-

0.5% Mn
-+-

0.4

1.2
fi.
CD
E="0
> 0.8

•
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Table 3.7 : The Average Sîze and the Number of Intermetallics per unit Area

aIloy si:u.:(JLm) particle/mm:

A6 8.81 ± 7.0 211 ± 97.2

B3 6.10±4.1 75 ± 46.8

B4 6.25 ± 5.1 173 ± 101.8

B5 6.37 ± 3.4 458 ± 162.0

B6 8.84 ± 5.6 505 ± 67.8

C2 6.61 ± 3.0 286 ± 83.3

C3 7.40 ± 4.0 317 ± Il5.7

C4 8.70 ± 5.8 339 ± 92.6

C5 9.20±6.1 429 ± 88.8

C6 9.87 ± 6.8 556 ± 106.9

3.3.2. Temperature of Sludge Formation

3.3.2.1. 413P Allo)'

The results of metallographic observations are given in Table 3.8. Sludge was not

observed in samples quenched at temperatures above 690·C. Their microstructures

consist of sorne primary silicon and very fine euteetic silicon in an aluminum matrix. In

Figure 3.14(a) is shown the microstructure of aIloy 413P quenched at ?IO·C. Star-like

sludge plus primary silicon and euteetic silicon were found in a fine microstructure of

aIloy 413P quenched at temperatures below 690·C. Figure 3.14(b) shows the

microstructure of the alloy quenched at 680·C. The results showed that the temperature

of sludge formation in this alloy was 690·C.

Table 3.8 : Sludge Formation in Alloy 413P

temperature(·C) 660 670 680 690 700 710 720

sludge yes yes yes yes no no no
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a)

b)

Figure 3.14 : Alloy 413P quenched at (a) 710·C , (b) 680·C



Thennal analysis curves are shown in Figures 3.15 - 3.18. The first derivative

curve was calculated and plolled, and regions of ir.terest on the curve were expanded to

allow measurements to be made on both the temperature-lime curve and the derivative

curve. The results of thennal analysis showed that the eutectic temperature in the allo)'

was 567°C. In order to study the temperature of sludge formation by thermal analysis.

the cooling curve was expanded in temperatures between 670-70SoC (Figure 3.16) and

the first derivative curve was calculated and plolled in this region. The curves revealed

that sludge Starled to fonn at lime, 22 seconds and fonnation was complete at 45 seconds

after pouring.(Figure 3.18) This means !hat the intennetallic compounds form in 23

seconds within the temperature range 687-693°C. The results of thennal analysis and the

microstructures verified the quenching experiments in which sludge fonned in a short

time at a temperature of 690°C.
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These two series of experiments also revealed that star-like inter!lletallics form

when the cooling rate is hïgh, as in the quenching experiments. The Chinese script

morphology is observed when the cooling rate is slow, as in the thennal analysis

experiment. The Chinese script intenneta1lics are more numerous than the star-like

compounds. In Figure 3.19 is shown the Chïnese script and star-like compounds in the

thennal analysis sarnple of alloy 4l3P. This result is in a good agreement to what was

reported by Yaneva et al.[46] and is contradictory to the results of Ghomashchi[25]

which showed !hat the polyhedral and Chinese script morphologies were independent of

the cooling rate. This observation bas been investigated comprehensively and will be

discussed in detail in Chapter S.
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Figure 3.19 : Chinese scrlpt(a) and star-like(b) compounds

in thermal analysis sample of alloy 413P (lOOX)

85
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3.3.2.2. Synthetic Alloys
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It was found from metallographic observations that holding the melt at

temperatures of 800 - 850'C for 1.5 hours was sufficient to dissolve the intermetallics

completely. The variation of the temperature of sludge formation with iron content is

shown in Figure 3.20. When sludge was dissolved at 850'C, it did not reform until a

certain characteristic temperature in each alloy. Sludge is thennodynamically unstable at

temperatures above this value, which as seen from Figure 3.20 increases when the

content of iron in the alloy is increased. The variation of temperature of sludge formation

with iron content is given by a power equation as : .,
Temperature('C) = 645.7 + 34.2 x (% Fe)-

Figure 3.21 shows the microstructure of alloy 1 (Table 3.6) which contains 0.4 % Fe.

The microstructure of the alloy quenched at 700'C in liquid nitrogen is shown in Figure

3.21(a). Sludge is not fonned at this temperature. Figure 3.21(b) shows sludge particles

fonned in the same alloy quenched at 640'C in liquid nitrogen.

3.3.3. Microstructural Study and Phase Analysis

The intennetallic compounds which were observed in most alloys studied in the

present work were star-like in shape. Figures 3.22(a) and (b) show the SEM micrographs

of these star-like intennetallic compounds in the euteetic aluminum-silicon alloys of B5

(0.8% Fe) and CS (1.2% Fe), respectively. The distribution of iron, manganese,

chromium, silicon, and aluminum in these phases is shown in Figure 3.23. This figure

shows that the concentration of iron, manganese, and chromium is high in the star-like

compounds.
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Figure 3.20: Temperature ofsludge formation in alloys 1, 2, and 3.

87
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a)

b)

Figure 3.21 Alloy 1 (0.4% Fe) quenched in liquid N2 at (a) 700°C, (b) 640'C
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a)

89

b)

Figure 3.22 : SEM micrograph of star-like intermetaIlics in
(a) aIloy BS (0.8% Fe) • (b) aIloy CS (1.2 % Fe)



•

Figure 3.23 : X-Ray mapping of elements in the star-like compound
shown in Figure 3.22(b)

•



The EDS spectrum of e1ements in sludge of alloy 413P is illustrated in Figure 3.24. This

Figure gives a qualitaùve analysis which shows the existence of different e1ements in the

sJudge. The quanùtaùve analysis has been pe--formed by means of electron probe

lI''':croanalyzer (EPMA). The chemical composiùon of sludge in alloy 413P analyzed by

EPMA is given in Table 3.9.

•
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Figure 3.24 : EDS spectrum of the relative intensities of

K.. lines of e1ements in sludge of 413P alloy
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The shape of sludgc formed in the experiment on temperature or sludge rormatic11l

was mostly star-like or exploded (Figure 3.25), and the intermetallics were otkn round

within primary aluminum dendrites. The intermetallics which form at high temperature

consume sorne of the silicon present in the alloy and shift the local chemical compositioll

of the melt to the aluminum side of the phase diagram, with the result that primarv

aluminum dendrites form around the intermetallics.

Figure 3.25 : Exploded intermetallic com;'lounds

in the quenched samples of alloy 2 (Table 3.6)
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Table 3.9 : ChemicaI Composition of the IntermetaIlic Compounds (atomic %)

71.54 11.46 9047 5.18 2.34

studyon:

melt chemistry

phase

platelet

star-like

Ai

66.28

Si Fe Mn Cr

18.24 13.86 1.52 0.10

Ni Cu

synthetic alloys star-like 71.41 11.72 7.88 5.36 3.64

(1,2, 3) exploded 71.75 11.35 9.81 4.61 2049

413P alloy star-like 71.85 11.54 8048 5.97 1.57 0.61

thermal analysis Chinese script 69.05 11.51 10.72 6048 1.30 0.58 0040

Table 3.9 gives the e1ectron probe microana1ysis (EPMA) of aIl of the complex

intermetallic types studied in the present work. The chemicaI analysis given in this table

is the average of at least five measurements. The star-like and exploded intermetallic

compounds found in the experiments to determine temperature of sludge formation had

the same chemicaI composition in aIl three alloys and their stoiciliometry corresponds to

AiI2(Fe,Mn,Cr)3Si2' Iron, manganese, and chromium, as transition e1ements, cao

substitute for each other in the same crystal structure which is body centred cubic and

similar to the primary Ai15(Fe,Mn,Cr)3Si2 phase observed by Mondolfo. [36] The

stoichiometry of the plate1et morphology is Ais(Fe,Mn,Cr)Si which is similar to the (3

AlsFeSi.

The composition of the Star-Iike and Chïnese script intermetaIlic compounds in

aIloy 413P aIso corresponds to the formula AiI2(Fe,Mn,Cr),Si2• This formula is in good

agreement with the phase AiI2(Fe,Mn,CrhSi2 observed by Granger[81] and the phase

AI15(Fe,Mn,Cr)3Si2 reported by Tamminen[83] and Mondo1fo[30]. ChemicaI analysis of

the star-like intermetaIlic compounds given in Table 3.9 is very close to the resu1ts of

Dunn[27], and Queener and Mitchell [29] reported for commercial 3811 a1loy. These

resu1ts are in comparative1y good agreement with determinations of the composition of
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the C-phase by Phragmen[49], and by Pratt and Raynor[48].

3.4. Summary

The effect of iron and manganese concentration on the formation of complex

intermetallics has been studied by means of image analysis and metallography in an Al

12.7% Si alloy containing 0.1 % Cr with three levels ofiron (004,0.8,1.2% l, and five

different 1eve\s of manganese ranging from 0.0 to 0.5%. Temperature of sludge

formation was investigated on commercial and synthetic alloys through quenching

experiments and thermal analysis. The results obtained and conclusions drawn may be

summarized as follows :

(I) Sludge forms at a high content of iron ego 1.2% Fe, or at high concentrations of

manganese and cltromium with low contents of iron ego 0.4% Fe. More than

0.2% Mn and 0.1 % Cr are needed to convert aIl iron platelet phases to star-like

intermetallics.

(II) The combined effect of manganese and iron on the formation of intermetallics !s

represented by theequation: %Fe + 1.7 %Mn =0.97. Intermetallics form at any

values higher than this line. This equation is in a reasonable agreement with the

segregation factor (SF) equation.

(III) The volume percentage of intermetallic compounds increases as the iron or

manganese content increases in any alloy. This increase has been found to be as

a result of bath size and number of star-like compounds.

(IV) The amount of intermetallic compounds can be estimated from a segregation

factor by a linear relationship at short holding time.



(V) The stoichiometry of star-like and exploded intermetallic compounds corresponds

to AI12(Fe,Mn,Cr)JSi2 while needle or platelet compounds have the stoichiometry

Als(Fe,Mn,Cr)Si. Iron, manganese, and chromium, as transition elements in

Al'2(Fe,Mn,Cr)JSi2, can substitute for each other in the B.C.C crystal structure.

The distribution of elements in these phases revealed that the concentration of

iron, manganese, and chromium is high in the intermetallics.
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(VI) Superheating the melt to temperatures of S00-S50·C and holding for 1.5 hours

dissolves th,; :ntennetallics completely. When sludge is dissolved, it will not

reform until a certain temperature in each alloy.

(VIl) Quenching experiments and thermal analysis revealed that sludge forms in a short

period of time. The temperature of sludge formation in 4l3P alloy is 690·C. In

general, temperature of sludge formation depends on the alloy composition and

particularly. iron concentration. This temperature increases when the content of

iron in the alloy is increased. A power equation describes the relation between

sludge formation temperature and iron content.
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Kinetics of the Formation of Intermetallic Compounds

4.1. Introduction

The chemical composition of the melt, particularly iron content, has a significant

influence on the formation of intermetallic compounds. Holding temperature and holding

time are the other important pararneters which should be considered in the formation of

intermeta1lic compounds in aluminum melts. There is very little information available in

the literature in this regard.

In the present chapter, the kinetics of the formation of intermetallics considering

the raIes of holding temperature, holding time, and initial chemical composition have

been studied on three aluminum aIIoys containing 12.7% Si, 0.3 % Mn, and 0.1% Cr

with different levels of iron. AIl aIloys at any given temperature and time were

investigated quantitatively by means of image anaIysis and metallography.

4.2. Experimental Procedure

4.2.1. Materials

Three aIIoys with nominal iron levels of 0.4, 0.8, or 1.2% and constant

manganese and chromium were prepared in an induction fumace. Melting was performed

at 750°C and the liquid aIIoy was degassed for 15 minutes with nitrogen. 20 kg of each

aIloy was prepared and cast at 7200 e into ingot molds. Commercial purity aluminum and
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silicon were used in manufacturing these alloys and the appropriate Fe, Cr, and Mn

additions were made to the alloys by means of commercial master alloys of composition:

AI-24.7% Fe, A1-20.1 % Cr and A1-25.2 % Mn. The complete chemical analysis of the

master alloys was given in Table 3.4 (chapter 3) and the initial chemical composition of

the alloys is given in Table 4.1.

Table 4.1: The Initial Chemical Composition of the Alloys (wt %)

Alloy Si Fe Cu Mn Mg Cr Ni Zn

1 12.88 0.42 <0.002 0.31 <0.009 0.11 <0.001 <0.008

2 12.74 0.80 <0.002 0.30 <0.009 0.11 <0.001 <0.008

3 12.46 1.21 <0.002 0.29 <0.009 0.10 <0.001 <0.008

4.2.2. Effect of Holding Temperature, Time, and Initial Chemical

Composition

To study the kinetics of the formation of intermetallic compounds, it is important

to consider the roles of temperature, time, and initial chemicai composition. To study the

effect of holding temperature on the formation and growth of the intermetallics, each

alloy was maintained at a constant temperature of 600, 630, 660, or 690·C in an alumina

crucible held in an electric resistance fumace. To investigate the effect of holding time,

each melt was held for 0, 30, 60, 120, or 180 minutes at each constant holding

temperature for each alloy. The influence of the chemical composition on the formation

and growth of the intermetallics was determined by using the three different alloys listed

in Table 4.1. Each batch of melt contained 1.5 kg of alloy and was stirred for 90 seconds

at a constant temperature before sampling. Two samples were taken each time; one

poured into a permanent metallic mold and the other into a graphite mold preheated to

500·C ( 2.5 cm in diameter and 5.0 cm in height). The operational cycle at a holding

temperature of 6OO·C is shown in Figure 4.1.
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PM =Permanent Mold
G = Graphite Moldê
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Figure 4.1: Operational cycle at 6000C
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4.2.3. Microstructural Study and Image Analysis

Metallographic analysis was carried out on al! al!oys in al! cases studied. The

samples were polished up to 0.031'm alumina powder then continued with colloïdal silica

and observed by the. optical NEOPHOT 21 microscope and scanning microscope (SEM),

JOEL 840. In order te develop a more consistent and less subjective evaluation of the

microstructure, quantitative metallography was employed using a LECO image analyzer

interfaced with an optical microscope through the 2005 image analysis program. Various

microstructural parameters were investigated and measured, such as the partic\e area

(j'm~, average size (j'm), number of partïcles per unit area (mor), particle area

percentage (%), roundness, and aspect ratio.



A total of 12 fields at lOOX magnificaùon was evaluated on each sample giving

an analyzcd area of about 8.4 mm x 5.0 mm per sample. The data was processed

au!omatically using statistical programs, and the mean values reported for each sample.

Figure 4.2 shows a photograph of a typical sample with the phases highlighted by the

image analyzcr.
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Figure 4.2: Photograph of a typical sample using an image analyzer (lOOX)
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The stoichiometry of the phases W3~ also determined by electron probe

microanalyzer. EPMA was used at a voltage level of ISKV for chcmical analysis of the

phases, and th: average of five readings was calculated for each phase. For the element

analysis, ZAF correction was made with reference to the standard pure element. The

entire experimental procedure is summarized in Figure 4.3.

Kinetics or the Formation
or Iron Intermetallics

Holding Temperature Holding Tlme Chemicai Composition
tr= 600, 630, 660, 690·C t= 0, 30, 60, 120, 180 min 0.4 , 0.8 , 1.2CJl> Fe

1
Two Samples Taken at ead1

Constant Tlme and Temperature

1

Permanent Mold Graplüte Mold
( copper) (Prebeated to soo·e )

1

MetaIlograpi1y Image Anal,sls Pbase Determlnat10n

1

Partide area Average Size Partides per Partlcle area Roundness,
(,un2) (,un) Unit area (nmi2) Perœntage (CJl» Aspect Ratio

rJgUre 4.3: ExperimentaI procedure used te study the kinetics of the
formation of iron intermetaIlics
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4.3. Results

4.3.1. Metallography and Phase Analysis

Metallographic observations of the samples revealed that the microstructure of the

alloys consisted of primary aluminum, euteetic silicon, and intermetallic compounds. The

compounds had star-like shapes and in alloy 3 (1.2% Fe), needle-like (platelet)

intennetallics were also observed. The microstructure of the alloy 1 (0.4% Fe) and al10y

3 (1.2% Fe) are shown in Figure 4.4 (a,b).

Table 4.2 gives the EPMA analysis of the intennetallic compounds. According

to EPMA, the star-like intennetallics had the same chemical composition in all three

al10ys with their stoichiometry corresponding to A112(Fe,Mn,CrMi2 while the need1e-like

(p1ate1et) phase had the stoichiometry of Als(Fe,Mn,Cr)Si. The compositions of the

phases are similar to those analyzed in chapter 3 (Table 3.9).

Table 4.2: Chemical Composition of the Intennetallic Compounds (atomic %)

Alloy Phase Al Si Fe Mn Cr

1 (0.4% Fe) star-like 71.4 11.7 8.0 5.4 3.6

2 (0.8% Fe) star-like 72.3 11.3 9.4 4.6 2.4

3 (1.2% Fe) star-lilee 71.6 11.2 9.6 4.7 2.9

3 (1.2% Fe) p1atelet 66.8 18.8 12.1 2.0 0.2
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a)

b)

Figure 4.4: Intermetallic compounds in: a) aIloy I(U.4% re) b) alloy j(U% h:)
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4.3.2. Effect of Holding Temperature, Time, and Initial Chemical

Composition

The process of the formation of comp1ex intermetal1ic compounds in 1iquid

aluminum-silicon al10ys depends on the mechanism of nuc1eation and growth. Therefore,

in the course of the present work, the nuc1eation process was studied through

measurement of the number of particles formec! per unit area whi1e growth was

investigated by determining the average size of the partic1es.

The total effect of nuc1eation and growth of the intermetallic compounds is measured

by the total volume percentage of intermetallics formec! during each experiment. The

vo1umetric changes of the intermetallics formec! during the process at each constant

temperature with respect to initial chemical composition of the al10ys are shown in Figure

4.5(a - dl.

Figure 4.5(a) shows that the volume percentage of the particies in each alloy

increases with holding time at 6OO·C with more inte.~etallics formec! as the iron content

increases from 0.4% to 1.2%. When the melt is maintainec! for a long time (3.0 hr), a

large amount of intermetallic is formed, and this is particu1arly significant in alloy 3

which has 1.2% Fe (the volume percentage is about 6%).

Figure 4.5(b) indicates the effect of holding lime and iron content on the volume

percentage of intermetallics formed at a holding temperature of 630·C. The same

situation exists as at 6OO·C. When the iron content increases from 0.4 to 1.2% more

intermetaIlics form and the volume p-..rcent increases with holding lime.

Figure 4.5(c) shows that at 66O·C the volume percent of particles increasec! in

alloy 3 (1.2% Fe), but decreased in alloy 1 (0.4% Fe) and alloy 2 (0.8% Fe). The

reduction in volume percent in these two alloys is very significant when the holding lime
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is longer than two hours. The reason for this reduction of volume percentage is related

to the temperature of sludge formation as shown in Figure 3.20 (chapter 3). The holding

temperature of 660·C is higher than the temperature of sludge formation in alloys 1 and

2, and the sludge is unstable and dissolves.

The volumetric changes of intermetallics at 690·C are shown in Figure 4.5(d).

When the holding temperature increases from 660·C to 690·C, the volume percentage

of interrnetallics faIls sharply in alloys 1 and 2, but holding the melt at 690·C for 3.0

hours is not sufficient for dissolution in alloy 3. According to Figure 3.20. sludge is

stable at 690·C when the iron content is 1.2%, and the true formation temperature must

be slightly higher as sorne increase with time does still occur at 690·C.

The number of intermetallic particles per unit area formed as a function of time

at the four test temperatures in aIl three alloys is shown in Figure 4.6 (a - c). Figures

4.6(a) and (b) indicate !hat the number of phase particles in alloys 1(0.4% Fe) and

2(0.8% Fe) increased significantly at both 6OO·C and 630·C, but decreased at 660·C and

690·C. In aIloy 3(1.2% Fe), the number ofparticles increased at all temperatures (Figure

4.6(c», and because of the formation of sorne needle phases, the number of particles per

square millimetre is significantly higher !han in alloys 1 and 2.
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The variation of the average size of the intermetallics formed at each temperature

is given in Table 4.3. In alloy 1(0.4% Fe) and 2(0.8% Fe), there is no systematic

variation in the size of particles with time at each constant temperature in the range from

6OQ·C to 690·C. However in alloy 3(1.2% Fe), there is some size increase at holding

times greater !han two hours due te coalescence. This coalescence phenomenon in alloy

3(1.2% Fe) is shown metallographically in Figure 4.7(a,b) where it cao be seen that the

polyhedral intermetallics agglomerate in sorne areas. The results given in Table 4.3

suggest that intermetallics grow rapidly to sorne certain size after nucleation with little

further growth caused by time or temperature.
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Table 4.3: The Variation of the Particle Size VLm)
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Alloy Temperature Holding time (hours)
'i 1 2 "600 14.5 12.4 10.6 12.7 14.3

0.4% Fe 630 14.3 15.0 11.6 14.4 14.4
660 19.2 18.4 15.5 19.4 15.4

4 N' Nil

600 18.0 12.3 13.2 16.8

0.8% Fe 630 15.7 15.3 19.5 17.5
660 17.1 13.8 15.8 16.6

'1 Nil

600 9.5 7.9 8.2 11.2

1.2% Fe 630 8.4 9.3 9.7 10.4
660 9.3 10.5 10.3 12.4

9.6 .7 9. 1 .7

a)

Figure 4.7: The coalescence of the polyhedral intermetallics
in a110y 3(1.2% Fe) holding 3 hours at a) 60ü°C
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b)

Figure 4.7. eontinued

4.4. Discussion

b) 630°C (SEM)

The results obtained indicate that the volume pereenf3.ge of intermctallies

inereased with holding time at 6OQ°C and 630°C in ail three alloys studied. and

deereased at 660°C and 690°C in a1loys 1 and 2. The results of size measuremcnts show

that in the absence of eoalsenee the average size of sludge partic1es does not change

appreciably with holding time and temperature, and that any volumetrie ehangcs arc

related to the number of partic1es formed in a unit area. From Figures 4.5 and 4.6 it can

be seen that the volumetrie change of intermetallies is direetly related to the numbcr of

partic1es nuc1eated in a unit area (and henee in a unit volume). The nuc1cation bchaviour
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of these intennetallics is apparently like that of non-metals (e.g. oxides and organie

polymers) which have a slow nucleation rate requiring long times to reach the maximum.

This is quite different from the nucleation process in metallie systems in whieh rapid

nucleation occurs and the entire process is accomplished in a short time.[I05] Therefore,

nucleation plays a major role in the proeess of volumetrie changes of intermetallie

compounds.

The fonnation of intennetallie compounds in liquid aluminum alloys is based on

a phase transfonnation, and therefore, the transfonnation kineties can be deseribed by

the Avrami equation. This equation has the general fonn of:

x = 1 - exp (-b x t") (1)

where, X is the volume fraction transfonned, t is time, b and n are the equation

constants.

In order to analyze the effect of time and temperature on the fonnation of

intennetallics this equation was applied 10 the experimental data. By applying a double

natural logarithm 10 the equation, it can be converted to a linear fonn of:

1lnln(--)=nxlnt+lnb
(l-X)

(2)

•

The parameters n and b in the Avrami equation were obtained from a least-squares fit

of the experimental data to a plot of ln ln[l/(l-X)) vs. ln t of which an example for alloy

3 (1.2% Fe} at 630·e is shown in Figure 4.8. However, because the total fraction of

intennetallics fonned at a given ternperature was less than 1 and the Avrami equation is

based on a total fraction of unity, the experimental data had to be normalized before the
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least-squares fit was made.[106] Thus, the measured volume fraction of intermetallics

fonned at each time was divided by the maximum volume fraction of intermetallics

fonned in each alloy. This quantity is defined as the relative volume fraction. The

maximum volume fraction of intennetallics was used to nonna1ize the data points as the

amount of intennetallic fonnation in the equilibrium state was not known due to the

limited time scale of the experiments.

The maximum volume fraction of intennetallics was calculated based on the

stoichiometry of the compounds, AI12(Fe,Mn,Cr»)Si2, and the a1loy iron content. For

example, in the alloy which had 0.4% Fe, 100 g of the alloy contained 0.4 giron which

could produce a maximum 2.86 g of intennetallics which would result in 0.83 cm) of

intennetallics assuming its density to be 3.46 g/cm). This would lead to a volume percent

of intennetallics of 2.23%. With the same calculation, the maximum volume percent of

intennetallics in the al10ys which had 0.8% and 1.2% Fe, were respectively, 4.46% and

6.70%.

1r-------------------,

Ol---------------,~----__l

S?
:::.
~-o.5
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.s -1

-1.5

21o-1
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-2-3
-2 """---..I-----'-----'----..:...--~----I
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Figure 4.8: Linear Avrami regression in alloy 3 (1.2% Fe) at 630·C
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The nonnalized volume fraction of intennetallics fonned at various times from

oto 3 hours was used in equation (2) to calculate the parameters n and b by a least

squares fit. This calculation was perfonned on al! alloys (0.4, 0.8. 1.2% Fe) at

temperatures from 600 to 690°C. The parameters n and b obtained from the least-squares

fit were then used in the Avrami equation (1). Various isothennal curves were ploUed

which indicate the increase in the relative volume fraction of intennetallics. The relative

volume fraction wa.~ then converted to volume percent of intennetallics fonned as a

function of time and plotted as the curves in Figure 4.5 (a - dl. The points indicated in

Figure 4.5 show the experimental data. In general, the curves have the form of the

modified Avrami equation as:

Volume % = k [ 1 - exp( -b x t ft ) ] (3)

where the parameters k, b, and n are summarized in Table 4.4 for each curve. This

equation was not applied to the cases involving the dissolution of intennetallics e.g. alloy

1(0.4% Fe) at 690°C.

Table 4.4: Constants in the Modified Avrami Equation (3)

AIloy Temperature k n b

600°C 0.62 0.12
1 (0.4% Fe)

630°C
2.23

0.68 0.12

600°C 0.32 0.23
2 (0.8% Fe)

630°C
4.46

0.33 0.16

600°C 0.44 0.87

3 (1.2% Fe) 630°C 0.47 0.87

660°C 6.70 0.26 0.64

L 690°C 0.33 1.05
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The trend of the curves in Figure 4.5 (a - d) indicates that the volumetric change of

intermetallics follows the Avrami equation and there is a good agreement betwecn the

experimental data and the modified Avrami equation with a correlation coefficient of

more than 90% ir. most cases.

4.5. Summary

The kinetics of the formation of intermetallic compounds was investigated by

considering the roles of temperature, time, and initial chemical composition of the alloy.

Three aIloys with different iron contents of 0.4, 0.8, or 1.2% were studied at constant

temperatures of 600, 630, 660, or 690°C and holding times ranging from 0 to 180

minutes at each temperature. The microstructures of aIl samples were studied

quantitatively by image analysis and metallography. The conclusions of this study are

summarized as follows:

(I) As the iron content increases from 0.4 ta 1.2%, more intermetallics form at eaeh

holding temperature and holding time, and the volume percent of intermetallics

increases.

(TI) High holding temperature and low iron content can eliminate intermetallic

compounds in aluminum aIloys.

(Ill) Holding the melt for a long time at high temperature can dissolve the intermetallic

compounds.

(IV) The average size of intermeta11ics does not change appreciably with time at eaeh

constant temperature. The volumetrie changes of intermetallics are dominated by

the nucleation process requiring long limes to reach the maximum.

(V) A modified Avrami equation can describe the transformation kineties of the

intermeta11ics adequately.
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Chapter 5
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•

Effeet of Solidification Conditions on the Formation and

Morphology of Intermetallic Compounds

5.1. Introduction

With the wide differences in cooling conditions that prevail in industrial casting

proeesses, ranging from 0.5 to 10 oC/s, the information contained in phase diagrams may

not necessarily be applicable te the casting process. Phase diagrams have been

constructed from data obtained from experiments in which mixtures of two or three very

pure e1ements have been given time te reach equilibrium at a given temperature.

Industrial alloys, which may contain many more elements, are usually cooled to room

temperature as fast as economica11y possible.

A further complication which may arise in industrial alloys is that certain minor

alloyinglimpurity e1ements may stabilize phases other than those indicated on the phase

diagram. This, coupled with rapid cooling favours the formation of metastable phases.

In addition, the local cooling rate varies from the surface te the centre of actual castings.

Accordingly, different Al(Fe,Mn,Cr)Si phases may fonn tbroughout the casting and

gradients in the phase distribution may be introduced.

Different statements, which are often contradictory, have been

made[13,17,25,46,56] about the effect of cooling rate on the morphology, size, and

volume percent of intermeta1lic compounds. Yaneva et al.[46] have studied the



appearance of iron intermetallic phases in Al-Si cast alloys. They reported that even at

low-iron content ( < 0.15% ) intermetallic phases appear, especially in zones where

solidification is slow. Ghomashchi[25) reported that the polyhedral and Chinese script

morphologies are independent of the cooling rate, and the thin platelet morphology is

dependent upon cooling rate. The thin-platelet intermetallic morphology is sensitive to

cooling rate in that both the volume fraction and aspect-ratio of this phase decrease with

increasing cooling rate. Since thin platelets are reported to be detrimental to mechanical

properties of the component and act as two dimensional defects there are advantages to

more rapid solidification. The reduction in volume fraction of the thin-platelet phases at

higher cooling rates may be due to the ability of aluminum to dissolve more impurity

elements. [25)
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Gustafsson et al.[13) reported that ail types of intermetallic phase. which appear

in A356 aIloy were independent of cooling rate in the range investigated (0.2 to 16°C

per second), but the size and the amount of iron-containing phases were strongly

influenced by solidification rate. It bas also been reported that the Chinese script

intermeta1lic (a-AlFeSi) forms when the solidification rate is high.[56) Gobrecht[44)

showed that the shape of primary crystals depends on solidification conditions. During

cooling of the melt, when the temperature of the melt falls below the liquidus. compact

crystals form which segregate rapidly and which can be ttansferred into the casting

during pouring of the melL

According 10 the literature, there are many uncertainties about the effect of

cooling rate on the shape, size, and the amount of iron intermetallics, particularly the

relationship between the morphology and shape of iron compounds and cooling rate.

Therefore, in order to clarify the changes in the formation of iron compounds. the effect

of solidification conditions on the morphology, size, and volume percent of iron

intermetallic phases was studied on three Al-Si alloys containing various levels of iron.
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5.2. Experimental Procedure

5.2.1. Materials
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The same alloys prepared in chapter 4 (section 4.2.1) were used and the initial

chemical composition of the alloys was given in Table 4.1.

5.2.2. Effect of Cooling Rate

About 270 g of each alloy was melted in an induction fumace, and the melt

temperature of 850·C was maintained for 90 minutes to dissolve any intermetallic

compounds in the starting material. Thermal analysis was performed on each alloy under

three different solidification conditions designed to simulate slow cooling rates (0.1

·C/s), sand casting (0.9 ·Cls), and permanent mold casting (10 ·C/s). The approximate

equilibrium cooling rate (0.1 ·Cls) was achieved by using a small tire clay crucible pre

heated 10 750·C in a cylindrical resistance fumace. Thermal analysis samples were

poured at 78o-800·C into the preheated crucible which remained in the resistance

fumace. The fumace was switehed off and the temperature read by chromel-alumel

thermocouples located at mid-height at the crucible centre. Data was logged on a

computer via a commercial interface (Data Acql!ision System), and the thermocouples

were proteeted in a 0.97 mm internaI diarneter and 1.27 mm outer diarneter stainless

steel sheath, so that they could be removed from the solidified sample. A sand casting

cooling rate was simulated by pouring the aIloy into the same type of crucible maintained

at room temperature. The highest cooling rate (10 ·Cls) was obtained by using a

permanent copper mold.

5.2.3. Microstructural Study and Phase Analysis

Metallographie analysis was carried out on aIl alloys solidified at different cooling



rates. Pieees were cut l'rom each thermal analysis sampIe. mounted and prepared for

metaliographic study and image analysis. Quantitative metallography was employed using

a LECO image analyzer interfaced with an optical microscope through the 2005 image

analysis program. Various microsLructural parameters were investigated and measured.

~uch as the intermetallic area (JLm2), average size (JLm). number of intermetallics per unit

area (mm2), intermetallic area percentage (%). roundness. and aspect ratio. The size of

intermetallics was measured by the FERET AVERAGE function available in the LECO

2005 image analyzer. By this function the average of thiny two straight line

measurements made between tangents at various angles (0 to 157.5°) was ca1culated for

each particle. A total of 12 fields at looX magnification was evaluated on each sample.

The data was processed automatically using statistical programs. and the mean values

reponed for each sample.
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•

•

The stoichiometry of the phases was also determined by eleetron probe

microanalyzer. EPMA was used at a voltage level of IsKV for chemical analysis of the

phases, and the average of five readings was calculated for each phase. For the clement

analysis, ZAF correction was made with reference to the standard pure element.

5.3. Results and Discussion

5.3.1. Effeet of Cooling Rate

Metallographic study and image analysis results revealed that both the volume

percent and average size of the iTOn intermetallics deereased significantly with increasing

cooling rates. Very large intermetallics form in a coarse microstructure when the cooling

rate is slow. The effeet of cooling rate on the morphology and the volume percent of

intermetallic compounds in the alloys that contained 0.4, 0.8, 1.2% Fe is shown in

Figure 5.1 (a - cl. At 0.4% Fe alloy, large amounts of Chinese script (",-phase)

intermetallics formed at the slowest cooling rate (0.1 °C/s). The amount and the size of
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the Chïnese script morphology decreased at the medium cooling rate (0.9 °C/s), and very

fine star-like compounds occupying at a maximum 0.1 volume percent formed at the

highest cooling rate (Figure 5.1 (a».
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Large platelets (primary P-phase) and polyhedral panic1es (primary a-phase) form

at a very slow cooling rate in the ailoy which has 0.8% Fe (Figure 5.1 (b». These large

polyhedral panic1es (s1udge) act as bard spots and with the large platelet phases

drastically decrease toughness and strength of the alloy. When the iron level increases

ta 1.2% (Figure 5.1 (c» these large platelets and polyhedral compounds form at a

medium cooling rate i.e. sand casting conditions (0.9 °C/s) although their amount is less

!han at 0.1 oC/s. At 0.1 oC/s, the iron compounds crystallized predominately in the

platelet (,B-phase) form, and to a lesser extent as polyhedral panicles and Chinese script

(a-phase). At 10 oC/s, ail of the iron compounds were absent except for the star-like

intermetallics, the volume percent of which was minimal « 0.2 %).

The effect of cooling rate on the average size of intermetallics is shown in Figure

5.2 (a - cl. The resuIts of size measurements revea1ed !hat the size of iron intermetallics

is dependent on cooling rate. The size of ail morphologies is decreased by an increase

in cooling rate. Among ail the intermetallic compounds, polyhedral panicles are the

Iargest followed by the Chinese script (a-phase) and plate1et (,B-phase) when the alloy is

solidified at 0.1 oC/s. In general, the average size at the same cooling rate is increased

when the leve1 of iron is increased from 0.4 ta 1.2% Fe.

Figure 5.3 (a - c) shows the effect of cooling rate on the total number of panic1es

per unit area (mm2). The plot of number of particleslmm2 versus cooling rate shows a

bell-type curve for ail the iron intermetallics except for star-Iike panicles. The reason for

this type ofbehaviour can be explained as follows. At low cooling rates of 0.1 oC/s, the

intermetallic compounds grow ta large sizes and thus panicle density (panicleslmm2
) is

reduced ta a minimum. At high cooling rates of 10 oC/s, all types of intermetallics
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b)

c)

Figure 5.4: Intermetallic compounds in alloy 1 (0.4% Fe)
a) 0.1 °C/s b) 0.9°C/s c) lOoC/s
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Figure 5.5: IntennetaIlic compounds in alloy 2 (0.8% Fe)
a) O.I·C/s b) 0.9·C/s c) 10·C/s
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a)

c)

Figure 5.6: Intermetallic compounds in alloy 3 (1.2 % Fe)
a) 0.1 °C/s b) 0.9°C/s c) 100C/s



except star-like compounds are absent in microstructure, and thus their paniclc dcnsity

is reduced to zero. At these high cooling rates the star-like paniclcs arc vcry fine and

their particle density increases to 39, 48, and 72 particles/mm~ in the alloys which

contain 0.4, 0.8, and 1.2% Fe respectively. For all particle types, exccpt the star-like.

their growth-nucleation characteristics lend to a maximum particle density at intermediate

cooling rates.
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Photomicrographs of the alloys solidified at 0.1 ·C/s to 10 ·C/s are shown in

Figures 5.4 - 5.6. In all three alloys when the cooling rate was high i.e. 10 ·C/s very

fine star-like intermetallics formed in a fine modified eutectic microstructure. The reason

for the low volume percent of iron intermetallics at high cooling rates (10 ·C/s) may be

due to the higher solubility of alloying elementslimpurities in the matrix, and/or

decreased nucleation and growth of the iron intermetallics.

In general, large Chînese script, platelet, and polyhedral compounds formed in

the microstructure at the slowest rate while these phases were not observed at a high

cooling rate. The same phases and large polyhedral compounds (sludge) also form at

higher iron concentrations and sand casting cooling rates (0.9·C/s) as shown in Figure

5.6 (b). Since the morphology and volume fraction of all types of intermetallic

compounds are dependent on cooling rate, these results do not support Ghomashchi[25]

who stated that the polyhedral and Chînese script morphologies were independent of

cooling rate.

The effect of cooling rate on the total volume percent of intermetallics formed is

shown in Figure 5.7. The total arnount of intermetallic compounds increases with

decreasing cooling rate with the maximum arnount occuring at 0.1 ·C/s in all three

alloys. While the total volume percent of intermetallics increases with decreasing cooling

rate, the number of particles of each phase per unit area decreases and the size of each

morphology increases. This figure also shows that the maximum arnount of intermetallics
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forms at high iron content and slow cooling rate. An equalÏon can be fitted to the

exponential relationship expressed in Figure 5.7 to allow cal-:..lation of the amount of

intermeta11ics as a function of cooling rate. This equation has the form :
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volume % of intermeta11ics = a. exp (b . cooling rate)

where,

cooling rate: 0 CIs

a and b: constants of the equation

Constants of the equation and the correlation coefficient for ail alloys investigated are

given in Table 5.1 where it is seen that a correlation of beller !han 98% with the

experimental data is obtained.

Table 5.1: Constant parameters for the exponential equation

alloy a b C.C:

1 (0.4 % Fe) 2.60 - 0.36 0.999

2 (0.8 % Fe) 3.78 - 0.37 0.981

3 (1.2 % Fe) 6.72 - 0.38 0.998

C.C: : Correlation Coefficient

According ta the -esults of this investigation, it can be concluded that with

decreasing cooling rate both the volume percent and size of the intermetallic compounds

increased. Moreover, at 0.1 °ets, the iron compounds crysta11ized in ail three different

forros, i.e., .6-phase, a-phase and polyhedral. At 10 °C/s, they crystallized entirely as

fine star-like partic1es, and the volume fraction of Lie other compounds particularly

plate1ets reduced to zero. In faet, these are benefieial results for castings prepared at high

cooling rates, e.g. die-easting, since platelets are detrimental to mechanical jlroperties of



the component, and therefore, cooling rates of 10 ·C/s or above are suggested as the

optimum.
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5.3.2. Phase Analysis

Table 5.2 gives the electron probe microanalysis (EPMA) of the comp1ex

intermetal1ic types studied compared with those reported by other authors [46,80,81] .

•',ccording to EPMA resu1ts, the stoichiometry of the star-like and Chinese script

morpho10gy (or-phase) corresponds to AlI2(Fe,Mn,Cr))Si2 which is B.C.C. The

stoichiometry of the platelet morpho1ogy (,8-phase) corresponds to All FeSi where some

iron atoms are rep1aced by a maximum of 3.0 wt% manganese and chromium. These two

e1ements are disso1ved in the monoclinic crystal structure of ,s-phase. The present resu1ts

show that the composition of the platelet ,s-phase and the Chine..<e script(or-phase) are in

Table 5.2: Chemical Composition of the Intermetallic Compounds (atomic %)

Phase Al Si Fe Mn Cr

needle phase 66.87 18.02 13.88 1.19 0.05
this work

Chïnese script 72.58 1D.42 11.19 3.59 2.21

Star-\ike 71.45 11.33 10.01 4.71 2.52

ref.[46] need1e phase 66.55 17.40 11.70 2.26

Chinese script 70.75 8.23 11.89 5.81

ref.[80] needle phase 67.65 15.03 15.07'

Chinese script 70.39 5.86 17.67'

ref.[81] Star-\ike 71.0 11.8 8.9 5.6 2.6

• • total (Fe + Mn)



reasonable agreement with values reported by others[46,80]. The stoichiometry of the /3

phase is more or less AIs(Fe,Mn,Cr)Si while a-phase has an approximate composition

of Al12(Fe,Mn,Cr)3Si2' It is evident that these phases can have a somewhat variable

stoichiometry as small differences do appear in the values reponed by various authors.

Despite different opinions on the exact compositions of the :ron phases, it is seen here

that a-phase has less silicon and more manganese and chromium than /3-phase.
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5.4. Summary

The influence of solidification conditions and iron concentration on the

morphology, size, and volume percent of iron intermetallic phases was investigated on

three Al-Si aUoys. The aUoys with iron contents of 0.4, 0.8, or 1.2% and 0.3 % Mn,

0.1 % Cr were studied at various cooling rates of 0.1, 0.9, or 10 ·C/s. The

microstructures of the samples were investigated quantitatively by image analysis and

meta1lography. The conclusions of this study are summarized as follows :

(I) When the cooling rate is slow, very large intermetallics of Chinese script

morphology forro in a coarse microstructure. Polyhedral (sludge) panicles form

at a slow cooling rate and high iron concentration. The size and the volume

percentage of th~ compounds increase significantly with decreasing cooling rate.

(il) When the total volume percent of intermetallics increases with decreasing cooling

rate, the number of panicles of each phase per unit area decreases and the size

of each morphology increases.

(Ill) The morphology and volume fraction of aU types of intermeta1lic compounds are

dependent on cooling rate. A fast cooling rate can transform the brittle iron

plate1et phases which are harmful ta mechanica1 properties of the alloy into very

small star-like compounds.



(IV) The volume percentage of intermetallics decreases significantly with increasing

cooling rate; a relatively large amount of impurity elements can be dissolved in

the microstructure when the cooling rate is high.
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(V) The stoichiometry of star-like and Chinese-script (a-phase) intermetallics

corresponds to Al'2(Fe,Mn,Cr)3Si2' while platelet (tl-phase) compounds have the

stoichiometry Als(Fe,Mn,Cr)Si.

(VI) An exponential equation can express the effect of cooling rate on the total volume

percentage of intermetallic compounds wit!l a good correlation between the

experimental data and :he equation.
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Chapter 6

Gravity Segregation of Intermetallic Compounds

6.1. Introduction

Segregation of intermetallics may occur either in the mold during casting, or in

the furnace or laclle during melt processing. In the first case, slow cooling of the metal

in the mold favours gravity segregation, since primary crystals grow larger and have

more time ta sink. Segregation is thus more likely to occur in large sand castings and

slowly cooled ingots than in permanent mold or die castings. In the previous chapter, the

effect of solidification conditions on the fonnation and morphology of complex

intermetallic compounds was studied. It was found that the morphology and volume

fraction of all types of intermetallics are dependent on the cooling rate. When the total

volume percent of intermetallics increases with decreasing cooling rate, the number of

particles of each phase decreases and the size of particles of each morphology increases.

A relatively large amount of impurity elements can be dissolved in the microstructure,

without sludge fonnation, when the cooling rate is high.

It bas been reported [41] that segregation during melt holding may occur with

high manganese levels even when the iron content is very low. \Vhether gravity

segregation occurs or not depends on the content of iron, manganese and silicon and the

thermal conditions of the melt. Gravity segregation will not occur in melts with the

recommended Fe, Mn, Cr compositions provided theyare thoroughly stirred after heating

ta at least 720·C.[41]



In the present chapter, the kinetics of the segregation of intermetallic compounds

in Iiquid AI-12.5% Si alloy are discussed. Sedimentation has been investigated based

upon the chemical composition of the alloy and the holding temperature. Of panicular

interest was the settling velocity of particles in the melt, and the relationship of settling

speed obtained by experiments to !hat calculated from the classical Stokes' law

reIationship for the motion of solid particles in a viscous fluid.
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6.2. Experimental Procedure

6.2.1. Materials

The chemical composition of L'te alloy prepared for this investigation is shown in

Table 6.1. The alloy was manufactured by making appropriate additions to an AI-12.5 %

Si alloy prepared from commercial purity aluminum and silicon. Iron, chromium, and

manganese additions were made te this alloy by means of commercial master alloys of

composition: AI-24.7% Fe, AI-20.1 % Cr, and AI-25.2% Mn. The chemical analysis of

the alloy was verified by emission spectrometry.

Table 6.1: Chemical Composition of the Alloy (wt%)

Si Fe

12.46 1.21

Cu Mn Mg Cr Ni Zn

<0.002 0.29 <0.009 0.10 <0.001 <0.008

6.2.2. Melting Practice

Aluminum-12.5% silicon alloy was prepared in an induction fumace. The melt

was degassed with nitrogen for IS minutes at 7S0·C before adding the iron, manganese

and chromium master alloys. It was then poured into ingot molds at temperatures in the



range 72û-750·C. To investigate the settling of intermetallic compounds. the alloy was

melted in an induction fumace and held at 850·C for 15 minutes to homogenize the

liquid. The temperature was then quickly lowered to the required temperature and

ttansfered 10 the settling experiment apparatus.
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6.2.3. Sedimentation Experiments

ln order ID investigate the sedimentation process, a holding temperature of 630·C

was selected based on the results obtained in chapler 3 (section 3.3.2.2) in which it was

found that the temperature of sIudge formation for this alloy is 690·C. Therefore. at

630·C a considerable amount of sludge is guaranteed. Settling was investigated by using

a vertical electric resistance fumace and boron nitride coated steel molds 3 cm x 3 cm

x 22 cm high. These molds were placed in the fumace at 630·C for over one hour

before the liquid alloy was added in order 10 ensure constant thermal conditions in the

fumace and 10 minimize convection in the system.

520 g of the melt prepared in the induction fumace was then ttansferred ioto the

prehealed mold in the resistance fumace. The top of the fumace was completely insulated

with fiberfrax insulation, and the temperature of the melt was controlled continuously by

a K-type thermocouple located in the mold. Sedimentation was allowed to proceed for

three holding times of 30, 90, and 180 minutes al a constant holding temperature of

630·C. At the end of each sedimentation period the steel mold was vertically quenched

into cold water. Solidification was complete in approximateiy three seconds.

Rectangular ingOts obtained from quenching were longitudinally sectioned in the

middle. Both halves were then sectioned into six divisions as shown in Figure 6.1. One

half of the ingol was used for chemical analysis by emission spectrometery at different

locations. The other half was prepared for image analysis and metallographic

investigation. The volume fraction, size, and the number of intermetallic particles were
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Figure 6.1: Location of sampIes in quenched ingot



then measured at different locations using the LECO 2005 image analysis system. Image

analysis was performed on an area of 3.0 x 3.5 cm of each division shown in Figure

6.1. The values reponed are the average of measurements taken over this area. This

relatively large area was chosen to eliminate microscopic effects such as panic1e pushing

and iocal convection during quenching on the results.
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6.3. Results

6.3.1. Sedimentation of Intermetallic Compounds

The effeet of holding time on the settling of intermetallics from top to bollom of

the mold is shown in Figure 6.2. As the distance from the top of the mold increases at

each holding time, the volume percent of intermetallics increases. and settling is more

signiticant at longer times, particularly at 180 minutes. A !inear relationship exists in all

cases between the volume percent of intermetallics and distance from the top of the mold.

Figure 6.3 shows the effeet of sedimentation time on the average size of panicles.

As the distance from the top of the mold increases, the size of intermetallics also

inereases since the settling speed of large particles is higher than that of small panicles,

and is more signiticant at longer times. Large polyhedral panicles ( about 50 ~m) were

often observed at the flocr of the melt. These polyhedral intermetallics are formed by

coalescence of intermetallic compounds and agglomeration whit.h metallographic

observations indicated occurred only near the very bottom of the sample.

The variation of the number of particles formed in a unit area at different heights

in the mold is shown in Figure 6.4. As distance from the top of the mold increases, the

number of particles also inereases. Over most of the mold length the lowest number of

panicles is found at the largest settling time (180 min.) due to the longer lime for settling

of particles.
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Figure 6.5 shows the effect of settling time on the volume percentage of

compounds at six locations in the mold. The amount of intermetallics in the centre of the

mold at locations L3 and L4 is approximately constant. Below these positions there is an

increase b the amount, while above there is a decrease. The slope of the lines given in

Figure 6.5 quantifies the rate of sedimentation at the six positions in the mold. These

rates are plotted as a function of position in Figure 6.6 where a negative value indicates

depletion and a positive value denotes an accumulation of intermetallics.
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6.3.2. Segregation of elements

The intermetallics which segregate are complex compounds of (AI,Si,Cr,Mn.Fe).

and therefore, it is expected that the concentration of iron, manganese. and chromium

should increase from top te bottom of the ingot. Figures 6.7, 6.8, and 6.9 show the

effect of sett1ing time on the variation of iron, manganese, and chromium. As the

distance from the top of the mold increases, the content of each e!ement increases due

to the gravity segregation of the intermetallic compounds, with greater concentraùons at

longer times, e.g. 180 minutes. The compositional variations follow a linear relaùonship

with different slopes which are qualitatively in good agreement with the measurements

of volume percentage of intermetallics as a function of locaùon.



• GRAVITY SEGREGATION OF INTERMETALLIC COMPOUNDS 141

L1=18 mm
_.~-

L4=125mm
-·8-

L2=53.5mm
-9-

LS=160.5 mm•••••

L3=89mm

•
L6=188 mm

210180150

..._.-..-.....•....

90 120

T1me{mln)

6030

.::.::.:'1-- -_

..'. ..'..-.. ,.. '.......-......,

.···li······· ~
·::·_·_-ZS-------------_·_-----_·_-----_·_--·---n----·--

•

8

CI) 7
.2

S 6
QI

Ë
QI 5ë--0 4
ë
QI

~ 3QI
CI.
QI
E 2::r-
~ 1

0
0

Figure 6.5: The effect of settling time on the volume percent of intennetaJlics



• GRAVITY SEGREGATION OF INTERMETALLIC COMPOUNDS 142

o.oa .--------------------,

200ao 120 160

Distance (mm)

40
-o.oa '----'---''---'---1._'':''---1._''''''---'-_'--....1---1

o

- 0.06
":'c
E
i 0.04
III
E=
~

0.02

c
0 0-1ii
ë
~ -0.02-'tI
III
cg- -0.040

!
CI: -0.06

Figure 6.6: The rate of sedimentation at clifferent locations in the mold



• GRAVITY SEGREGATION OF INTERMETALLlC COMPOUNDS 143

1.6

1.5

1.4

1.3

1.2

:.
~

1.1

..•
0.9

0.8

0.7

0.6
0

30 minutes
-.~-

90 mInutes
-8-

180 mInutes
III ... _.

~ -'-"_._0_._0
/ _.4·/ 1·-·-·

/ .-Q ....-._--7.Â::_,_o
...... .- /

.._ ..-'- ,;1'

.._.-" ,;1'
/

/-0
/

/
/

;j
/

40 80 120 160 200

Distance from top of the mold (mm)

Figure 6.7: The effeet of settling time and location in the mold
on the iron concentration



• GRAVITY SEGREGATION OF INTERMETALLIC COMPOUNDS

0.5 r----------------,

30 minutes
O45 _.,f:-.

0.4

0.35

0.3

0.25

0.2

0.15

90 minutes-.
180 minutes .....................

L .........
........

0.1
o 40 80 120 160 200

Distance from top of the mold (mm)

Figure 6.S: The effect of settling time and location in the mold
on the manganese concentration



• GRAVITY SEGREGATION OF INTERMETALLIe eOMPOUNDS 145

•

..
(J

~

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

30 minutes
-,8-

90 minutes
-9-

180 minutes

----

Ç/
/

/
/

/
/

/
/ 0

"

/
/

/

OL----'-_J.---'-_J.---'-_...l....----'-_...l....-----'-_...l.----J
o 40 80 120 160 200

Distance from top of the mold (mm)

Figure 6.9: The effect of settling time and location in the mold
on the cbromium concentration



• GRAVITY SEGREGATION OF INTERMETALLIC COMPOUNDS

6.3.3. Study of the Segregated Phases
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The complex inlermetailic compounds observed in this investigation were mostly

in platelel (needle in cross-section). star-like. and polyhedral morphology. Polyhedral

forms were found al long selllîng times al the boltOm of the mold. Figure 6.10 (a) shows

the microstructure of the alloy al location 15 al a settling time of 30 minutes. Both

plalelets and star-like compounds are observed in the eUlectic microslruclure of the

aluminum-silicon alloy alcng with some very fine undefined particles « 1 l'm). The

polyhedral particles observed al settling times of 180 minules al the f100r of lhe mell are

shown in Figure 6.10 (b) where coalescence is very evidenl.

Tne inlermetailic compounds observed in Figure 6.10 were analyzed by SEM

EDS. The EDS spectta of clements in the intermetallîcs are illustraled in Figure 6.11 (a 

c). This measuremenl is a qualitative analysis which shows the exislence of different

clements in the compounds. Figure 6.11 (a) and (b) shows respectivdy, lhe EDS spectra

of platelel and star-like inlermetallics allocation 15 al seltling time of 30 minules. while

Figure 6.11 (c) shows the EDS spectrum of polyhedral particles al a setlling time of 180

minutes al the floor of the mell.

The platelet and star-like intermetallics shown in Figure 6.10 (a) were analyzed

by means of X-Ray mapping. The distribution of iron, manganese, and chromium in

these phases is presented in Figure 6.12. This figure shows that the concentration of iron,

manganese, and chromium is high in the compounds.

A quantitative analysis was performed on the intermetallics by means of electron

probe microanalyzer (EPMA). Table 6.2 gives the EPMA analysis of ail types of

intermetallîcs studied in the present work. The chemical analysis given in this table is the

average of at least five measurements. According to the EPMA results, the stoichiometry

of the platclet morphology, (tl-phase), corresponds to Als(Fe,Mn,Cr)Si where some iron
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a)

b)

•
Figure 6.10: SEM pholograph of a) star-like and platelet phases at L5 = 160.5 mm from
top of the mold (t=30 min) b) polyhedral particles at the f100r of the melt (t= 180 min)
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atoms are replaced by a maximum of 3 wt% manganese and chromium dissolved in the

monoclinic crystal structure of the ,B-phase. The stoichiometry of the star-like and

polyhedral phases is approximately the sarne and corresponds to the primary a-phase

AldFe,Mn,Cr»)Si2 •
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Table 6.2: Chemical Composition of the Intermetallic Compounds (atomic %)

Phase Al Si Fe Mn Cr

Plate1et 66.87 18.02 13.88 1.19 O.OS

Star-like 71.45 11.33 10.01 4.71 2.52

Polyhedral 71.75 11.35 9.81 4.61 2.49
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6.4. Discussion

The experiments described here were designed to produce conditions of minimum

convection. It should therefore be possible to compare the results to those predicted by

Stokes' law for settling of partic1es in a Stationary fluid.

6.4.1. Motion of Particles Settling in a Stationary Fluid

Motion of a partic1e in a viscous fluid is govemed by Stokes' law. The Stokes'

velocity or "terminal velocity" is the maximum velocity attained by a partic!e falling

through a motionless fluid and corresponds to the point at which the relative weight of

the particle just balances the viscous drag exerted by the fluid.

This velocity is given by Stokes' law as :

u = g.d2
.(P,-PI

1 18.'1
(1)



where, U, is terminal velocity, d = partide diarneter , Pp = density of panicle , Pr =
density of liquid, g = acceleration due to gravity, 77 = ':iscosity of the liquid.• GRAVITY SEGREGATION OF INTERMETALLIe eOMPOUNDS 151

Stokes' law is derived for sphericaI particles; non-sphericaI particles will attain

a terminal velocity, but this velocity will be influenced by the shape of the particles.

Nevertheless, this velocity can be used to characterize the particle. This value of .. d ..

is referred to as the "Stokes' equivalent spherical diameter". It is also known as the

"Stokes' diarneter" or the "sedimentation diarneter".[114] While the sludge panicles are

definitely not perfeet spheres it is assumed that their predominately star-like shape can

be approximated to a sphere for pUlJlOses of the Stokes' law caIculation.

6.4.2. Comparison between Stokes' law and the experimental results

The terminaI ve\ocity (li,) of the settIing intermetaIlics has been caIculated from

bath Stokes' law and the experimentaI data for settIing times of 30, 90, and 180 minutes.

Proper application of Stokes' law requires that the Reynolds number ( Re ) be less than

0.2.[93] It will be demonstrated later that this is true for the present experiments.

6.4.2.1. Calculation of settling speed based on the experimental results

The volume percent of intern.•taIlic compounds settIed at different locations in

the mold in terms of time is shown in Figure 6.5. In order to find the settIing velocity

( u ), we should first find the volumetric flow rate ( Q) of intermetaIlics in the liquid

in the mold from top ta battom. At a settIing time of 30 minutes, the volume percent

difference at LI (18 mm) and L6 (188 mm) is 1.62%, and the volume of the melt in this

part of the mold (LI-L6) is 154.08 cm3. The volume of intermetaIlics settIed is

therefore,

V=154.08X1.62%=2.50 cm3

and the volumetrie flow rate of intermetaI1ics will be,
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Q= V _ 2.S0x 100{) -1.39x 10-9 m'/s
r 30x60

15~

This volumetrie flow rate is equal to the settling velocity multiplied by the effective area

(A.rr).

Q=U.A<lT (2)

The effective area ( A.rr) is the cross-sectional area of the intermetallics on which the

drag force operates. The average area percent of intermetallies ( AA"I ) measured by

image analysis from LI to L6 is 3.7% (Table 6.3), and the effective area ( A.." ) is

caleulated by multiplying the average area percent of intermetallies ( AA"I ) by the cross

section of the liquid in the mold, Le.

Substiruting in equation (2), the settling velocity is :

= 1.39 X 10-9 = 4.19 x 10-5
3.31 X 10-5

m
s

Table 6.3: Area Percentage of Intermetallies in the Alloy at 630°C

height (mm) 30 minutes 90 minutes 180 minutes

18 3.00 1.29 0.20

53.5 3.17 2.24 0.90

89 3.27 3.61 2.60

125 3.85 4.34 3.95

160.5 4.21 5.28 5.87

188 4.62 6.18 7.22
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6.4.2.2. Calculation of settling speed based on Stokes' law
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The values of the constants used for the calculaùons are given in Table 6.4. The

measured average diarneter of the parùcles is d = 10.05 !-,m ; at a settling ùme of 30

minutes at 630·C. Substituùng these values in the Stokes' equation (1), we obtain ;

u = (10.05x 10-6ix9.81 x (3460-2400) = 4.86x10-5
1 18 x 1.20x JO-3

m-s

This terminal velocity is very .:Jose to the settling velocity obtained previously from the

experimental results (4.19 x W·5 rnls). The Reynolds number ( Re ) may now calculated

from this termir.al velocity to check if it is less than 0.2 as required for proper

application of Stokes' law.

Re=_PI_·u_,._d
'1

and,

Re= 2400 x (4.86 x 10-5
) X(10.05 x 1Q-6) = 9.77x10-4 oC 0.2

1.20x 10-3

Stokes' law can therefore be applied with confidence to the present system.

Table 6.4: Values of Constants Used for Ca1culation of Settling Speed

constant value note

PI 2400 kg.m-3 ref. [115,116]

Pp 3460 kg.m·3 ref. [30)

g 9.81 m.s-2 ref. [93)

'1 1.20 . 1()"3 N.s.m-2 ref. [117,118)

(3)



Similar caiculations have been performed for scttling times of 90 and 180

minutes. The settling velocities obtained from the experiments are compared with those

caiculated from Stokes' law and summarized in Table 6.5 where it is St.'Cn that there is

a good agreement between the experimental and caiculated velocities. This agreement

indicates that the assumptions of free settling of spherical particles is reasonable for the

case of sludge in aluminum-silicon foundry alloys. Of course, the particles are not truly

sphericai, and the smalI differences between calculated and measured settling vclocities

may weil be due to this fact. It is also evident that free particle, and not hindered,

settling occurs. The maximum solid particle fraction measured was only 7% (Figure 6.2).

and hindered settling is believed to be important at solid fractions of 15 % or

greater. [114,119,120]
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•
A simple caiculalion based on the settling velocities prescnted in Table 6.5

predicts, for a mean particle size of 10 ).Lm, that all particles should setth to the bottom

of the column at limes of 90 and 180 minutes. Clearly this is not the case (Figure 6.2)

due to the fact that in reality a distribution of partiele size exists. Fine particles with size

much less than 10 J.Lm will sink considerably more slowly. The behaviour of such fine

interrneiallics will be particularly affected by any limited convection in the experimental

system.

Table 6.5: Settling Velocities Obtained by the Experiments

and Caleulated by Stokes' law (mIs)

Stokes' law

experimental

30 minutes

4.86. 10-5

4.19 . 10-5

90 minutes

4.38 . 10-5

4.06. 10-5

180 minutes

4.27 . 10-5

3.28 . 10-5

•
Sorne investigators [121,122] have applied Stokes' law to model the settling of

inclusions in casting or holding fumaces. They assumed that the bath of metal was



stagnant and convection in the system was negligible. The models which they obtained

were incapable of describing fully the settling phenomena since natural convection

gcnerated as a result of heat losses through the furnace side walls can play a major role

in the molten bath, and the Stokes' velocity can then !:le influenced by the convection.

In the present experiments, deliberate efforts were made to eliminate as much as possible

all thermal gradients and to make the experiments isothennal.
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It is important to detennine when the settling speed of intennetallics reaches the

tenninal velocity and to what height in the mold the Stokes' velocity can be applied. For

this the general equation for the motion of partic1es in the liqu:d has been used. [93]

• where,

u is settling velocity, and :

a -b tu=-.[I-exp(-·)]
b c

b=3.1r.d.T/

(4)

The iastest settling speed will naturally occur for the largest partic1e. By substituting

values from Table 6.4 and using the size of the largest partic1e measured (12.2 !Lm), we

obtain :

Based on this equation, the settling velocity of the partic1es versus time is plotted in•
1;=6.88 x 10-5 x [1-exp(-43690.5 ' •.:)] (5)



Figure 6.13 from which it is evident that the sett1ing speed reaches the terminal velocity

at very short times and very close to the top of the mold due to the smal1 sizes of the

interrnetaIlics. Stokes' law is therefore applicable to virtually every point in the system

used here.
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•

Finally, the settling speeds for sorne inclusions of various densities have been

comparee! with the settling speed of intermetaIlics in Figure 6.14. Different inclusion

densities of 3.00 (arbitrary), 3.46 (intermetaIlic), 3.58 (MgO), 3.98 (AI20 J) g/cm3 were

used in Stokes' law, and the settling speeds were plotted in terms of particle diameter.

The arbitrary density was chosen to illustrate the effect of small differenccs of dcnsities

from the molten aIloy (2.40 g/cm3). Figure 6.14 indicates that particles less than 20 !Lm

have a very low settling velocity, and the settling speed increases with density. As most

practical Iiquid melting or holding operations will experience natural or forced

convection, appreciable settling of very fine particles (inclusions or sludge) is not to be

expected.
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-!.
.§. 4E-oS
~
8 3E-oS
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Figure 6.13: Settling velocity of intermetallics as a function of time•
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Figure 6.14: Sett1ing speeds of some inclusions as a funetion of particle diameter

6.S. Snmmary

Primary crystals of intermetallics which are rich in iron, manganese, and

chromium form at temperatures above the liquidus, and because their density is higher

than that of liquid aluminum, they cause gtavity ~-gregation in the melt. The kinetics of

settling of these intermetallic compounds in a melt of Al-12.5% Si having 1.2% Fe,

0.3% Mn, and 0.1 % Cr bas been studied. Sedimentation was investigated at 630·C for

settling times of 30, 90, and 180 minutes in an electric resistance fumace. The effect of

settling time and height of melt on the volume percent, number, and size of intermetallic

compounds was studied by image analysis. The conclusions are summarized as follows:



(I) The: volume percent of intermetallic compounds increases with distance from top

of the mold due to settling. This occurs because the num;'er of particles and their

average size increases during sedimentation.
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(II) The rate of settling varies with location in the mold due to depletion of

intermetallics al the lop and accumulation at the bottom.

(Ill) As the distance from the lop of the mold increases, the content of iron,

manganese, and chromium increases due 10 the gravity segregation of the

intermetallic compounds, with greater concentrations al longer times.

(IV) The terminal velocity calculated by Stokes' law agrees weil with the

experimeni.;!Uy determined settling velocity due te minimum convection in the

system and small size of intermeta1lics. As a result the terminal velocity is

reached al very short times and very close 10 the liquid surface.
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Chapter 7

Modification of Intermetallic Compounds

7.1. Introduction

159

The interrnetallic compounds have different morphologies such as needle

like(platelet), Chînese script, star-like, and polyhedral. The morphology of the

compounds plays an important role in deterrnining the mechanical properties of the final

produCl Of all of these compounds, the needle-like(.B-phase) intermetallic is the most

hannful. Manganese is commonly used to neutralize the effect of iron and to change the

morphology of p-phase(needle) to a less harmful form. This element is not always

successfu1 in this task for two reasons: 1) it reacts with other elements in the melt and

forms primary phases or complex interrnetallic compounds which are usually called

"sludge". 2) the formation and growth ofinterrnetallics are also affected by solidification

conditions. A different approach to Changing the morphology of interrnetallics to less

hannful forms may be to add surface active elements to the melt. Sorne limited work has

been done on this subject.

Khudokormov[37] investigated an aluminum alloy with 12% Si, 2% Fe, 1.5 %

Mn. The complex iron-rich phase was modified with 0.05-0.5% of Na, K, Li, P, Sb, Bi,

S, Se, and Te. The strongest effects on the form of the iron-rich phase were produced

by S. Se, a.:.~ Te. The particles became much finer and were reduced to a more equi

axed form. Sigworth[14,7S] reported on the influence of molten metal processing on the

mechanical properties of cast Al-Si-Mg alloys. and during his work. he noted that the

formation of large brittle iron interrnetallic phases can be suppressed in an exceedingly
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well modified alloy.

160

•

•

Haque and Kondic[l28] indicated that strontium has sorne positive effcct on the

reduction of the amount of intermetallics during solidification of an aluminum-12.2%

silicon alloy. The amount of iron-bearing phase as well as the primary silicon phase are

reduced or become negligible and the tensile p~ùperties are improved by strontium

treatment. Except for the two observations by SiJworth[75] and Kondic et.al.[128]. there

appears to be no comprehensive investigation of ,ne effect of strontium on intermetallics

in aluminum-silicon casting alloys.

There is. however, considerable evidence that strontium modifies and relïnes

many of the detrimental intermetallic compounds in wrought alloys. In a 1975 Alcan

patent[95], it is indicated that at 0.05% Sr all of the AIFeSi intermetallics in 6063 alloy

are in the Chinese script form. Il is also lCported in a 1987 patent by ALCOA [96] that

the addition of 0.01 % to 0.10% strontium (nominally 0.05% Sr) to AI-Cu-Mg-Zn

wrought alloys refines the intermetallic phases. A 1987 Japanese patent[97] also indicates

that the addition of 0.005% to 0.10% strontium, in combination with similar quantities

of zinc, reduees bath the number and size of detrimental intermetallies. In recent work

at McGill University, it has becn reported that a Sr addition of 0.06% alters the nœdle

like ,8-phase to the Chinese script a-phase in synthetic 1XXX and 6061 alloys, and in OC

cast commercial 6061 alloys.[98]

On the basis of the sueeess achieved in wrought alloys, it was decided to do a

comprehensive investigation of the effect of strontium on the modification of different

morphologies of intermetallie compounds in sand cast and permanent mold cast

aluminum-silieon alloys.
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7.2. Experimental Procedure

7.2.1. Materials

161

The investigation focussed on two commercial die and permanent mold-casting

alloys, A413, 413P, and one synthetie 413 alloy. Strontium was added to these alloys at

diffcrent levels ranging from 0 to 0.08% Sr with mierosttuetural investigation as the

ehief mode of study. 4BI' is a die-easting alloy whieh is used in piston manufaeturing.

The alloy used in this ;;;ork was produced b) Roth Brothers Smelting Company. A413

is a seconcl..:üy alloy which is used in die-easting, and is produced by Aluminum Smelting

and Refining Company. The synthetie 413 Jl10y was prepared by making appropriate

additions to an Al-12.7% Si alloy manufactured from commercial purity aluminum and

silicon in an induction furnace. Iron, manganese and ehromium additions were made to

this alloy by means of commercial master alloys ofcomposition: Al-24.7% Fe, Al-25.7%

Mn and Al-20.1 % Cr. Strontium was introduced into the melt in the form of 10-90 (10%

Sr balance Al) master alloy. AIl master alloys were provided by KB AIloys, Ine. "iable

7.1 gives the chemical analysis of the master alloys as supplied by the company. The

analyzed chemical composition of the allo~ prepared for the present investigation is

given in Table 7.2.

Table 7.1: Chemical Analysis of the Master Alioys, wt%

Master AIloy Fe Cr Mn Si Zn V Ni Sr

Al-24.7% Fe 24.7 <0.01 0.15 0.05 0.01 0.01 0.01 Nil

Al-20.1% Cr 0.14 20.1 0.01 0.15 0.01 0.02 <0.01 Nil

Al-25.2% Mn 0.14 <0.01 25.2 0.06 <0.01 0.01 <0.01 Nil

Al-I0.2% Sr 0.13 <0.01 <0.01 0.05 0.02 0.01 <0.01 10.2



7.2.2. Melting and Casting

Melting was carried out in a small induction fumace. For each batch of melt, 220

g of 413 alloy was melted at 7S0'e. The alloy was held for 10 minutes at this

temperature to obtain a homogenized melt. The melt was then cooled to 710'e and

strontium was added at this temperature. Strontium was introduced into the melt by the

Al-10% Sr master alloy to obtain levels of: 0, 0.02, 0.04, 0.06, 0.08% Sr. The melt was

held for lS minutes at 7lo'e to allow for complete dissolution of the strontium. Three

samples were cast at this temperature for each alloy; two samples in a permanent mold

(copper) and one sample in a small fire.clay crucible to simulate sand casting. It had

previously been established that the cooling rates reached in the fire.clay crucible were

similar to those found in sand casting.(l 'Cls) Thus the fire-clay crucible was chosen

to alleviate the problem of manufacturing many sand molds. Although not strictly sand

casting, this simulated version will be referred to as sand casting throughout the

remainder of this chapter.

The dimensions of the copper molds Were 20 mm in height and 40 mm in

diameter. One of the samples from the permanent mold was used for microstructural

investigation and image analysis while the other was usee! for chemical analysis by

emission spectrometry. The same melting and casting procedure was used for alloys 4l3P



and A4l3 except that the weight of the melt was about 330 g and 0.04% Sr was added

in each experiment. Two samples cf each alloy were cast into the permanent moid and

one inta the sand mold, both before and after adding strontium. In total, nine aluminum

silicon alloys were prepared for this study (Table 7.3) at two solidification conditions

which were measured by thermal analysis and yielded slow to fast cooling rates ranging

from IOC/s ta 10°C/s.

• MODIFICATION OF INTERMETALUC COMPOUNDS 163

Table 7.3: Chemical Analysis of the Sr-treated Alloys, wt. %.

Alloy Si Fe Cu Mn Mg Cr Ni Zn Sr

DO Sr 12.21 1.18 0.004 0.32 <0.009 0.08 0.004 0.01 <0.002

O.02CJ1i Sr 12.46 1.16 0.003 0.32 <0.009 0.08 0.004 0.01 0.018

413 O.04CJ1i Sr 12.39 1.18 0.003 0.33 <0.009 0.08 0.004 0.01 0.037

O.06CJ1i Sr 12.53 1.19 0.003 0.33 <0.009 0.09 0.004 0.01 0.05S

0.08CJ1i Sr 12.83 1.17 0.003 0.33 <0.009 0.08 0.004 0.01 0.077

DO Sr 12.29 0.96 0.23 0.31 O.OS 0.06 0.02 0.20 <0.002
A413

O.04CJ1i Sr 12.12 0.98 0.28 0.32 0.06 0.07 0.02 0.22 0.039

DO Sr 12.35 0.60 0.96 0.28 1.07 0.004 1.18 0.27 <0.002
413P

O.04CJ1i Sr 12.38 0.61 0.96 0.29 1.09 0.006 1.19 0.27 0.037
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7.2.3. Effect of MeU Superheat
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The effeet of superheat was investigated on alloy 413 both before and after

strontium addition. The aim of this study was to investigate the effeet of superheat, and

the combined effects of superheat and strontium treatment on the morphology of the

intermetallics. In this experiment, 280 g of alloy 413 was melted in an induction fumace.

The melt was superheated to 850°C and held for 30 minutes at this temperature. Il was

then cooled to 710°C and held for 3 minutes to stabilize the melt temperature. Two

sarnples were cast from this temperature; one into the permanent mold and the other into

the sand mold. 0.04% Sr Wlll; then added to the alloy and the melt was held for 15

minutes at no°c for complete dissolution of strontium. Again, two sarnples were cast

into the permanent and sand molds. The operational cycle of this experiment is shown

in Figure 7.1.

PM .. Permanent Morr.l
SC .. Sand Caet

850"c
30 min

TIma

"'da.
710"c
15 min

PM SC

_of
eupemMt

DOmbln'" .fleot
of ..",,_

end mi>clmOlltlon

PM SC

Figure 7.1: Operational cycle for the experiment on the effeet of superheat
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7.2.4. Effect of Casting Temperature

165

•

The aim of this experiment was to investigate the influence of casting temperature

on the size and morphology of intermetallics in a strontium-treated aIloy. For this

purpose, 280 g of aIloy 413 were melted at 750·C in an induction fumace. The melt was

held for 10 minutes at this temperature for homogenization and was then cooled to

7JO·C. 0.08% Sr was added to the melt by means of an Al-JO% Sr master aIloy. The

melt was held for a further 15 minutes at 7l0·C to aIlow for complete dissolution of the

strontium. Two samples were cast into the sand and permanent molds to oblain a slow

(l·Cls) to fast (lO·C/s) cooling rate. The temperature of the melt was then lowered to

6OO·C and it was held for 5 minutes at this temperature. Again, IWO samples were cast

with the same conditions as before. The operational cycle of this experiment is shown

in Figure 7.2.

PM =Permanent Mold
SC =SandC..t

750'C

10mln 710'C

15mln

Tlme

1
homoganlzallon

oltha malt

normal
eaatln;

loweaalln;
tamparatura

PM SC PM SC

• Figure 7.2: Operational cycle for the experiment on the effeet of castingtemperature
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7.2.5. Microstructural Study and Phase Analysis
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Metallographie analysis was carried out on ail alloys. The samples were polished

up to 0.03 !Lm alumina powder then continued with colloidal silica and observed under

the optical NEOPHOT 21 microscope. In order to develop a more consistent and less

subjective evalution of the microstructure, quantitative metallography was employed using

a LECO image analyzer interfaced with an optical microscope through the 2005 image

analysis program. Various microstructural parameters were investigated and measured.

such as the area percent of each phase, average size, number of intermetallics per unit

area, roundness. length, width, and aspect ratio of the intermetallics.

A total of 20 fields at 300X magnification was evaluated on each sample. The

data was processed automatica1ly using statistical programs, and the mean values reported

for each sample. In sorne cases, in order to differentiate the color contrast (grey level)

between the intermetallics and other phases present in the structure, certain manual

features such as BOOLEAN FUNCTIONS, COPY, EDIT, CLOSE, FILL available in

the image analysis routine were used. Figure 7.3 shows a photograph of a lypical sample

with the phases highlighted by the image analyzer.

In order to study the effect of strontium on the morphology of the intermetallic

compounds, sorne samples were observed under a scanning electron microscope (SEM),

JEOL 840 linked to EDS. The stoichiometry of the phases was determined using an

e1ectron probe microanalyzer (EPMA) JEOL JXA-8900L WD/ED Combined

microanalyzer and energy dispersive spectrometry (SEM-EDS). EPMA was used at a

voltage level of l5KV for chemical alla1ysis of the different phases, and the average of

eight readings was calculated for each l'hase. For the element analysis, ZAF correction

was made with reference to the standard pure element. Distribution of the elements was

investigated in the intermetallics by using WDS Digital X-Ray Mapping with the JEOL

8900L. The entire experimental procedure is summarized in Figure 7.4.



•

•

MOD!FICATION OF INTERMETALLIC COMPOUNDS

Figure 7.3: Photograph of a lypical sample using the special features

in image analysis. Severa! phases are identified by different colors. (300X)

167
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Modification ofComplex Intermetallle Compounds by
Strontium Addition ln Âlumlnlll'1 Casting Alloys
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413 A413 413P
synthetie secondary piston

alloy alloy alloy

~ ~
Sr additions

0.0, 0.02, 0.04, 0.06, O.OS % Sr

J l
Sand cast

Permanent
MoldCast

1 1

• Metallographie Study
• Image Analysis
• SEM (SE, BE)
• Intermetallie Identification

EDS-SEM , EPMA
• X-Ray Mapplng
• Chemfcal Analysis
• Data Processing

Figure 7.4: Experimental procedure used te study the effeet of
strontium on the modification of intennetallics
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7.3.1. Alloy 413

7.3.1.1. Pennanent MoId

Metallographic obs::rvations on the 413 alloy containing a ta O.OS'.c Sr (SOO

ppm), revealed that the microstructure of the alloy cansisted af prim;\ry aluminum. \wy

!ine eutectic silicon, and intermetallic compounds. The compaunds had star-like and

indeCnite sh"pes. The size of these intermetallics \Vas decreased signiticantly Il\'

strontium additions to the alloy. The microstructures are shawn in Figure 7.5(a-e).

a)

Figure 7.5: Effeet of strontium on the shape of intermetallics in alloy 412
at permanent mo1d condition a) no Sr (400X)
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b)
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c)

Figure 7.S continued, b) 0.02 % Sr c) 0.04% Sr (400X)
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d}

e}

Figure 7.5 continuee!, d) 0.06% Sr , e) 0.08% Sr (400X)
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The size and the number of imermetailics decreased in the alloy when 0.02 % Sr was

added as shown in Figure 7.5(b). The decrease was very significant when 0.04% Sr was

added, (Figure 7.5(c)). In this figure, star-like phases were changed to the tiny and

round intermetailics. This situation continued in the 0.06% Sr-treated alloy in which the

intermetailics hac! a very small size and round shape. (Figure 7.5(d)) The size and the

number of these intermetailic phases increased when more strontium was added e.g.

0.08% Sr.(Figure 7.5(e) It was also observed that, in sorne sections of the

microstructure, agglomeration of particles occurred. Image analysis results which show

these trends quantitatively are given in Figures 7.6(a-c).

Figure 7.6(a) shows the effect of strontium on the a':erage size and roundness of

the intermetaI1:cs. Roundness is defined as: 41rAl'IP x 100% (A = Area , P =

Perimeter) For example, the roundness of a circle (sphere) is 100. From this figure, it

is seen that the size of the intermetailics decreased from 6.70 !Lm to 3.67 !Lm and 3.68

!Lm at 0.04 and 0.06% Sr additions: respectiveiy. There was a 45% decrease in the size

of the intermetallic (sludge) particles at 0.04% Sr addition. The roundness of the particles

always increased with the strontium additions, changing from 43% to 71 % at 0.08% Sr.

Strontium therefore has a major role in changing star-like and indefmite shapes to more

round and spherical particles such as the tiny intermetailics shown in Figures 7.5(c) and

(d).

The influence of strontium on the number of particles formed in a unit area (mnr)

is shown in Figure 7.6(b). The number of intermetal1ics decreased significantly by

strontium addition. The results of image analysis indicate that the number of particles

decreased from 957 in a strontium-free alloy to 201 particles per square millimetre in a

0.06% Sr-treated alloy. Thus, there was a reduction of 80% in the number of particles

per unit area.
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Figure 7.6(c) shows the effeet of strontium on the volume percentage of star-like

intermetallics In permanent mold cast samples. The volume percent of intermetallics was

sharply deereased by strontium addition. Image analysis of the samples showed that the

volume percent of star-like phase deereased from 1.20% in the strontium-free alloy to

0.29% in the 0.04% Sr-treated alloy. This volume reduction r.ontinued to 0.10% (almost

zero) when 0.06% Sr was added te the alloy. Thus, there was a reduction of 92% in total

volume percentage of the intermetallic compounds. Figure 7.6(a-c) also indicates an

optimum level of 0.04 te 0.06% Sr for minimiz:ltion of the intermetallics. The average

size, the number, and the volume percentage of these phases increase when more

strontium than this optimum level is added.
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7.3.1.2. Sand Cast

Metallographie study of the sand cast 413 alloys revealed that the microstructures

consisted of primary aluminum phase, very fine modified silicon, and intermetallic

compounds. Compounds appeared in Chinese script (a-phase), indefinite, and needle-Iike

(,6-phase) morphologies as shown in Figures 7.7(a-e). As seen from figure 7.7(a) needles

and Chinese script exist with coarse silicon in the strontium-free alloy. By adding 0.02%

Sr to the alloy, needles fragment and their thickness decreases significantly in a very fine

modified silicon microstructure as shown in Figure 7.7(b). Fragmentation ofneedles (,6

phases) is evident in the 0.04% Sr-treated alloy shown in Figure 7.7(c). The needles are

broken and thinner than in the 0.02% Sr-treated alloy. Figure 7.7(d) shows further

fragmentation and thining of needles in the 0.06% Sr-treated alloy. This situation also

exists in the 0.08% Sr-treated alloy, but the thickness and the width ofneedles have now

increased. Figure 7.8(a.b) shows SEM micrographs of these broken needles at two

different sections of the sample in a 0.04% Sr-treated alloy. Fragmentation is clearly

evident in these micrographs.
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a)

b)

Figure 7.7: Effect of strontium on the shape of intermetallics in alloy 413
in the sand cast condition a) no Sr , b) 0.02 % Sr (400X)
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c)

•

d)

Figure 7.7 continued, c) 0.04% Sr , d) 0.06% Sr (400X)
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e)

Figure 7.7 continued , e) 0.08% Sr (400X)
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Figure 7.8: SEM micrographs of fragmentation of needles (.B-phases)
:0 0.04% Sr-treated 413 alloy (etched with 0.5% HF)

liS
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AIl samples were also investigated through image analysis and the n:sults are

shown in Figures 7.9(a-c). The size of Chinese script and star-likc int.:rrnetal1ics was

measured by the FERET AVERAGE function available in the LECO :005 image

analyzer. By this function the average of thirty two straight line measurernents made

between tangents at various angles (0 to 157.5°) was calculated for each particle. The

effect of strontium on the average size of the Chinese script (cr-pilase) morphology of the

413 alloy is shown in Figure 7.9(a). It is seen from this figure that strontium is ver}

effective in reducing the size of Chinese script phases. The average size of the cr-phase

has decreased from 87.4 !Lm in a strontium-free alloy to 47.3 !Lm in the 0.06% Sr-tre:lled

alloy. This is a reduction of about 46%. Figure 7.9(b) shows the influence of strontium

on the length and width of the needle (~-phase) rnorphology. Th<' length of ~-phase

decreased only slightly with a 0.02% Sr addition but decreased sharply in the 0.04% Sr

treated alloy. This n:duction also continued to 26.0 !Lm in the 0.06% Sr-trcated al10y for

a total reduction of 54% in length of needles.

The width of the ~-phase also decreased by strontium addition, changing from 5.8

!Lm in the strontium-free alloy to 3.3 /lm in the 0.06% Sr-treated alloy for a 43%

reduction. These results clearly show that strontium is a very effective element in causing

fragmentation and thinning of needle (~-phase) intermetallics.

The volume percent of ~-phase was also reduced from 3.4% to 1.8% in the

0.06% Sr-treated alloy.(Figure 7.9(c)) "fhe volume percent of cr-phase increased from

0.78% in the strontium-free alloy to 1.05% in the 0.06% Sr-treated alloy and to 2.57%

in the 0.08% Sr-treated alloy. The optimum level of strontium addition should be Jess

than 0.06% Sr due to the fact that the size of the cr-phase also increases when more than

0.06% Sr is added to the alloy.

The results given in Figure 7.9(a) and(c) indicate that the volume percentage of

a-phase has increased by strontium addition even though the average size decreased.



Thus, it can he concluded that the number of a-phase particles has increased in the alloy.

The results of image analysis alse confirmed this conclusion as presented in the bar

graphs of Figure 7.l0(a). This figure alse shows that even though the volume percent of

,B-phase decreascs with strontium addition (Figure 7.9(c», their number per unit area

increases te the optimum level of strontium. The reason for this increase in the number

of needles is due to their fragmentation which causes, at the same time, a reduction in

length of these phases. (sec Figure 7.9(b»

• MODIFICATION OF INTERMETALLIC COMPOUI\'I)S 180

•

The influence of strontium on the relative volume percenta!!·~ of intermetallics is

presented as bar graphs in Figure 7.l0(b). The relative volume percent is the volume

percent of cach phase compared to the total volume percentage of intermetallic

compounds. This figure shows that the relative volume % of a-phase increases from

lS.S% in the strontium-free alloy to 56.9% in the O.OS% Sr-treated alloy. At the same

time the relative volume % of ,B-phase alse decreased from S1.2 % to 43.1 % in the

O.OS % Sr-treated alloy. Thus, strontium is ;m effective element in changing ,B-phase to

a-phase.

The overall conclusion of this part of study is that strontium is a very effective

element in reducing the average size of a-phase intermetallics and the size of needles

(length and width) due to fragmentation. The volume percent of ,B-phase decreases by

adding strontium, and the optimum level of strontium addition to alloy 413 under sand

casting conditions is 0.04% te 0.06% Sr.
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7.3.2. Alloy A413

7.3.2.1. Permanent Mold

183

Metallographie observations on the permanent mold cast samples revealed that

alloy A413 contains a fine euteetic microstructure and small star-like intermetallic

compounds. This is shown in Figure 7. Il(a). The amount of intermetallics decreased

significantly, 10 almost zero, by adding 0.04% Sr to the alloy as shown in Figure

7.1I(b). No needles nor sludge particles were observed in these samples.

The results of image anaIysis are presented in Table 7.4. The amount of

intermetallics (s1udge) was reduced from 0.45 vol% in strontium-free alloy to 0.08 vol%

in the 0.04% Sr-treated alloy while their size decreased from 5.3 ,.m to 2.8 ,.m in the

0.04% Sr-tI'eated alloy. The 0.04% strontium addition to this alloy has also decreased

the number of intermetallics from 280 particles/mm2 10 97 particleslmm2• These particles

are very small and appear as spots which are difficult to resolve by microscope even at

400X magnification. Thus, strontium is very effective in eliminating intermetallics in the

microstructure and/or changing the star-like phases to very fine and round intermetallics.

Table 7.4: Image Analysis Measurement of Anoy A413 as Permanent Mold Cast

alloy size volume particles/ roundness•

(JLm) (%) mm2

no Sr 5.3±2.4 0.45±0.12 280±1I2 48.5±25.3

0.04% Sr 2.8±1.l 0.08±0.05 97±58 54.9±20.2

• roundnesa - 4rAfil x 100 (A-Ar... P~Perim.lCr)



• .\lüDIFICATION OF INTERMETALLIC COMPOUNDS IS-l

a)

b)

Figure 7.11: Elimination of intermetallics (~Iudge) in commercial alloy A413
as permanent mold cast a) no Sr b) 0.04% Sr
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7.3.2.2. Sand Cast
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The alloy to which no strontium was added contained coarse silicon. large

Chïnese script (a-phase), and large needles (.8-phase) in the microstructure. By adding

0.04% Sr ta the alloy, the amount of needles decreased significantly and they became

very thin. Fragmentation of these phases was also observed in sorne sections of the

sample, and the size of Chinese script was also reduced due to the strontium addition.

Micrographs of the samples in the sand cast condition are shown in Figures 7.12(a) and

(b).

The results of image analysis are presented in Table 7.5. From this table, it is

seen that the volume percent of ~-phase has been reduced from 1.9% to 0.2% in the

0.04% Sr-treated alloy. There has, therefore, been a reduction of 90% in the amount of

need1es by strontium addition. The length and the width of needles were also decreased

about 62% and 60%, respectively by the 0.04% Sr addition. The number of needles

decreased from 77 to 12 per mm2 while the addition of 0.04% strontium ta the alloy also

reduced the size of the a-phases from 73.7 ta 61.1 /Lm. The volume % of a-phase

increased from 2.7% to 3.1 % and the number ofthese particies rose from 30 to 47/mnr

in 0.04% Sr-treated A413.

Table 7.S: Image Analysis Measurement of Alloy A413 as Sand Cast Condition

aIloy Bize volume " particlesl relative lc:agth width aspect

Cs=) mm2
volume " Cs=) {,tm) ratio

no Sr /l'Phase - 1.9±0.9 77±24.2 41.7 73.2±30.6 7.4±2.l 9.9

a-phase 73.7±21.8 2.7±1.9 30±1l.5 58.3 - - -

0.04" Sr /l-phase - 0.2±0.1 12±4.2 6.4 28.2±8.4 2.9±0.9 9.7

a-phase 61.1±18.8 3.1±0.8 47±18.4 93.6 - - -
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a)

b)

•
Figure 7.12: Reduction of needles ((3-phases) in commercial alloy A413

as sand cast condition a) no Sr b) 0.04% Sr



The relative volume % of ,8-phase decreased from 41.7% to 6.4% and the Cl

phase increased from 58.3% to 93.6% b;' adding 0.04% Sr to the alloy. Strontium is

very effective in changing the amount and the number of ,8-phase (needles) to the Cl-phase

in commercial alloy A413.
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7.3.3. Alloy 413P

7.3.3.1. Permanent Mold

The metallography of the samples revealed that the a1loy 413P contains fine

eutectic silicon, sorne primary silicon, and small indefinite intermetallics in the

permanent mold cast condition. These intermetallics were completely eliminated by

0.04% Sr addition to the alloy. Figure 7. 13(a,b) shows the micrographs of the samples

before adding strontium and after adding 0.04% Sr to the a1loy.

The results of image anaIysis of the samples are given in Table 7.6. The volume

percent of interrnetallics changed from 0.56% to zero in 0.04% Sr-treated a1loy. These

results confirmed the metallographic study that strontium is able to eliminate the

intermetallic compounds in commercial 413P alloy.

Table 7.6: Image Analysis Measurement of Allgy 413P as Permanent Mold Cast

alloy size (,tm) volume (%) particleslmm2 roundness•

no Sr 6.5±3.4 0.56±0.20 361±140 35.5±23.2

0.04% Sr 0 0 0 0

• fOUIlCIa... - 4rAfPl x 100 (A=Area. P-Perimeter)
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a)

lSS

b)

Figure 7.13: Complete elimination of intermetallics in commercial 413P alloy
as permanent mold cast a) no Sr b) 0.04% Sr
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7.3.3.2 Sand Cast

Alloy 413P is commonly used to make pistons. The mkrostructure of a typical

sectioned piston is shown in Figure 7.14 which reveals prilllary silicon. coarse eutectic

silicon, star-like (sludge), and Chinese script intermetallics in an aluminulll Illatri:l:. This

microstructure is very similar to the microstructure of alloy 4l3P in the sanù cast

condition as simulated in this study.(see Figure 7. 15(a)) No needles were observe'ù in

this microstructure, and metallographic observations revealcd that the size of Chinese

script (a-phase) decreased in the 0.04% Sr-treated alloy as shown in Figure 7.l5th).

Figure 7.14: The micrograph of a piston manufactured from 413P alloy.
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a)

b)

Figure 7.15: Reduction in the size and amount of a-phase in commercial alloy 413P
as sand cast a) no Sr b) 0.04% Sr



The results of image analysis as presented in Table 7.7 show that the size of a

phase decreased from 58.3 !Lm to 47.8 !Lm as did the number of partides, from 83 to 64

per mmz, in the 0.04 % Sr-treated alloy. The volume percent of a-phase reduced from

5.5% in the strontium-free alloy to 4.1 % in the 0.04% Sr-treated 413P alloy which is

about 26% reduction in the anlount of intermetallics. In general there is a trend for the

sire, volume %, and the number of particles to decrease with strontium addition.
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Table 7.7: Image Analysis Measurement of Alloy 4l3P as Sand Cast Condition

alloy si2.e volume partideslmm relative

(,.tm) (%)
2

volume %

no Sr P-phase 0 0 0 0

a-phase 58.3±22.8 5.5±2.4 83±32.7 100

0.04% Sr p-phase 0 0 0 0

a-phase 47.8±18.7 4.1±0.9 6H25.8 100

7.3.4. Phase Analysis

Severa! of the intermetallic compounds which were observed in this study were

analyzed by SEM-EOS. The EOS spectra of elements in the intermetallic compounds are

illustrated in Figures 7.16 and 7.17. This measurement is a qualitative analysis which

shows the existence of different elements in the compounds. Figure 7.16(a) shows the

EOS spectrurn of star-like compounds in the 0.04% Sr-treated alloy 413 in the permanent

mold cast condition. The EOS spectrum of needle-like intermetallics in the same alloy

in the sand cast state is shown in Figure 7. 16(b). The star-like compounds in the 0.04%

Sr-treated alloy A413 were also analyzed by means of SEM-EOS and the results are

presented in Figure 7.17. The existence of Al, Si, Fe, Mn, and Cr was evident in all

intermetallics but strontium was not deteetable in the compounds probably due to its low

concentration.
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Figure 7.16: EDS spectra of intermetallics in the 0.04% Sr-treated alloy 413

a) star-like b) needle-like
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Figure 7.17: EDS spectrum of star-likc in the 0.04% Sr-treated alloy A413.

The star-like intermetallic in the 0.04% Sr-treated alloy 413 shown in Figure

7.l6(a) was analyzed by means of X-Ray mapping. The distribution ofirr.n, manganese,

chromium, and strontium in this phase is presented in Figure 7.18. nüs figure shows

that the concentration of iron, manganese, and chromium is high in the star-like

compounds. It can also be seen that the amount of strontium is very low and it is mostly

concentrated on modified euteetic silicon and star-like compounds. This observation

suggests that strontium probably affects the intermetallics in the same way that it affects

modified silicon.

A quantitative analysis bas been performed on the intermetallics by means of

electron probe microanalyzer(EPMA). Table 7.8 gives the EPMA analysis of the

complex intermetallic types studied in the present worle. The ct.::mica1 analysis given in

this table is the average of at least eight measurements.



•

Figure 7.18: X-Ray mapplng of elements ln the star-Iike phase in 0.04% Sr-treated alloy 413

•



The star-like and Chinese script (ar-phase) had the same chemical composition in all

alloys and their stoichiometry corresponds to AlI2(Fe,Mn,Cr»)Si2• The Sloichiometry of

the needle (,B-phase) morphology also corresponds to AIs(Fe,Mn,Cr)Si. The amounl of

strontium was too low ;0 be analyzed precisely in the compounds and the compositions

of the phases are the same as those reported in the previous chapters of this thesis. (Table

3.9)
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Table 7.S: EPMA Analysis ofIntermetallic Compounds (atomic %)

alloy condition phase Al Si Fe Mn Cr

413 (no Sr) PM" star-like 72.2 11.2 11.0 3.8 I.7

413 (0.04% Sr) PM star-like 72.1 11.4 10.9 3.9 I.7

SC" a-phase 70.9 12.0 9.6 4.4 2.9

413 (0.04% Sr)
SC P-phase 63.5 21.5 12.5 2.2 0.2

A413 (no Sr) PM star-like 71.3 11.7 9.9 4.3 2.6

A413 (0.04% Sr) PM star-like 71.8 11.4 10.0 4.2 2.3

* PM = Permanent Mold
SC = Sand Cast

7.3.5. Effect of Melt Superheat

a) Permanent Mold

Alloy 413 which was superheated ta S50°C and cast at 710°C in a permanent

mold was studied through metallography. The microstructure of the sample contained fine

intermetallics as shown in Figure 7.19(a). 0.04% Sr was added to this previously



superheated alloy at 71O·C and the alloy was then cast into the permanent mold. The

resultant microstructure shows very fine star-like intermetallics in modified eutecùc

silicon.(see Figure 7.19(b» This is very similar to the microstructure of the 0.04% Sr

treated alloy 413 without superheaùng which has previously been shown in Figure 7.5(c).

Thus, it seems that superheaùng of the melt before stronùum addiùon does not influence

the size or morphology of the intermetallics.
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b) Sand Cast

The superheated alloy 413 was cast at 710·C into the sand mold. The

microstructure contains large and long needles, large Chinese script, and intermetallics

of indefinite shape along with coarse silicon. The needles (,8-phases) are shown in Figure

7.20(a). The microstructure of the alloy treated with 0.04% Sr after superheating and

casting into the sand mold is shown in Figure 7.20(b). This micrograph indicates that

needles are broken, short and tiny. The size and the number of Chinese script and

indefmite shape intermetallics are decreased. On comparison with the micro~tructure of

the 0.04% Sr-treated alloy 413 in the sand cast condition without superheating,(Figure

7.7(c», it can be concluded that there is little improvement in the size and the number

of aIl kinds of intermetallics in the sand cast condition after superheating and strontium

addition.

Based on the results of this study, superheating the melt before strontium addition

is not recommended due to the fact that.tùICll!, the improvement in the size, number, and

morphology of the interrnetallics is little, and secondlv. superheating may cause oxidation

of the melt and hydrogen pickup.
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Figure 7.19: Effect of superheating on the intermetallics in a110y 413
in the permanent mold condition a) no Sr b) 0.04% Sr
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a)

b)

Figure 7.20: Effect of superheating on the intermeta11ics in a\loy 413
as sand cast a) no Sr b) 0.04% Sr
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7.3.6. Erreet of Casting Temperature
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The aim of this experiment was to investigate the influence of a low casting

temperature (e.g. 6OQ0C) on the size and morphology of intermetallics in the 0.08% Sr

treated alloy 413.

a) Permanent Mold

The microstructure of the strontium-treated alloy cast at 710°C into the permanent

mold is similar 10 the microstructure shown in Figure 7.S(e). The micrograph contains

small spot-like intermeta11ics in a modified silicon microstructure. When this alloy is cast

at 6OQ°C into the same mo1d, agglomeration and enlargement of the intermetallics are

very evident. This phenomenon is shown in Figure 7.21(a).

b) Sand Cast

The microstructure of the 0.08% Sr-treated alloy 413 cast at 710°C into the sand

mold is also similar 10 the microstructure indicated in Figure 7.7(e). It contains broken

needles, star-like, and Chinese script compounds in a well modified silicon

microstructure. Figure 7.21(b) shows the micrograph of the alloy cast at 6OQ°C into the

same mold. It is evident that large and long iren needles have been formed along with

large sludge and polyhedral particles.

Thus a low casting temperature after strontium addition to the melt can cause

enhancement of the size of intermeta11ics due 10 agglomeration in both permanent mold

and sand cast conditions.
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a)
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b)

Figure 7.21: 0.08% Sr-treated alIoy 413 cast at low temperature of 600·C into:
a) permanent mold b) sand cast
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7.4. Discussion
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This investigation has revealed that strontium is a very effective element to change

or eliminate some morphologies of intermetallic compounds. The phenomenon has been

observed in both commercial and synthetic aluminum-silicon alloys. The reduction in the

size, number, volume percent, and transformation of all intermetallics to spot-like phases

in the synthetic aIIoy 413; the eIimination of all kinds of intermetallics in the commercial

aIloys A413 and 413P by strontium addition have been observed under a fast cooling rate

solidification condition. Fragmentation of needles(,8-phases), reduction in the length,

width, volume percent of ,B-phase, and decrease in the size and the number of a-phase

have been observed in l:loth synthetic and commercial aIIoys under a slow cooling rate

solidification condition typical of sand casting. In this solidification condition, strontium

is very effective to reduce the amount, and size of the ,B-phase (needle) and to change the

,B-phase inte the a-phase morphology.

The effect of strontium on changing the needle (,8-phase) to the Chinese script (a

phase) morphology and also on the fragmentation of needIes may be compared with the

effect of strontium on the modification of silicon in aIuminum-silicon alloys. It appears

that there are many simiIarities in nucleation and growth between intermetallics and

silicon. Crosley and Mondolfo[130] have found that in Al-Si aIloys, the nucleation of

silicon is controlled by aIuminum phosphide (AlP). Since AlP has a crystal structure very

close te that of silicon, the AlP aets as an effective nucleant. In commercial Al-Si alloys,

the phosphorus content is sufficient te provide an abundance of AlP particles in the melt.

This leads te the nucleation of the eutectic silicon at smaIl undercoolings (<2·C) and the

formation ofcoarse acicular silicon flakes. The modifier neutraIizes the phosphorus, thus

eIiminating the nucleation by AlP.[l30,131,132] By so doing, it increases the

undercooling for nucleation of the silicon by aluminum. Yaneva et al.(46) state that Sr

refines silicon particles, and to a certain degree the iron-intermetallics, probably due to

the undercooling at the solidification front caused by strontium additions.[46]



Sigworth[75] has related the suppression of the formation of large brittie iron

interrnetallics (B-phases) in an exceedingly well modified alloy to the AIP crystals. He

states !hat P present in the meIt (probably as AlP) plays a role in nucleating the

undesiœble iron-bearing phases, and so Sr (or Na) modification may be important in

controIIing the iron phase.
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Based on the results obtained in the present study, it has been found that the

growth of the interrnetallic compounds is highly sensitive to the amount of strontium.

Modification of interrnetallics is probably a result of impurity atoms "poisoning" the

mechanism which provides for plateIet growth. This poisoning is thought to be associated

with the adsorption of strontium as a surface active eIement at the growth sites of the

growing plateIet In addition, the cooling rate appears also 10 be a critical variable in

deterrnining growth behaviour. Thus, the poisoning effect of Sr on the formation of

interrnetallics combined with the fast solidification condition may also be the cause of

elirnination of intermetallic compounds in Al-Si alloys. A comprehensive TEM and

Auger study is necessary 10 understand exactly the mechanism of Sr-modification of

interrnetallic phases.

7.5. Snmmary

The effect of strontium at various leveIs from 0 to 0.08% on the modification of

interrnetallic compounds has been investigated in two commercial die-casting alloys,

A413, 413P, and one synthetic alloy 413. AIl alloys have been studied under two

solidification conditions a) sand casting, b) permanent mold casting. The conclusions

drawn from this study are summarized as follows:

(I) Strontium is a very effective eIement in modification of intermetallics in

alurninum casting alloys. The optimum leveI of strontium additions in both sand

casting and permanent mold casting in all alloys studied is 0.04-0.06% Sr.



(II) Strontium additions to alloy 413 in the permanent mold condition caused a

reduction of 45% in the size of intermetallics (sludge), 80% in the number of

intermetallics per unit area, and 92 % in total volume percentage of intermetallic

compounds.
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(Ill) In the sand casting condition of alloy 413, strontium caused the fragmentation of

needles (J3-phases) and reductions of 54% in the length, 43% in the width, and

47% in the volume percent of j3-phases. The size of the a-phase decreased about

46%, and its relative volume percent increased from 18.8% in Sr-free alloy to

56.9% in a 0.08% Sr-treated alloy. Thus, strontium is an effective element in

changing the j3-phase to the cr-phase morphology.

(IV) In alloy A413, 0.04% Sr addition in the permanent mold condition reduced ail

intermetallics to almost zero (0.08 vol%). Fragmentation of j3-phases was

observed in the sand cast condition and there was a reduction of 90% in the

amount, 62% in the length and width, and 84% in the number of j3-phase

particles. The relative volume percent of a-phase also increased from 58.3% to

93.6%.

(V) A 0.04% Sr addition 10 the alloy 413P in the permanent mold condition

completely eliminated all intermetallic compounds. The size, number, and volume

percent of a-phase was also decreased in the sand cast condition.

(VI) Superheating the me1t before strontium addition is not effective in improvement

of the size and morphology of the intermetallics under slow or fast solidification

conditions.

(VIT) A low casting temperature after strontium addition to the melt can cause

enlargement of intermetallics due to agglomeration.
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Chapter 8

Conclusions and Future Work

8.1. Overall Conclusions
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Five areas conceming the formation of iron-bearing intermetallics in the 413 type

of aluminum alloys have been thoroughly investigated. These include: a) the effect of

melt chemistry, partïcularly iron and manganese concentration. b) the kinetics of

formation considering the roles of holding temperature, holding time, and initial chemical

composition of the alloy. c) the influence ofsolidification conditions on the morphology,

size, and volume fraction of iron intermetallic phases. d) the effect of settling time and

the rate of gravity segregation of intermetallic compounds in a stagnant liquid metal. e)

mo-1ification of intermetallics by strontium in aluminum-silicon casting alloys. The main

conclusions that can be drawn are :

• The volume perœntage of intermetallic compounds increases as the iron or

manganese content increases. This increase is a result of bath size and number

of star-like compounds. The combined effect of manganese and iron on the

formation of intermetallics is represented by the equation: %Fe + 1.7 %Mn =

0.97. Intermetallics form if the iron and manganese concentrations are such that

0.97 is exceeded in this equation.

• Superheating the melt to high temperatures dissolves the intermetallics completely.

When sIudge is dissolved, it will not reform until a certain temperature is

reached. Quenching experiments and thermal analysis revealed that sludge forms



in a short period of time. In general, the temperature of sludge formation depends

on the alloy composition and particularly, iron concentration. This temperature

increases when the content of iron in the alloy is increased. A power equation

describes the relation between sludge formation temperature and iron content.
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•

•

•

As the iron content increases, more intermetallics form at each holding

temperature and holding time, and the volume percent of intermetallics increases.

The average size of intermetallics dl'~ !lot change appreciably with holding time

at each constant temperature but th\~ number of htermetallics is strong function

of holding time, because the nucleation kinetics are slow. Thus, a modified

Avrami equation can describe the transformation kinetics of the intermetallics

adequate1y.

When the total volume percent of intermetallics increases with decreasing cooling

rate, the number of particles of each phase per unit area decreases and the size

of each morphology increases. The morphology and volume fraction of all types

of intermetallic compounds are dependent on cooling rate. A fast cooling rate can

transform the brittle iron plate1et phases which are harmful to mechanica1

properties of the alIoy into very smalI star-like compounds. An exponential

equation can express the effect of cooling rate on the total volume percentage of

intermetallic compounds.

The rate of settling varies with location in the mold due to depletion of

intermeta1lics at the top and accumulation at the bottom. As the distance from the

top of the mold increases, the content of iron, manganese, and chromium

increases due to the gravity segregation of the intermetallic compounds, with

greater concentrations at longer times.



• The terminal velocity calculated by Stokes' law agrees well with the

experimentally determined settling velocity due to minimum convection in the

system and small size of intermetallics. As a result the terminal velocity is

reached at very short times and very close to the liquid surface.
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• Strontium is a very effective clement in modification of intermetallics in

aluminum casting alloys. It reduces significantly the size, number, and total

volume percentage of intermetallics and may under certain conditions completely

eliminate all intermetallic compounds in commercial alloys in the permanent mold

cast condition.

• In the sand cast condition, strontium causes the fragmentation of need1es

CP-phases) and reduction in the length, width, number, and volume percent of {3

phases. The relative volume percent of a-phase also increases in Sr-treated alloys.

Thus, strontium is an effective clement in changing the {3-phase 10 the a-phase

morphology.

8.2. Recommendations for future work :

The following areas for further work are suggested in order to extend the present

studies.

1. Although the effect of strontium on the modification of intermetallic compounds

was studied on 413 type of aluminum alloy, it is also Ilecessary 10 extend the

investigation 10 other important hypoeutectic die or permanent mold alloys:

380, 332, 319. Cooling rates typical of pressure die and permanent mold casting

should be used 10 determine the optimum strontium levcl for removal, or

minimization, of the iron bearing intermetallics.



2. A comprehensive TEM and Auger study is needed to understand exactly the

mechanism of Sr-modification of intermetallic phases.
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3. Study of the mechanism of ,8-phase 10 a-phase transformation by strontium

additions. Quenching experiments combined with controlled thermal analysis are

necessary 10 determine the sequences of the reactions in : L .... a(Al) + a(AIFeSi)

• L .... a(Al) + ,8(AlFeSi) • and the perilectic reaction of : L + a(AIFeSi) ....

,8(AlFeSi) 10 explain the effect of strontium in transformation of ,8-phase to

a-phase.

4. Study of the effect of iron intermetallics on the porosity and fatigue behaviour of

aluminum-silicon alloys.

5. Investigation on the intermetallic reactions based on thermodynamics to determine

the stability of the phases in the Al-Fe-Si-Mn system.

6. Crystal structure determination of Al-Fe-Si-Mn phases by Convergent-Bearn

Electron Diffraction (CBED).

7. Investigation on the use of ceramic filters to eliminate or reduce sludge particles

in aluminum-silicon alloys.
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8.3. Statement of Originality
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The specifie original contributions made in this work can be summarized as

follows:

1. The first systematie experimental study of the effect of iron and manganese on the

formation of intermetallie compounds was condueted.

2. The temperature of sludge formation as a funetion of iron concentration was

determined by using a designed system of rapid quenehing of molten droplets and

thennal analysis. A power equation was developed ta describe the relation

between sludge formation temperature and iron content.

3. For the first time, the kinetics of the formation of intermeta1lie compounds was

investigated by considering the roles of holding temperature, holding time, and

initial chemical composition of the alloy.

4. The effect of solidification conditions on the morphology, size, number, and

volume fraction of iron intermeta1lic phases was quantitatively demonstrated by

use of image analysis and meta1lography. It was shown that the morphology and

volume fraction ofall types of iron intermeta1lics were dependent on cooling rate.

•

5. The kinetics of the segregation of iron intermeta1lics in a stagnant liquid metal

was quantitatively investigated for the first time. The effect of settling time and

height of the melt on the volume percent, number, and size of iron intermetallies

was demonstrated. The terminal velocity calculated by Stokes' law for the motion

of solid particles in a viscous fluid was comparee! with the experimentally



determined settling velocity and the applicability of Stokes' law to this system was

demonsttated.
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6. For the fust time, the effect of strontium on the modification of iron intermetallic

phases was comprehensively studied in synthetic and commercial aluminum

casting alloys by using image analysis and metallography. It was demonstrated

!hat strontium is a very effective element in modification and/or elimination of

intermetallics in both sand casting and pennanent mold casting. The effect of melt

superheating and casting temperature on intermetallic size and morphology in the

presence of strontium was elucidated.
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