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Al-Si-Mg alloys containing 7% silicon are the most widely used 

aluminum foundry alloYb owing to their good mechanical properties and 

excellent castability. Nevertheles~, design engir.eers tradi-i,lOnally apply 

a design casting factor when designing cast components to ensur(' "hat 

proper strengih will be obtallled in spite of the r~cent emergcncc of 

techniques of control of the molten alloy quality on which depend, 

afterwards, the mechanical properties of the castings. 

In this study, the feasibility of uf\ing electrical conduciivity to non 

destructively predict secondary dendrite arm spacing was investigated 

on both as-cast and heat treated alloys. In tlw as-cast condition, 

conductivity decreases linearly with increasing DAS from 30 ~m, while, 

below 30 ~m, conductivity readings are influenced by alloying elements 

retained in solid solution due to the fast solid state cooling rate,;. 

Conductivity changes with DAS are more important when the silicon 

morphology is finer i.e. the alloy modified. After heat treatment, the 

DAS-conductivity relationships become tineal' as a result of the 

homogenisation of the aluminum matrix, but the si opes of the Hnes are 

small and the accuracy of DAS determination does not extend below 15 

!lm. Conductivity is also greatly influeneed by the degree of precipitation 

achieved during artificial aging so that the determination of DAS by 

conductivity measurement i8 best used after quenching (T4 condition). 
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Les alliages Al-Si-Mg à 7% de silicium sont les plus largement \ttilisés 

en fonderie en raison de leurs bonnes caractéristiques mécaniq\\es et 

leurs excellentes propriétés de fonderie. Néanmoins, les ingémeurs 

d'études appliquent ré(""ulièrement un coefficient de fonderie lors d.e la 

conception de pièces moulées en dépit du récent développement de 

méthodes de contrôle de la qualité du métal liquide dont dépendent les 

caractéristiques mécaniques ultélïeures des pièces coulées. 

Cette étude a porté sur la possibilité j'utiliser la conductivité électrique 

pour déterminer l'espacement des bras de dendrite secondaires ou DAS 

(une caractéristique métallurgique dépendant de la vitesse de 

solidification et qui a une influence significative sur les caractéristiques 

mécaniques) pour des alliagès traités thermiquement ou non. A l'état 

non traité, la conductivité décroît linéairement à partir d'un DAS 

supérieur à 30 /lm, alors qu'au dessous de 30 /..lm, les valeurs sont 

influencées par la sursaturation en éléments d'alliage de la solution 

solide d'aluminium due à une vitesse de refroidissement à l'état solide 

élevée. Les variations de conductivité avec le DAS sont d'autant plus 

importantes que le silicium eutectIque est fin c'est à dire que l'alliage est 

modifié. Après traitement thermique, les courbes con{~uctivité = f (DAS) 

deviennent linéaires du fait de l'homogénéisation de la matrice 

d'aluminium, mais leurs pentes restent faibles de sorte que la précision 

dans la détermination du DAS reste supérieure à 15 /..lm. La conductivité 

est également fortement influenc€>e par le degré de précipitation obtenu 

par revenu ce qui implique que la détermination du DAS doit être faite 

juste après trempe (état T4). 
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Al-Si-Mg alloys have round many applications in the aerospace and 

automotive industries owing to their low densities (2.6 to 2.8 g/cm3). 

'rhese alloys possess good tensile and fatigue properties, good corrosion 

resistance, and have a good castability. They can be cast by almost a11 

conventional casting methods such as sand, permanent mould, 

investment and high pressure die casting. 

1. Al-Si-Mg CASTING ALLOYS 

1.1 Effect of the aUoying elements and ing;mrities 

1.11 Silicon 

The aluminum-silicon system comprises an eutectic 

reaction at 577°C and 11.7% Si as se en on the phase 

diagram in Figure 1.1. 
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Silicon has a limited solubility in solid aluminum, and at 

concentrations exceeding 1.6%, ha rd and discontinuous 

particles of pure silicon form through the eutectic reaction 

(Figure 1.2), 

Si aAl 

"',flo..t "1\,\ .. ,Ir 

~', 
l . 
t. 
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.. , 
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FiJmre 1.2 : Microstructure of an as cast Al Si M6 

allo.y - M6 = 0.6 %. MM. X560 

Silicon, by reducing the interval of solidification, also 

imparts excellent castability and resistance ta hot tearing 

ta the alloys [1]. Bath tensile strength and yield strength 

increase with silicon additions of up to about 7% while 

elongation decreases. 

'J 
4)" ..... 

", 

. 
, 
;" 



1 

3 

At concentrations greater than 7%, the rate of increase in 

tensile strength decreases. Besides concentration, the 

mechanical properties of the cast component are 

determined by the morphology of the silicon pariicles in 

the matrix [2]. Optimum properties are achieved with 

smail and spherical partic1es. The hesL compromise 

between tensile properties and castabilit., is obtained at 7 Cj() 

silicon. The most common foundry alloys are therefore in 

this composi tion range. 

1.12 Ma~nesium 

Magnesium i8 added to Al-Si alloys for heat treatment 

purp08es. Magnesium combines with silicon to form the 

age-hardening compound Mg2 Si (Figure 1.2) which, when 

finely precipitated l'rom solid solution during heat 

treatment, is responsible for the improvement in 

mechanical strength 13J. In the as cast statc, magnesium 

is m08tly present as Mg2 Si particles of Chinese script 

morphology. 

Depending on the cooling rate after solidification, sorne 

magne~iurn i8 a]so retaincd in solid solution and promo tes 

a slight solution strengthening of the alloy. Magnesium 

content i8 typically less than about 0.75%, because higher 

levels impair fluidity and feeding [4] ln addition, sorne 

lVIg2Si partic1és l'emain undisso]ved after heat treatment 

when the magnesiurn concentration exceeds 0.75%, which 

reduces ductility (Figure 1.3). 
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1.13 .wm 
Iron is present in aluminum alloys as an impurity at 

concentrations not exceeding 1% [5]. It. has a limited 

solubility in aluminum and combines with silicon and 

aluminum to form brittle intermetallic compounds 

(Figure 1.2) which greatly impair ducti1\ty, [6]. In 

addition, the shape and number of iron bearing 

compounds are not changed by heat treatment [7]. For 

premium quality casting production, the iron content is 

kept at a minimum lower than 0.2%. 

1.14 l'itanium 

Titanium is added on purpose to aluminum alloys for 

grain refinement usually in the form of master alloys. It 

brms A13Ti compounds with liquid aluminum which are 

known to serve as a nuc1eant for aluminum. Titanium 

levels range from 0.05% to 0.2%. 
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1.2 A356 & Aa57 casting aUoys 

1.21 Compositions and Properties 

The most common casting aBoys in the Al-Si-Mg family 

are A356 and A357 whose compositions are listed in Table 

1.1 [8]. These aBoys constitute the best compromise 

between mechanical properties and casting 

characteristics. Table 1.2 [9] lists the tensile properties of 

A356 and A357 measured on sand and permanent mould 

cast test bars artel' heat treatment. A356 and A357 alloys 

are sel dom used in the as-cast state except in Europe 

where wheels are cast in A356 by the low pressure 

process. ln general, desired mechanical strength on these 

two al10ys is achieved by the appropriate 

heat treatment. 

Pb 
AUoy Si Fe Cu Mn Mg Ni Zn + Ti 

Sn 

A356 6.7 0.30 0.10 
7.3 0.14 0.04 0.09 DAO 0.04 0.09 0.02 0.13 

A357 6.7 0.50 0.10 
7.3 0.14 0.04 0.09 0.60 0.04 0.09 0.02 0.15 

Table 1.1: Composition of A356 and A357 alloys [9] 

Alloy Casting Young's UTS YS percent Hdn 
Method Modulus 

MPa MPa MPa elong. Brinell 

A356 Sand 74000 ZlO 200 5 00 
Permanen 2BO 200 16 00 

A357 Sand 74000 Zl5 250 1.5 100 
Permanent 330 200 9 110 

" 

Table 1.2: Mechanical properti~s of A356 and A357 alloys (T6) [9] 
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2. FACTORS INFLUENCING MECHANlCAL PROPERTIES 

Besides heat treatment processing, microstructure determines the 

strength of a cast Al-Si component. Microstructure hinges on both 

the composition of the alloy étnd the casting process. 

2.1 Iron content 

As mentioned earlier, iron bearing intermetallic compounds 

greatly reduce elongalion 'l'hus, iron i8 kept ai a low level. 

However, although ingoLs have a conLrolled chemist.ry, 

incidental intl'oduction of iron in the melt may happen if 

improperly coatcd tools are uscd. Fortunately, most foundrics 

which produce high quality '.:astings possess a spectrometer tü 

control the melt chcmistry prior to pouring. Incidenta~ pollution 

can therefore be readily detected and corrective measurcs taken. 

2.2 Modjfication 

The morphology of the eutectic silicon phase can vary from 

com'se acicular plates to fine fibres upon minute additions of so 

called modifying clements 1101 (Figure 1.5). As silicon is a briitle 

phase, cracks dcvelop aL the interf~lce beLween the matrix and 

the silicon partidcs whcn the metal i8 sLressed [111. Alloys in 

which the silicon is fibrous exhibit a higher elongaLion than do 

alloys with plate like silicon particles which tend to act as stress 

raisers. The mechanical properties of modified and unmodified 

A356 alloy are listed in Table 1.3 r 12]. The potential structùre of 

a treated melt evolves with holding time because of losses of 

modifying element by oxidation or evaporation - potential 

structure is moant hore as the morphology which the eutectic 

silicon would assume if the melt were allowed to solidify. 
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Depending on the modifier used, potential modification of a meU 

can last from 20 minutes to several hours [13]. Methods such as 

thermal analysis, or more recently electrical conductivity 

measurement, have been developed to determine the potential 

dcgrce of modification of a mel t. These methods give a result in 

less than 10 minutes, and so enable foundrymen to ensure 

whether proper modification will be obtained or a further 

treatment is necessary. 

1 

Alloy 
1 

A356 
1 

A357 
1 

Permanent Sand Permanent Sand 
mould casting mould casting 

Structun' U'l'S Elong U'l'S Elong UTS Elong UTS Elong 
MPa 'Yr MPa % MPa % MPa % 

>------ '------ --

unmodifi<,d 200 12 275 2,5 330 10 200 2 

modified ~ 17 280 6 330 13 285 2,5 

Table 1.3 : Mechanical properties of unmodified 

and modified A356 and A357 alloys [9] 

2.3 Pnmsity 

Porosity in castings (Figure 1.4) arises from two phenomena : 

- Shrinkage during solidification which leads to the formation 

of small pores. These pores form at later stages of 

solidification when contraction cannat be compensated for by 

liquid feeding. Shl'inkage porosity is eliminated by proper use 

of risl'r~ and chills to creatc a directional solidification from 

the castlllg to the l;sers which are removed afterwards. 
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- Dissolved hydrogen in molten aluminum also reduces the 

soundness of castings. Hydrogen has a sigmfieant solubility 

in liquid aluminum and only a sHght solubility in solid 

aluminum [14J. Thereforc, almost ail of the hydrogen present 

in the liquid is unable to dissolve in the sohd and accumulates 

at the solidifying interface where it assists in porosity 

formation. Hydrogen pickup can he avoided if the melt is 

handled with care and charge materials are dry and clean. In 

addition, dissolved hydrogen ean he removed hefore casting by 

various degassing tcchniqul's, IllOst of which involve bubbling 

an inert gas into the melt. 

In additian, severa) methods are available to control the 

degree of gassing of a melt before casting. The O1ost widely 

used i5 the Stauhl'-PfeiffC'l" test also known as the reduced 

pressure test whleh consists of solidifying a sample under 

pm'tial vacuum tn l'ncourage pore formation. The density of 

the sample provid('s a good estimation f)f the gassing of the 

O1elt (degree of gassing is estimated afterwards from the 

density of the sampJC'). 
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FÏ/lUre 1. 4 ; Microstnwture Was cast 4356 olloy exhibitill6 

{ ",icrnporosity as black areas. Mag. X2Q 

2.4 Dendrite Arm Sjpacin, 

A faster solidification rate has an overall beneficial effect on the 

mechanical properties of a casting. Besides reduction in 

dendrite arm spacing (Figure 1.6), the increase in tensile 

strength with increasing solidification rate is also due to less 

and better distributed porosity, decreasing number and size of 

intermetallic constitucnts, and a finer eutectic structure [15]. 

Solidification rate dcpends on man y factors such as casting 

conditions and moulding material, and it varies within sections 

of different thicknesses of a casting. 
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M56 allgy. MQ6. X 100 

Dendrite arm spacing (DAS) lS measured only after 

solidification through measurements on metallographic 

samples, and thus, unlike iron content, modification and 

gassing level, it cannot be predicted prior to casting. The 

correlation between secondary dendrite arm spacing and tensile 

properties has long been established, and so in principle the 

DAS (;ould be used to estimate tensile strength; but DAS 

measurement is a destructive operation, and therefore rarely 

performed in foundry practice. 

Design engineers have traditionally used a safety factor on 

castings to ensure that adequate strength will be obtained. If a 

nondestructive technique were devised to determine the DAS at 

various locations within a casting, then tensile properties could 

be more accurately predicted. 

1 
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Moreover, high quality aircraft castings often have highly 

stressed designated areas where the high mechanical 

properties required necessitate the use of chills to achieve a 

rapid solidification rate. However, these chills alter the 

solidification of the casting and often lead to shrinkage d09fects. 

Non destructively measuring DAS may help optimize thl~ chilI 

design to achieve the required mechanical properties while 

keeping changes in the solidification pattern to a minimum. 
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3. AIM OF nIE PRESENT R,fè'?EABCH 

The aim of the present research was to determine the feasibility of 

using electrical conductivity measurements to evaluate variations ill 

secondary dendrite arm spacing within a casting. An earlier study 

by Argo, Drew and Gruzleski f16] gave evidence that a change in 

DAS is associated with a detectable change in electrical conductivity 

in most of the commercial Al-Si alloys except those having a high 

magnesium content. Since several metallurgical factors affect thè 

overall conductivity of an alloy, the purpose of this research was to 

isolate and rank the influence of each of these factors, particularly 

thatofDAS. 

~ r 
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FiJlure 1.6 ; Microstructures qfas cast A356 aJlo:y with diJfecenl DAS. MtJ6. X 100 
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As the present research deals with secondary dendrite arm spacing and 

modification in Al-Si alloys, thcse metallurgical features will be 

discussed. A briet' presentation of the theory of electrical resistivity of 

metals and alloys will first be given, and then the applications of 

electrical conductivity in the metallurgy of Al-Si alloys will be reviewed. 

1. THEORY OF ELECTRICAL CQNDUCTMTYIRESISTMTY 

1.1 Pure Metals 

One of the most wel1 known characteristics of metals is their 

ability to conduct electricity. This characteristic has been widely 

investigated by physicists, and severa] theories have been 

successively proposed while the knowledge of atom structure 

and properties was growi ng. 

Earlier theories suggested that electrical properties of a metal 

were due to the presence of free electrons which detach from the 

atoms and transfer electric CUl'rent under an applied electric 

field l17]. The resistance to electron flow i.e. electrical resistivity 

was caused by collision with the atoms in the lattice. 

Quantum mechanics provided a better understanding of the 

dual wave-likc and particle-like behaviour of electrons. It 

indicates that only a few electrons which are near the Fermi 

surface are involved in conduction. 



15 

The expression of electrical conductivity as given by quantum 

mechanics iB : 

where 0" = 
m = 
e = 
Vf= 

N = 
1 = 

electrical conductivity 

mass of an electron 

charge of an electron 

velocity of the electrons at the Fermi level 

number of clectroll at thc Fermi lev('l 

mean free path of the eledrons 

Metals which have partially fllled valence bonds and therefore a 

high density of electrons nea!' the Fermi Icvcl exhibit a high 

electrical conductivity. For a given clement, N and Vf arc 

constant 80 that conductivity i8 only influenced by changes in 

the mean free path. 

The mean free path of ekctrons 18 limited by the process of 

electron scattering. I~~l('ctron scattering has two major causes. 

thermal scatteri ng which arises from the interactions 

between electrons and atomic vibrations (phonons) whose 

amplitude increases with inCl'f'êlSing temperature Sinee the 

higher the vibration amplit uôe, the mon' likely an electron 

collision with an atom is to occur, the mean f,'ec path 

decreases wlth tncl'easing temperatul'e and so does 

conductivity. At l'oom temperature, the em~ct of temperature 

on the rcsistivity of mctals is approximatcly hnear with a 

slope equal ta 0.0011:3 Iln.cm.K 1 for aluminum [17,18], 
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impurity scattering which arises from lattice defects such as 

dislocations, grain boundaries etc. or impurity atoms in solid 

solution which cause a distortion of th~ lattice due to their 

different size and valence. At a given temperature, electrical 

conductivity decreases as the density of defects causing 

electron scattering increases [19,20,21]. 

For very dilute alloys , the effect of impurities on electrical 

conductivity is expressed as [22,23] : 

where: Xi 

a 

= atomic fraction of impurities 

= interatomic distance 

Pimp = resistivity due to impurities 

These two causes of electron scattering are independent and 

therefore have additive effects [22,23] or~ electrical resistivity : 

Plnlal=plh+Plmp 

where: Pth = temperature effect 

Pimp = impurityeffeci 

This relation is known as Mathiessens's rule. 
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1.2 Allovs 

The electrical conductivity of alloys differs from that of pure 

elements in that the impurity component of resistivity becomes 

the predominant factor. However the effect of alloying elements 

not only depends on their concentration but also on the 

difference of their atomic structure with that of the host metal 

and on their state in the matrix. 

1.21 Solid solutions 

ln general, the c1cctrical resistivity of a metal is increased 

by the presence of atoms in solid solution. This increase is 

given by Nordheims rule [24] : 

~Po = A X (1 - X) 

where: X = atomic fraction of the solute element 

A = a constant which depends on the ditference 

in valence and atomic size between the 

solute and the soivent elements 

If more than one element is dissolved In solid solution 

their effects are additive [19,22,26], i.e. 

Table 2.1 [1,18,26,27] lists the available data on the effect of 

sorne alloying clements on the resistivity of aluminum. 

The resistivity of supersaturated solid solution alloys 

generally decreases when precipitation of the alloying 

elements occurs. This results from the faet that solvent 

atoms in solid solution Beatter electrons more effectively 

than do precipitates [26,28]. 

1 
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Element re/rAI (1) Solubility (2) ~p (3) 
(at %) (Iln cmlat. %) 

Ag 1.01 24 1.0 

Cr 0.984 0.38 8.4 

Cu 0.898 2.4 0.83 

11"e 0.893 0.025 5.4 

Mg 1.12 17 0.46 

Mn 0.903 0.90 6.9 

Ni 0.870 0.023 1.6 

Si 0.978 1 r· 
.L.O 0.72 

Ti 1.02 0.14 5.5 

Zn 0.972 fi: 0.23 

(1) ratio of atomic radius of element to that of aluminum 

(2) maximum solid solubility of element in aluminu'1l 

(3) resistivity incl'ement pel' atomic percent of element 

dissolved in aluminum 

1. 

1 

Table 2.1: Effect of alloying elements on the resistivity of 

pure aluminum 
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1.22 Multiphase alloys 

When an alloy consists of more lhan one phase, the overall 

electrical conductivity depends not only on the respective 

resistivities of component phases and theïr volume 

fraction, but also on their structural arrangement. The 

electlical conductivity of a mixture constituted of spherical 

particles dispersed in a continuous matrix is given by [29] : 

where : crc = conductivity of the continuous phase 

crd -- conductivity of the dispersed phase 

V d = volume fraction of the dispersed phase 

However, phases in metallic solids often have more 

complex shapes and thus the resistivity of the mixture 

follows more complex rel ationships. 



2. MODIFICATION OF EU'fECTIC SILICON 

In conventional solidification of Al-Si alloys containing more th an 

1.6% of silicon, a binary eutectic consisting of pure silicon flakes 

embedded in an aluminum matrix forms at latter stages of 

solidification [1J. Sueh a shape is detrimental for the meehanical 

propcrties and elongation in partieular sinee the flakes act as stress 

concentrators when the alloy is strained [30,31]. However, under 

certain conditions, the microstructure of eutectic silicon can be 

converted to a fine fibrous morphology [32] less harmful for the 

elongation. The transformation from a coarse flake to a fine fibrous 

morphology is termed modification. 

The flake-fibre transition can occur either at fast solidification rates 

or upon addition of specifie modifying elements to the molten alloy, 

such as sodium or strontium. 

At fast solidification rates, an Al-Si alloy is undercooled to 10 to 12°C 

below the equilibrium eutectic temperature before nuc1eation of 

silicon particles occurs so that nucleated silicon particles grow very 

rapidly yielding a fibrous structure [33]. Steen and Hellawell [34] 

showed that the flake-fibre transition occurs at velocities of 

400 ~lm.sec-1. Such high velocities are however not achievable in 

cornmon found. y practice. 

Additions of sodium or strontium yield the same changes of 

microstructure as fast eooling but at slower cooling rates. The 

mechanisms of modification are rather complex and not yet fully 

understood. Recent theories suggest that modifying elements alter 

both the nuc1eation and growth of t.he eutectic silicon phase. 
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2.1 NucleaUon of ~jUoon 

4- Nucleation of silicon in Al-Si alloys occurs on particles of 

aluminum phosphide, AIP, whose crystal structure is very 

dose to that of silicon [35]. In commercial alloys. phosphorous 

is present as an impllrit:,' in amollnts of the order of 5 ppm so 

that a large quantity of AIP nuclei forms in the melt. 

Consequently, eutectic silicon nucIeates at low undercoolings 

«2°C) and grows in a coarse flake morphology [35]. Modifying 

elements nelltralize AIP nuc\ei causing silicon nuc1eation at 

higher undercoolings. and a more rapid growth, since the 

driving force for growth, which is proportional to the 

undercooling, is great.er. However, thE' reduction of the number 

of nuclei alone does not aCcollnt for the obsel'ved fibrous 

morphology. Indeed, fewer nuclei result in a finer acicular 

structure but do not promote any change in morphology. 

Therefore, in arder lu achicve a fibrous structure, the madifying 

elements must also alter the growth mechanism of the eutectic 

silicon partic1es. 



« 

2.2 Qrowtb of eutectic silicon particles 

In unmodified alloys, the eutectic silicon phase grows as tbin 

flat plates in a faceted mannf'r ahead of the aluminum rich 

phase [:321. This type of growth occurs by the twin plane re

entrant edgc mechanism CTPRE) [36] in the close packed {lll} 

plane which i5 also the twinning plane. The TPRE mechanism 

is illustrated schematical1y in Figure 2.1 

TWln planes 

Fieure 2.1 : The TPBE erowth rnechanism [371 



1 

[37,38]. Silicon growth ls anù;otropic, the slowest growth 

direction being normal tn thl' 11111 plane. WI1l'n a twin plane 

emerges at the growing intcrfhce, growth takes place rapidly in 

the <211> directions until these preferential growth sites 

disappear. However, if two twin planes arc present at the 

interface, the favoured growth sItes at the <211> directions do 

not disappear and growth continues indefinitely yielding flat 

silicon flakes. 

When a modifier is addcd tn the melt, growth by the TPRE 

mechanism in <211> directions i8 poisoned by selective 

adsorption of modifiC'r atoms onto the preferential growth sites 

[39] so that silicon growth necomes more isotropie and eutectic 

silicon partic1es assume a nranchcd fibrous morphology. 

Another consequence of the adsorption of atoms of modifier on 

specifie erystallographic planes is the removal of the silicon 

lead at the growth interface which becomes planaI' resulting in 

coupled growth (Figure 2.2) L32,391. 
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a) unmodified 

1 h) modified 

Fimre 2.2 : Salid-liquid interfaces in Al-Si eutectU: alloys {S21 
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3. DENDRITE ARM SPACING 

Dendrite arm spacing is a structural feature defined as the distance 

between two adjacent secondary dendrite arms (Figure 2.3). It has 

had an increasing interest for th" metallurgist in rccent years sinee 

it provides a quantitative indication of structural refinement which 

has a direct bearing on the mechanical behaviour of a cast material. 

Fieure 2.3 : Defi'litwn of the Dendrite Ann Svaciml 

3.1 Dendritic solidification 

Aluminum, as othcr mctals, solidifies in a dendritic manner 

when alloyed. Dendrite formation arises from constitutional 

undercooling in the liquid ahead of the solid-liquid interface 

owing to solute rejection at thc solidification front [37,38,40). In 

alloy solidification, the solid which forms has a different 

composition from that of the parent liquid 80 that a solute rich 

boundary layer progressively builds up in front of the solidifying 

interface as diffusion in the solid is too slow for homogenisation 

to occur. 



Accordingly, the equilibrium liquidus temperature (Tl) 

increases l'rom the interface to the bulk liquid (Fig. 2.4). 

1'herefore, If the temperature gradient ahead of the growth 

interface ~-'!:~ is smaller than a cl'itical value, the solute rich 
dT) 

boundary layer is undercooled over a certain distance 50 that the 

interface becomes unstable. The instability gives rise to the 

formation of protuberances or ceUs paraUel to the heat flow 

which turn into dendrites growing in the preferred 

crystallographic growth direction as growth rate increases and 

crystallographic effeds become more important. As growth rate 

further increases, secondary arms begin to form. Researchers 

have shawn that secondary dendrite arm spacing is controlled 

by the cooling rate during solidification and the composition of 

the alloy [37,4] J. It follows approximately the relationship : 

Co/k 

," 
, , 

Co to!-~""""" 

, •• « .•. . 
o 

1/:3 b d = atr = -----'-"---
(cooling rate)1I3 

Where a and b are constants 
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FigUre 2.4; Constjtutional undercooli1J6 [381 
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The initial secondary dendrite arm morphology evolves as 

solidification prog1'e~~es r 37] so that t.he spacing measured in 

full y solidified casting 18 coarsl'I" than that init.ially formed. 

Coa1'sening anses from the rel1lelting of sorne of the arms 

owing to surface energy diffel'enccs between adjacent arms. 

Indeed, bat:k from the dendrite tip, constitutional undercooling 

which is the driving force for Ul'm formation, lS greatly reduced 

so that the effect of curvature on melting point becomes 

import.ant. 1'h1'o(' I1ll'chanisms !fi2\ were established artel' 

studies on isolhel'mal coar~enll1g lo account for the remelting of 

the arms. These Il1echanisIl1s arc sketched in Figure 2.5. The 

equilibri um temperatu1'e of a liquid-8olid interface i8 depressed 

as the radius of curvature of the lIlterface becomes smaller. 

START 

CENTER ARM 
DI SAPPEARIN G 

END 

MODEL l MODEL il MODEl m 

Figure 2.5 : Mechanisms ofdendrite arm coarsenin,z [371 
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Hence, lwo armb of di rferenl radii of curvature at a fixed 

temperalure will he in equilihrium with liquid of different 

compositions. Therefore, a diffusion couple is created in the 

liquid belween the two dendrite arms resulting in the remelting 

of the a1'm of smaller radius of cm'vature. Consequently, the 

amount of time the alloy remains in the solidification range i.e. 

the interval of temperature in which dendrites grow, has a 

direct hem;ng on the final coarseness of the dendritic structure. 

This interval depends on the cooling rate throughout 

solidificatlOn as weil as the solidification range which varies 

with the compositIOn of the alloy. 

3.2 Importance of dendrite arm SDacjng 

Secondary dendri te arm spacing as an indication of 

microstructural refinement is of particular importance for 

predicting the mechanical properties of a casting at a critical 

location. Spear and Gardner r 41J have shown that, for 

aluminum alloys, elongation and tensile strength increase with 

decreasing dendrite cell size (Figure 2.6) - dendrite cell size is 

the width of an individual dendrite cell, and, like dendrite arm 

spacing, may be used to describe dendrite refinement. Yield 

strcngth is essentially unaffected (Figure 2.6). These results, 

confirmcd by several other researchers [15,42,43], are attrihuted 

to the l'eclllction in size and the more even distribution of 

porosity and inte)'metal1ic compounds with decreasing dendrite 

celI size. 

Frederick and Bailey [441 later concluded from studies carried 

out on cast :356 aluminum alloy that variations in strength are a 

consequenl:e of variation in ductility which is inversely 

proportional to the dendrite ecll size. 
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They proposed a mechanism to account for the relationship 

between ductility and inverse celI size based on differential 

strain across dendrite ceB boundaries and fracture sirain of 

eutectic silicon particles. Bailey [45] and recently Scholin [46] 

showed that fatigue properties are inversely proportional to the 

square root of dendrite arm spacing. 
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Dendrite arm spacing also directly impinges on the 

effectiveness of a RolutlOn treatmcnt [37], the reason for this 

being that clements [rom non equilibrium intermetallic 

compounds have tü diffuse over a distance equal to the thickness 

of a dendrite arm during homogenisation of the aluminum 

matrix by solution treatment. 

4. APPLICATION OF EI,ECmICAL CONDVCTMTY IN 

METALLUBGY OF Al-Si CASTING AI,LOYS 

4.1 Assessment of the degree of modification 

Several studies have been conducted on the applicability of 

electrical conductivity measurements to non destrucl,ively 

predict modification in a casting. As early as 1959, W. Patterson 

and D. Amman r 4 7] reported an increase in electrical 

conductivity as the eutectic silicon morphology alters from 

granulaI' to fibrous. Thirmavukkarasu and Panchanatan48 

made the first attempt to use electrical conductivity to assess 

modification in Al-Si alloys in 1978. In 1983, Jacob and Remy 

[49] used an elecirical conductivity measurement technique 

based on eddy CUITent while Oger, Closset and Gruzleski [50] 

applied a De resistivity technique to study the morphology 

changes occUlTing during modification. These latter authors 

next used an AC differential resistivity measurement technique 

[51J based on the difference in voltage between a standard 

unmodified sample and a Sr modified one. 

These studios showed that the electrical conductivity of modified 

alloy is higher than that of unmodified aIloy, the difference 

between the two being 5fJc or more. The difference in 

conductivity increases as the silicon becomes finer i.e. as the 

degree of modification ls enhanced. 
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Jacob et al. [49] and Mulazimoglu et al. [52] demonstrated that 

resistivity of unmodified alloys decreases linearly with 

increasing silicon content, whereas for modified alloys the rate 

of decrease diminishes as the silicon content increases to 

approach zero near the eutectic composition (Fig. 2.7). 

Therefore, the difference in conductivity between unmodified 

and modified alloys also increases with increasing silicon 

content. 
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Figu,.e 2.7: Conductivity variation with silicon content for 

mgdifû:d and unmodifiedA856 allQy {531 

Recently, Mulazimoglu [53] explained the observed increase in 

conductivity with modification by considering the effect of the 

structural change on the electron scattering from the eutectic 

silicon-aluminum matrix interface. 



1 

:12 

Silicon fibres allow easie!' electron flow than do plates because 

the proJected jnted~lClal area between silicon particles and the 

aluminum matrix i:... smaller for fibres than for plates, This is 

illustrated in Figure 2.8 . 

.. 

(a) Unmodified 

... 

.. 

(h) Modified 

Fieure 2.8 : Mechanism of elecfron scafterin, af Al-Si 

interface [531 

Several authors have ]'üported that modification cannot be 

detected by electrical conductivity measurements in high 

magnesium containing alloys such as A355 and A357 (0.6% 

Mg). 
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Closset et al. [51J explained this by the refining effect of 

magnesium on the silicon morphology; electrical conductivity 

changes with modification are consequently too small to be 

detected. 

Microporosity also reduces electrical conductivity by impeding 

electron flow [16,50]. However, m08t acceptable castings have 

densities which vary within a very small range, and 

conductivity is therefore nearly unchanged by porosity. 

4.2 Beat treatment 

Electrical conductivity has found commercial application for the 

continuous control of heat treatment of aluminum al10ys owing 

to the large changes in conductivity accompanying the 

decomp08ition of supersaturated 80lid solutions. Indeed, as 

mentioned in chapter 1 section 1.21, the presence of alloying 

elements in solid solution decreases electrical conductivity, and 

precipitation would therefore be expected to increase 

conductivity. This i8 truc if precipitate8 are not coherent with 

the matrix. However, if precipitates have coherent interfaces 

with the matrix afi is the case for hardening phases which 

precipita te through different stages of the growth of c1usters 

having an epitaxwl rdat ionship with the matnx, conductivity 

decreases imtially to ful'ther lllCl'eaSe as the partic1es lose their 

coherency while reaching thei1' cquilibrium composition. The 

increase in conductivity i8 atlributcd to the formation of 

coherent Guinier-Prcston zones (G.P. zones) [28] which add a 

large strain to the lattice as they grow. The number of G.P. 

zones has a direct bcaring on hardness and yield and tensile 

strength of age ha1'denable alloys with the maximum of 

mechanical propertÎ<.'s reached when the number of a.p. zones 

is greatest (i.e. thl' conductivity is a minimum). 
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Hence, electrical conductivity can be readily used to follow 

clm;tering kinctics during aging treatments so as to accurately 

determine optimum agmg time and temperature, and to 

monitor commercial heat treatments of precipitation hardening 

alloys. 

An increase in resistivity at early stages of aging at low 

tempe ratures has been observed in the Al-Ag, Al-Cu. Al-Mg, 

Al-Zn and AI-Mg-Si alloy systems. However, Rosenbaum and 

Turnbull [54] did not detect any changes in resistivity in AI-Si 

alloys at low tempe rature but observed a continuous drop 

during aging at higher tempe rature (150-360°C). They 

suggested that there is no a.p. zone formation in Al-Si alloys. 

4.3 Application ta AI-Si-Mi alloys 

{ Electrical conductivity changes are also observed in AI-Si-Mg 

alloys during solution trcatment carried out near the eutectic 

temperature, usually at 540°C. Investigations showed that 

electrical resistivity increases on solution treatment, and that 

modified alloys exhibit higher changes than unmodified alloys. 

Closset et al. [55,56] suggested that the observed increase in 

resistivity is due to the combined effects of Mg2Si phase 

f 

dissolution in the aluminum matl'ix and spheroidisation of the 

eutectic silicon particlcs. The dissolution process increases 

electrical resistivity whercas spheroidisat~on has the opposite 

effect. Unmodified alloys are more affected by spheroidisation 

since the as cast structure lS ccarser. Thus, electrical 

conductivity change:-. with the speroidisation of the acicular 

silicon plates are highpr than for silicon fibres. 
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Mulazimoglu recently investigated the electrical conductivity 

changes in Al-Si-Mg alloys during solution treatment at 540°C 

as a function of time [53,57]. He reported three definite stages in 

the solution treatment as shown in Figure 2.9. 

o 

1 
Stage!, 

! 
Stage II Stage DI 

mOCSlfled 

SOlutIon treatment time 

Fieure 2.9 : SIOlles qfcontluclivity chamles durirur 

solution treafnwnt (531 

The first stage during which conductivity increases is 

characterized by the precipitation of Mg2Si and silicon out of 

solid solution. The second stage corresponds to the dissolution of 

precipitate8 together with the sphcroidisation of the silicon. 

Finally, in the thircl stage, coarsening of the spheroidized 

silicon occurs without significantly changing the conductivity. 
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4.4 Determination of dendrite arm spacina-

The feasibility of determining secondary dendrite arm spacing 

by electrical conductivity measurements has been investigated 

by Argo, Drew and Gruzleski [16J on several Al-Si casting 

alloys. These authors have developed a DAS measurement 

technique based on comparative conductivity measurements on 

a test casting and the casting to be inspected where both are cast 

from the same melt. 

They dcmonstrated that electrical conductivity decreases 

linearly with increasing DAS, and that the de cline is more 

pronounced for modified aIloys as seen in Figure 2.10. This 

technique gives a rehable prediction of DAS in modified 319,355, 

356, 357 and 3fH' '1l1oys but lacks accuracy in unmodified alloys 

owing to the lower slope of the calibration curve . 

. ~. 3 KHz 
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Figure 2-10: Variation ofconductivity with DAS on modiJied. 

and unmodifkdA356 alloylJ§l 
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The aim of the research was to isolate and quantify the influences of the 

DAS and modification on the electrical conductivity of common Al-Si 

foundry alloys by establishing a mathematical model of the type 0' =f 

(DAS,Modification) that could later be used at the foundry level to predict 

the DAS of castings. 

Beeause of the eornplexity of the mechanisms involved, it was decided to 

develop an ernpirieal polynomial model that would best fit the 

experimental results. Previous studies of the influence of metallurgical 

features on electrical conductivity reported in Chapter 2 showed that the 

relationship to expect would be : 

o:Ao + Al x DAS +A2 x structure + A;j x DAS x structure + A4 xstructure2 + A5 x DAS2 

Sinee this relation involves a second order term in structure, at least 

three levels of modification were required for each al1oy. In addition, at 

least two replications of one experiment (same melt chemistry) were also 

required to have an indication of the variability of the conductivity 

values. 
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1. DESIGN OF DIE CASTING 

To achieve various cooling rates (and hence various DAS values), a 

step casting was designed as shown in Figure 3.1. The dimensions of 

the riser and the filling system were calculated according to the 

gating and risering rules established for aircraft quality castings 

[59]. 

n ... 
. 1 a: 

Fiare 8.1 ; Sig ClIJItiM (dimensions in mm) 
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Such a design guarantees a quiescent mould filling and feeding of 

the last solidifying zone. An entirely sound casting free of any oxide 

is thereby ensured. In order to enlarge the range of cooling rates to 

those usually achieved in permanent mould casting, an aluminum 

chilI was placed underneath the casting in one of the moulds as 

shown in Figure 3.2. The chill surface was coated with a thin layer of 

mould coating so as to avoid weI ding of the casting by chill surface 

melting during pouring of the molten metal into the mould. 

Figure 3.2 : Aluminum chili 
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2. MATERW,S 

2.1 MouldjOK 

The castings were cast in sand moulds manufactured from 

Petrobond sand mixture. The silica sand used in that mixture 

had a grain size of 140 according to the rating scale defined by 

the American Foundrymen's Society. This type of moulding 

process does not require any baking or curing of the sand, the 

cohesion being ensured by the very fine red Petrobond sand and 

the added oil. 

2.2 AIloys 

In order to study the influence of magne sium on the 

conductivity behaviour, two kinds of alloys were used: 

magnesium free alloys which were synthesized from pure 

materials, and commercial alloys containing different levels of 

magne si um which were obtained from primary ingots. 

The chemical compositions of the materials used in the 

preparation of the alloys supplied by the producers are listed in 

Table 3.1. 

• Smthetic allQys 

- Commercial purity aluminum was produced by Alcan in 

the form of 23 kg ingots. The purity was 99.7%. 

Silicon was supplied by Johnson Matthey in the form of 

lumps. The purity was 99.9999% which corresponds to the 

semiconductor grade. 
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- Titanium was added in the form of rods of AI-Ti6% Tital® 

master aUoy produeed by KB AHoys. 

• A356 alloy 

The primary ingots of A356 were produced by Aleoa. Each 

ingot weighed 13.5 kg. 

• A357 aIloy 

The primary ingots of A357 wcre produced by Belmont Metals 

Ine., New York. 

• Strontium was used as a modifier. It was added in the form 

of AI-Srl0% master alloy produced by KB Alloys. 

Elements ~ommereial A357 A356 Tital 
pudty wt. pet. wt. pet. wC pet. 

aluminum 
wt. pet. 

Si 0.041 7.02 7.10 0.06 

Cu 0.002 0.0:35 <0.001 -
Fe O.OH 0.066 0.082 0.14 

Mg <0.001 0.510 0.34 -
Mn 0.001 <0.02 <0.02 -
Zn - 0.03 0.01 -
Ni - - - -
Cr - <0.02 <0.02 -
Ti 0.003 0.01 0.08 6.4 

Sr <0.0001 - - -
p 0.000 l o.oom - - -
V - - - 0.034 

Al Balance Balance Balance Balance 

Table 3.1 : Chernical compositions of the primary ingots and 

maste}' alloys uscd 
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3. MELT PRQCESSING 

1.S MeJtingandAlloyjne 

Melting was performed in a 10 kg silicon carbide crucible fired 

in agas furnace. Each melt consisted of approximately 7 kg of 

alloy. 

After melting, the melt was brought up to 750°C and 

maintained within ± flOC of this value. If melt additions were to 

he made, the clements were plunged into the melt and hcld at 

the bottom of the melt with a graphite plunger. After a few 

seconds, the melt wab stirred with the plunger, the elements 

being still kept aL the bottom of the crucible. 

In the case of synt,hetic alloys, silicon was added first into the. 

molten aluminum followed hy titanium and finally strontium, if 

the melt was to be modified. The temperature of the melt was 

brought hack to 750°C between each addition. Finally, a 20 

minutes dissolution period was allowed for complete 

homogenisation before degassing. The levels of strontium 

introduced were respectively 120 ppm for undermodified melts 

and 300 ppm for modified melts. These IElvels were calculated by 

taking into account the 108s occurring during degassing. 
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Degassing was performed in order to remove dissolved 

hydrogen from the melt which causes porosity formation 

during solidification owing to the large difference in solubility of 

hydrogen in liquid and solid aluminum. 

Each melt was degassed by bubbling argon for 25 minutes at a 

rate of 2.5 l/min through a graphite tube pierced with tiny holes 

(Fig.3.3). 

FWure a.a ; Det/asBÏR6 technÏflue 
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3.3 Melt cmaUtv control 

The melt temperature was controlled using a chromel-alumel K 

type thermocouple. 

Immediately after degassing, a sample was cast into a copper 

mould for spectrochemical analysis. The efficiency of the 

degassing process was determined by pouring liquid metal into 

a steel cup and allowing it to solidify in a vacuum chamber 

where the pre~sure was fixed to 80 mbar. The reduction of the 

pressure encourages hydrogen gas bubble formation [8,58]. 

Artel' completion of solidification, the density of the sample was 

measured and compared to the theol'etical density of the alloy. 

The difference betwccn the two densities is indicative of the level 

of gassing of the melt. 
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3.4 Cgtjpg 

Tèe molten a110y was cast into two sand molds, the one 

containing the aluminum chill being iîlled first. Immediately 

afte!" pouring, the risers were covered with insulating glass 

fibre (Figure 3.4) so as to limit heat losses and maintain the 

riser in the liquid state longer. By so doing, the riser yields were 

maximized and the casting solidified free of shrinkage 

microporosity. 

FÏJlUCe $,4 ; Sand moulds afler cAlllÏlV 

Modified melts were cast exactly one ho ur after strontium 

introduction in order to obtain a full efficiency of the strontium 

as a modifier. The interval of one hour corresponds to the length 

of time duration of the so caHed incubation period [58]. 

The moulds were allowed to cool overnight after which they 

were emptied and the castings cleaned of attached sand. 



3.5 Beat tœatment 

1 Two differcni heui ircaimenis were carried out on sorne of the 

castings produced in order to study the evolution of electrical 

conductivity throughout these treatments. 

l 

1: a precipitation treatment of 4 hours at 200°C was carried out 

so as to precipitate clements out of solid solution. The 

purposc of this trcaiment was to bring alloys close to 

equilibrium by enabling elements to diffuse out of any 

supcrsaturatcd solid solutions which fOl'med because of a 

rapid cooling rate in the solid state alter solidification. 

2: a complete industrial heat treatment consisting of a 

solution trcatnwnt followed by an artificial aging designated 

as T6 by the Aluminum Association. The procedure adopted 

in the present study was the following. 

a solution treatment of 10 hours at 540°C during which 

intel'metallic compounds redissolve into the Al matrix as 

a result of the increase of solubility with temperature, 

and fm'ther diffuse to yield a homogeneous aluminum 

matrix. Spheroidlsation of the eutectic silicon phase by 

coalescence a180 occurs during this treatment. 

a rapid quenching in l'oom tempe rature water followed 

by a pre-aging (natura1 aging) for 36 hours. 

an artificial aJ..,rlng performed at 160°C for 6 hours. 

This sequence of treatments was done in a programmable 

electric resistance fUJ'nace. The temperature inside the furnace 

could be controlled with a ± O.5lk accuracy. The castings were 

placed in the central portion of the furnace and the temperature 

val;ation was in the range of ± 2°C. 
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Electrical conductivity measurements were taken immediately 

after quenching in water (T4 condition) and after artificial 

aging when the sample had cooled down to room temperature 

(T6 condition). 

4. SAMPI.E CUARACTEWSATION 

4.1 Electrical oonductivity measummeng 

Electrical conductivity measurements were carried out using a 

portable eddy CUITent tester, model M1900-10 manufactured by 

K.J. Law Engineers Inc .. This eddy current tester (Figure 3.5) 

is a battery operated, rechargeable, hand held instrument 

capable of operating at 10 different frequencies from 10 Hz to 300 

kHz and uses interchangeable probes. It gives a digital readout 

which, with calibration, can be converted to electrical 

conductivity. 

FÎ6ure 8,5 i KJ. Law eddy cummt telter 



l 

Eddy CUITent testing consists of inducing an electric current in 

a conductive matl'rial by means of an alternatiug magnetic 

field, and observing the resulting interaction between the 

applied and the induced currents. The alternating magnetic 

field is generated by passing an alternating electric current 

through a coH located at the end of the probe. 

Coupling the initial magnetic field with a sample is readily 

achieved by placing the fiat ended probe against a fiat surface of 

the test piece wilhout using any coupling agent. Figure 3.6 

illustrates I,he eddy CUITent technique. 

SURFACE OF TEST PART 

INDUCED EDDY 

CURRENTS WITHIN 

THE TEST PART 

PROBE COlL 

APPLIED CURRENTS 

THROUGH PROBE 

COlL 

PARTUNDER 

TEST 

FÏJfUce 3.6: Princigle ofedd,y cUITe"t techniQue 
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The nature of eddy currents depends both on the physical 

properties of the material and the shape of the sample. The 

parameters of influence are: 

- electrical conductivity 

- magnetic permeability 

geometry of the sam pIe 

- surface condition of the sample 

Al-Si alloys are considered nC.1 magnetic, and therefore have a 

magnetic pcrmeability l'quaI to 1. 

The effect~ of surface condition and geomctry of the samplc on 

the eddy CUITent readouts displayed hy the K.J. Law M1900 were 

investigated in a previous study 116]. It has bcen shown that tbr 

1kHz and :3kHz fl'e4uen<.:Ïcs, conduct.ivily value!:> measul'cd on 

an as cast. surface and after machining are very close (Figure 

3.7). 

3 KHI 

40 

..! 
• 35 

o Machined 
• AS cast 

30L---~---L--~----~--~--~--~~ 

5 10 20 30 40 50 60 

STEP THICKNESS (mm) 

Figure 3.7; Conductivity readinllS on as cast and maçhined surfaces 

l1!iL 
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Furthermore, the accuracy of the readings decreases rapidly as 

the depth of penetration of the eddy currents gets doser to the 

actual thickness of the sample. The depth of penetration is given 

by the relationship : 

d (mm) = 660 
Yaxjlxf 

where: d is the penetration depth in millimeters 

(J is the electn cal conductivity of the material as a 

percentage of the International Annealed Copper 

Standard ((k lACS) 

~l is the magnetic permeahility 

f the frequency (Hz) of the alternating current in the 

coi 1 

As can hl' seen from the equation, the depth of penetration 

increases as frequency decreases for a given conductivity. 

Figure 3.8 shows the effect of sample thickness on the 

conductivity of A356 aluminum alloy. Clearly, the lower the test 

frequency, the greater the penetration depth and therefore the 

thicker the sample needed for reproducihle results. Based on 

these results a frequency of 3 kHz was chosen for conductivity 

measurements in the present study. The step casting used had 

a 5 millimet.re tlllck step, an order of thickness common in real 

castings, whose conductivity could only he accurately measured 

with a frequency of 3 kHz. At this frequency, both surface 

condition and geometry of the sample have little effect on the 

eddy CUlTent readout. Therefore, since magnetic permeahility is 

constant for aluminum as mentioned earlier, the eddy current 

rcadout depends only on the electdcal conductivity of the sample 

at 3 kHz:, Hence, this value of freqt ~ncy appears to he the most 

apPl'opriate for conductivity measurements as far as accuracy 

is conc('rned. 
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Fil/ure 3.8 ; Variation o[CQluluctivity with samgle thickness U61 

Electrical conductivity was meas1.lred on the top of the castings, 

five readings being ta ken on each step and the average 

calculated. ln the perspective of an industrial application of the 

method for the non dest ructive tcsting of Al-Si castings, the 

surface of the samples was lcft as cast. However, the error in 

conductlVity intl'oduced by measuring on the as cast surface 

was a minimum because of the frequency uscd. 

As templ'rature has a significant effect on electrical 

conductivity, the samp]es were kept at a constant temperature 

wh en measurements were taken. 
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4.2 Metollogmphy 

Metallography was used both to assess modification and to 

determine the dendrite arm spacing. Metallographie samples 

were eut from the castings as shown in Figure 3.9. 
/ 

<, 

10 ~, 

FWure 3.9: Location afllle metallo61W)hiç 1IIJlIIDle' 

After mounting in bakelite, the san~ples were poli shed on a Leco 

automatic polishing machine. The procedure used was the 

following: 

- grinding of the samples using successively 180, 400 and 600 

grit silicon carbide papers and water as a lubricant on a high 

speed wheel. 

- coarse n"lp,chanical polishing using a suspension of 5 micron 

alumina powder in water on a polishing cloth followed by a 

fine polishing with a suspension of 0.3 micron alumina. 
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- final mirror-like polishing using a solution of colloidal silica 

supplied by LECO Corp. 

The polished samples were examined on a Neophot optical 

microscope primarily as polished for determination of the 

degree of modification. They were then etched in a solution of 

0.5%HF, 0.5%HCI~ l%HNOa for 60 seconds and re-examined 

under the microscope for dendrite arm spacing measurement. 

4.3 Det.enniputjon of the deJŒee ofmgdjfimtjpn 

The degree of modification was evaluated from the standard 

grading system proposed by Sigworth et al. [61]. This grading 

system rates the silicon morphology according to six classes: (1) 

acicular, (2) coarse lamellar, (3) fine lamellar, (4) 

undermodified. (5) fibrous and (6) very fine fibrous (Fig. 3.10). A 

seventh class corresponding to an overmodified structure has 

recently been added. Ten areas of each sample were inspected 

and given a rating number. The average of the modification 

ratings was then taken as the global rating. Although not as 

precise a quantification method as image analysis, this method 

gives reliable results and can be readily used in a foundry. 
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Cla1>S" AIJ1>f.mc/J of LdrnL'lIdf Structure 
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Dendrite Ann Smwing 

The Dendrite Arm Spacing (DAS) was measured hy the line 

intercept method shown in Figure 3.11 on modified samples 

where the dendrites are well delineated. This method entails 

drawing a straight line perpendicular to the growth direction of 

the secondary dendrite arms and counting the number of 

intercepts of eutectic regions along the Hne. The DAS value is 

then determined by the relationship : 

DAS ( ) = Length of the intercept line (mm) 1000 
!lm Numher of intercepts x Magnification 

L 

Figure 3.11 ; DAS measurenwnt technÜlue 

Ten measurements were taken on each step and the average 

calculated. For chill castings, the DAS was measured close to 

the top surface ie opposite to the surface in contact with the 

chilI. The DAS could not, however, he determined on 

unmodified castings since the dendritic structure is not 

distinguishable from the overall microstructure (Fig. 1.5). 

Hence, for unmodified castings, each step was ascribed a DAS 

value equal to the average of the DAS values measured on 

modified samples on corresponding steps. 
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This approximation i8 based on the following assumptions : 

- The Mg content in the range 0-0.6% has a negligible influence 

on the solidification range. In other words. the 

introduction of smal1 amounts of a ternary element (Mg) does 

not significantly Shlft the liquidus and binal'Y Al-Si eutectic 

valley. Thus, the period of tin1l' spent in tIll' interval of 

solidification, and during which dendrite coarsening occurs, 

is basically the sa me as fOl" binary Al-Si alloy with an 

equivalent silicon concentration. 

- the cooling rate at a given location in the mold was the same 

for each casting. This assumption is fairly realistic since the 

molten metal was always poured at 750°C in l'oom 

temperature molds. In addition, the thickness of the coating 

on the aluminum chilI was fairly constant. 

the eutectic temperature deprcssion associated with 

modification, which indirectly increases the solidification 

range of modified al1oys, has a negligible effect on dendrite 

arm spacing. 

Statistical tests werc carried out ta verify that the DAS values 

measured on one st.ep WCl"C Ilot :-;ignificantly different from one 

alloy to another. Statist.ical tt-st.s were al80 cal'ried out to verify 

that the steps have significantly clifferent DAS values. 
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4.5 Spectrocbemical anAlvsjs 

The chemical compositions of the castings were determined by 

optical emission spectrometry using sampI es cast in a copper 

mold. These samples were mHchined on their chilled surface 

before being analysed. The equipement used was a Baird 

Atomic Spectro 1000 model DV2 emission spectrometer. The 

standards used in the calibration of the spectrometer were 

supplied by Alusuisse Ltd. The results of the sample analyses 

are listed in Table 3.2. 

Al10y (kSi 'A-Fe %Mg %Ti %Sr 

A356Al 7.080 0.095 0.340 0.079 0.000 

A356A6 7.160 0.OB2 0.380 0.080 0.000 

A357A9 7.6:l0 0.095 0.620 0.120 0.000 

A356L8 7.610 0.076 0.410 0.078 0.014 

A356M4 7.600 O.OBI 0.410 0.076 0.025 

A356MlO 7.700 0.074 0.420 0.078 0.032 

A357F12 7.810 0.080 0.710 0.006 0.024 

A357Lll 7.580 0.084 0.710 0.006 0.001 

SA3 7.760 0.110 0.000 0.080 0.000 

SF7 7.970 0.100 0.000 0.120 0.027 

SL5 8.0RO 0.110 0.000 0'.20 0.006 

A356M2 7.510 0.084 0.450 0.075 0.010 

Al 70870 0.100 0.000 0.130 0.000 

SF14 7.6:30 0.137 0.000 0.005 0.027 

A357A15 6.220 0.442 0.534 0.013 0.001 

Table 3.2 : Chemical compositions of the melts 
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The DAS range covered in this study was 14-47~m. Figure 4.1 (a & b) 

shows typical micrographs of each step with the corresponding 

measured DAS. 
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DAS = 13.5 !lm DAS = 17.3 j.l.m 

r 

DAS = 20.4 !lJll DAS = 28.7 j.l.Jll 

Heur(' -I,L(a) : M;croJ/,.uplu; ~lm~i.11I!Jll!t.I«.lJ6e ofDAS covered (Chilled castin6) Meur x 100 
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DAS = 31.5 J.1m 

DAS = 40.9 J.1m DAS = 48.3 J.1m 

Figure 4.1 (b) : MiclYJI!raphs showin, the ra1l6e ofDAS CQvered Wru;hilled castinlfJ 
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1. AS CAST CQNDUCTIVITY 

1.1 Syntbetic alloys 

Experiments on synthetic Al-Si alloys were first carried out to 

investigate the effects of DAS and modification on the eddy 

current l'eadout displayed by the K.J. Law eddy current tester. 

The eddy current readout displayed has no common units and 

varies with t.he fn'quency selected. As explained previously 

(chaptel' ;3 * 4.]). when a frcquency of 3 kHz i8 used. the readout 

depends only on thl' electrical conductivity of the material 

tested. SOllle correlations of the type: 

<fi lACS = A Ln (Eddy Current) + B 

where A and B are constants 

have been estabhshed by Argo [16] u8ing samples of known 

electrical conductivity. 

However. sinee the purpose of this study was to evaluate the 

variation of electrieal conductivity caused by either DAS or 

modification changes. it was decided not to convert eddy current 

readouts to electrical conductivity values expressed in % lACS. 

In the following discussion. the term conductivity therefore 

refers to eddy current l'eadout. 

Experiments on modified and unmodified melts were 

replicated at least once. l'~ach type of symbol in the graphs that 

follow corresponds to a unique experiment. The eddy current 

measurements for modified and unmodified alloys are plotted 

as a function of DAS in Figure 4.2. 
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Conductivity values measured on chilled castings are 

represented by black symbols. whereas w hi te symbols represent 

unchilled castings. The length of the error bars corresponds to 

the standard deviation of the measurements. The fi tted curves 

are the second order polynomial interpolations calculated by the 

lcast dquares method on the experimental results. 

----- -- ------------------
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FÏJlure 4.2 : CQnductivity vs DAS plots [or Al-Si binary olloy 

It can be noted that : 

1: Electrical conductivi ty increases with modification, the 

increasc heing ahout 4 units of eddy current as the silicon 

morphology van es from acicular to fine fibrous. 

2: Considering exclus1Vely measurements on unchilled 

castings ( whiü' ~ymh{}ls). electrical conductivity decrcases 

approximately lineady as DAS increascs independently of 

the level of rnodiflcatif'll. 
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3: At DAS smaller than 30 ~m, electrical conductivity 

measured on chilled castings decreases with decreasing 

DAS. Maximum conductivity is attained for a DAS of 30 ~m. 

4: At DAS of 23 ~m, chilled castings exhibit a conductivity 

which is lower than that of unchilled samples. 

5: Conductivity measurements from melt to melt are very 

reproducible; the maximum difference observed i8 2 units. 

The apparently bad reproducibility at lower DAS values on 

unmodified alloys is attributable to a 0.05 % difference in the 

titanium concentrations of the two melts. 

'rhe observed increase in electrical conductivity with 

modification i8 in agreement with previous investigations 

[49,50,52]. This behaviour lies in the fact that the fine fibrous 

shape of the non-conductor silicon does not impede the electron 

flow as effectively as the coarse plate like form. Mulazimoglu 

[53] has shawn in a very detailed study that, since electrons 

propagate exclusively in aluminum, the overall conductivity 

depends only on the projected surface between silicon particles 

and aluminum matrix which diminishes as modification of the 

aUoy is achieved. 

The linear conductivity decrease with DAS on unchilled 

castings is also in agreement with the results published by Argo 

et al. [16] on A356 alloy. However, unlike what these authors 

observed, the slopes of eddy current values versus DAS lines are 

the same for modified and unmodified Al-Si alloys. 
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At DAS of 23 and 30 ~m chilled castings exhibit a lower 

conductivity which dccreases with decreasing DAS. This is 

possibly due to the higher cooling rate after solidification 

generated by the aluminum chill. At high cooling rates, 

alloying clements in solid solution have less time to diffuse out 

of solid solution and rernain in supersaturation at room 

temperature [37,40]. As reported in Chapter 2, alloying 

elements in solid solution impede more effcctively the electron 

flow than do intermetallic cornpounds [28,50]: the overall 

conductivity of the alloy decreases as the degree of 

supersaturation of the solid solution increases. A graph 

published by Mulazirnoglu [52] shows that the conductivity 

difference between modified and unmodified binary Al-Si alloys 

decreases when the solidification rate is increased from O.4°C/s 

to lOC/s. There is sorne indication that the sarne trend is 

observed at lower DAS 011 Figure 4.2. 

1.2 A356 aUovs 
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A356 alloys exhibit a conductivity behaviour similar to that of 

binary Al-Si synthetic alloys as seen in Figure 4.3 : 
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1: Modified alloys show a higher conductivity than unmodified 

ones. The difTerence which varies from 5 to 10 units is more 

important than for binary alloys, 

2 : The relation between cûnductivity and DAS is linear for 

unchilled castings, but, unlike binary Al-Si alloys, the slope 

of the line increases when th(; alloys are modified. These 

results are in total agreement with those of Argo and 

Gruzleski [16] as long as chilkd castings are not taken into 

account. 

3: On unmodified al1oys, there i8 no noticeable effect of DAS on 

electrical conductivity. This is attributable to the coarse 

microstructure of unmodjfied alloys in which dendrite 

arms are not well delineated (Fig. 1.5.b). In modified alloys, 

on the contrary, weil developed pockets of eutectic structure 

delineate the derdl; tic network (Fig. 1.5.a), and therefore 

changes in dendrite arm spacing yield higher conductivity 

variations than do changes when the structure is 

unmodified. 

4: Electrical conductivity of chilled castings decrease with 

decreasing DAS owing to a higher cooling rate in the solid 

state which restrains the diffusion time and leads to a 

supersaturated solid solution. 

5: As for binary alloys, the reproducibility of the 

measurements i8 good , and the differences from melt to 

melt for a fixed DAS arc of the order of 2 units of eddy 

CUlTent. The small variability is indicative of the accuracy 

of the eddy current technique. 
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However, due to th) parabolic shape of the regression 

curves, an uncertainty of 2 units on the conductivity results 

in a prediction of DAS with an accuracy of 25 !lm. This is, of 

course, unacceptahle. 

Finally, the results on the as cast samples can he summarized 

as follows : 

- Electrical conductivit.y of an alloy increases with modification 

- Conductivity decreases with increasing DAS in the range 

30 Ilm - 50 Ilm, and the cffcct. i8 more pronounced with 

rnodified alloys. 

- At DAS values lower them :W !lm, precipitation in the solid 

state becomeH important and overcomcs the efTect of DAS on 

conductivlty. 

- Conductivity mcasurements arc reproducihle from melt to 

melt within a 2 units variation. 
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1.3 CalculatiQn of polynomial model fitting the experimental 

resuIts 

Although the technique may not be of great interest in 

industrial practice, a second order polynomial model was fitted 

to the experimental results. A model helps identify the factors 

influencing the elE:'ctrical conductivity of an alloy and determine 

the importance of their effect. Prior to the ca]l"ulation. 

measurements wel'"e standardized, that is actual values were 

replaced by standard values defined as : (real value - average of 

the valuc::-> l/standard deviation. The use of standard values 

incl'eases tht; accul"acy of the calculation by suppressing the 

correlation hetween first and second order terms. The results of 

the calculations are Hsted in Table 4.1. 

Independent variables Coefficient Standard error 

Constant 832.68 0.33 
DAS 0.42 0.19 

Strudure(modlflcntlOl1 ) 2.72 0.20 
Ti - 2.30 0.22 
Mg - 3.05 0.23 
Fe - 1.87 0.19 

Structure 2 - 0.75 0.23 
DAS2 - 0.84 0.17 

----~--- - - - - - -- - - - - -- --- - - -
R = 0.88 

Table 4.1 : Coefficients of the polynomial model 



The sign of Cl coef'fil'ient i~ indicativ(.l of the et'fect of the 

associatcd factor on conductivity \Vhile the coefficient it.self 

represent.s the importance of the factor. Calculations show that 

alloying elements like magnesium, titanium and iron have a 

negative efTect and therefore lowpl' electrical conductivity. This 

is accounted for by the distortion of the crystal lattice by 

dissolved atoms of diffe1'ent atom radii which makes the 

electron flow more difficult [19,2:3]. Consequently, the impurity 

component of rl'~istl\'1t.v IS inC\"('(H.;ed and the overall 

conductivity drop~. Ac( ordmg tn tlw values puhlished by Fickelt 

[18\, titanium and Iron affect very (lffectively nll' conductivity of 

aluminum wlwl"ea~ maglH'sium ha~ a smaller cffect. ln this 

study, the computNj coefficil'nt of magnesium is higher than 

that of titamum and 11'0n This results from the use of standal'd 

values and the highcr range of variatIOns of the magncsium 

content in the cxppriments: a VIr change in the magncsium 

content is not equivalent tn a 1 (Ir change in the titanium or i1'on 

contents sinee thl' standard deviation of each clement is 

different. 

Dendrite arm spacing and modification both have a second 

order influence on conductlvlty. As seen on the response 

surface and contour plot re:-;pf'etively in Figures 4.4 and 4 5. The 

rate of conducti\'lt~' incn'as(' wlth modification IS maximum 

when the allo)' i~ not !l1odifil'd, but progressively decreases a~ 

the modification l'atll1g mcn'lIses He!1cc, a change in silicon 

morphology from coarsl' platp to fine lame1Jar causes a higher 

increase in conductlvity than docs a further change from fine 

lamellar to fine fibres. Figure 4.5 l'l'presents the iso-conduciivity 

lines as a function of DAS and modification rating. 
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It could be used in industrial practice to determine the level of 

modification of a melt prior to pouring. The procedure would 

involve the threc- following steps : 

1: Casting of a sample in a mould yielding a constant and 

known solidification rate (i.e constant DAS). 

2: Measurement of the electrical conductivity of the sample 

cooled down to room temperature. 

3: Use of Figure 4.5 t.o dctermine the potential level of 

modification of the melt located on the graph at the 

intersection of the line of constant DAS with that of the 

measured conductivit.y. 
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However, ~inc(' the rate of conductivity change decreases when 

the silicon morphology bccomes finer, the methad may lack 

accuracy to differentiate an undl'>rmodified alloy from a wen 

rnadified one. 

It has been observed that the shape of the conductivity versus 

DAS CUl've changes with modification. However, the fitted 

polynomial model contains no DAS* Modification interaction 

term, and therefol'e doe~ not l'ept-osent exactly the conductivlty 

changes observed. 

2. INFLUENCE OF A PRECIPITATION mEATMENf 

In arder to verity wtwther the lower conductivity at law DAS is 

due to a retention of alloying elerm'nts in solid solution, 

precipitation treatnH'nts involving an artificial aging at 200°C 

for 4 hours were calTied out on sorne of the sarnples. The 

pUl"pOSe of the precipitation treatment was to enable alloying 

atoms in solid solution to diffuse and form precipitates sa as ta 

obtain a relatively homogeneous aluminum matrix whatever 

the chilling of the casting. In the experiments, chilled and 

unchilled castings made from the same melt were placed 

together inside the heat treatment furnace. 
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2.1 Al-Si svnthetic alloys 

Conductivity valuül5 ll1 as cast.. condition and ufter the 

precipitation treatment are plotted in Figure 4.6. As seen, the 

conductivity of binary Al-Si alloys was not influenced by t.he 

treatment. It is likely that t.he temperature at which the 

treatment was performed was too low for silicon atoms to 

diffuse, and the aluminum solid solution thus remained 

supersaturated. 
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FÏJlure 4.6 : Coruluctivity vs DAS plot [or Al-Si binary allqy 

after precipitation treaimellt (8 hours al 155 CC) 

Arter the precipitation ireatment, a metallographic analysis of 

the castmgs indicatcd that the morphology of the eutectic silicon 

had not been altered by the treatment. 



r 

74 

2.2 MSS aJlovs 

Figure 4.7 shows the change in electrical conductivity with DAS 

variations for as-cast sampI es and after a precipitation 

treatment of 8 hours at 155°C. As seen, heat treated samples 

exhibit a higher electrical conductivity than in the as-cast 

condition. This has bcen mvcstigated in the past and is known 

to arise from the formation of precipitates of Mg~Si which do not 

illlpede the clcct.ron flow as pffect.ively as atoms of magnesium 

and silicoll in solid t-.oIut.ion 15fij. ln addition, it is observed that : 

- on each ôtep of the unchilled casting, conductivity has 

increased by the saille value; the conductivity versus DAS 

line is simply shi fted to higher conductivities. This was 

reported in a previolls study by Argo and coworkers [16]. 

- Conductivity changes after the precipitation treatrnent on 

chilled casting an: maximum on the thinnest step and 

decrease as DAS InCl"ea~es. This tends to confirm the validity 

of the hypothcsis that more alloying elements are 

retained in solid solution 111 chiHed castings in the as-cast 

state becHllse of a 111gher coo]ing rate artel' solidification. The 

effcci of the hcat treatment is to enable the diffusion of 

alloying clements in the matrix llntil the equilibrium 

compositIOn is reachcd. The higher the supersaturation of 

the matrix , the longer diffusion and precipitation processe8 

will procecd. Thel'cforc, the precipitation phenomenon i8 

more important in 8. supersatllrated alloy than In a near 

equilibrium one, and so is the conductivity change. 
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The regn>::;slon CUl"\'l' l)('comt'::; Iint'Hl' aftel' thl> Pll"cipitation 

treatment. HOWl'\'l'I" abovl' :W pm. cunductivity changes with 

DAS are Vl'ry ~mall ~o that the technique may not hl' aCCUl'utl' 

enough ta predict DAS change in this range, 
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FilfUre 4.7: Conductivib' vs DAS plot for A.'156 alloy 

after precipitation treal]nent (8 hours al 155 CÇ) 

To conc1ude. iL ha~ heen shown that : 

1: DAS determinatiol1 hy eleclrical conductivity measurement 

requires thaL the aluminum matt1x be homogeneous. 

2: a precipitation tn'atment improves the matrix hornogeneity 

of A356 alluys, and consequently the accuracy of the 

determination, hut the technique sti1l lacks accuracy at DAS 

larger than 30 Ilm 
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3. BEAT TBEATMENf 

Although a precipitation treatment improves the conductivity 

response to DAS changes by rendering the matrix more 

homogeneous, it is not a common fvundry practice, and 80 cannot be 

considered seriously as it will increases the manufacturing cost. of 

the castings. For this reason, an industrial heat treatment 

consisting of a solution treatment at 540°C for 10 hours, followed by a 

rapid quenching lB eold \Vatel' and an artificial aging at 160°C for 6 

hours, was cani(ld out on dl(' samples. Such a treatrnent has the 

benefIcial effeet of hOJl1ogenIzing the aluminum rnatnx, but 

sphel'oidization of the eutectic silicon also occurs in the solution 

tl'catnll'nt pha~e [:321. and the resultmg st.ructure is therefore 

difIcJ'ent from that III the as cast statl'. 

Conductivity measul'enwnb for cach alloy after the heat treatment 

are represented on 2 graphs : tht' experimcntal rneasurements are 

plottcd on the upper graph whereas the lower graph shows the 

second order polynomial curves calculated by the least squares 

rnct.hod on the measurcments. 
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3.1 Al-Si synthetic alJo' 1 

3.11 Unrnodified alloy 

Results on unrnodified AI·Si synthetic alloys are plotted in 

Figure 4.8. The plots show that : 

1: After the heat treatrnent, conductivity decreases with 

increasing DAS over thc whole range invcstigated. 

Hl-ncp, Ill'at trl· .. lting llll' castings l'esults in an 

improvPIlll1nl of tlll' conductivity respol1se to l>AS 

change. 

2: When DAR l'xceeds :W pm, the plectl'Îca] conductivity 

venms DAS CUl'Ye becomes asymptotic so that changes 

in DAS fall below the limit of detectability of the 

method. 

3: Electrical conductivity increascs at smaH DAS 

k22j.lnl), but dl'cl'casl's for higher DAS with respect to 

as-cast values. 

4: T4 and 1'6 conductivitics are identical f<)r ail DAS. 
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3.12 Modified svnt lll'tlC \..lm:: 

The ~hap(' of the ('Il'ct rical ('onducttVIty versus DAS plot for 

Al-Si modified alloys after heat treatment is very similar 

to that of umnodified alloys as seE>n in Figure 4.9. The drop 

in conductivity ü;, however, more important for modified 

alloys. In addition, e]cct"jC'al conductivity after heat 

treatment is ]ower than as cast conductivity in the whole 

range of DAS. 

840 f 

:~:I 
8341 832 t 
830T 
828 1 

826t 
824 1 

:~~L 
840 
838 
836 
834 
832 
830 
828 
826 
824 
822 

10 
l , 1 l , 1 

15 

>---0--

-----0 

o As cast 
t:. T4 
[J T6 

1 1 l , 1 1 1 1 1 lit 1 1 1 l , 1 1 • ---+-.----l--------i 
20 25 30 35 40 45 50 

DAS (pm) 

_·_·w.·\l4,IIIM ........... ------- ..... ". -.. ~ .. -:-... -.:::';.:::. 

- As cast 

-_ .... T4 

T6 

82~L;0~1~1 1~145-1~1-'-2r'O~1 1~1~2+'5-1~1~1_'~310~1-'~1~3~5~"~1-4~iO~I_'~"~4~~5~~50 

CAS (pm) 

Fillure 4.9 : Conductivity vs DAS plots for modifjed Al-Si 

alloy (As Ca.ït. T4 & T6 conditions) 
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3.2 A356 aJloy 

3.21 Unmodified alloy 

The improvement of the conductivity response to DAS 

changes upon heat treatment is shown in Figure 4.10. 

Like the Al-Si synthetic alloy, the conductivity-DAS 

relationship after heat treatment becomes approximately 

linear, but the slope of the Hne, and so the 4.::curacy of the 

method, are highpr. For this alloy, conductivity increases 

artel' heat trpatnwnt for DAS lower than 35 ~m but 

decreasl's fol' highl'J' DAS. As compared to binary aUoys, 

the DAS ran['-, wi thin which conductbity i8 increased by a 

heat lrcatmenl i8 \Vider for Mg containing A356 alloys. 

This 18 probably J'l'la ted to the differences in the 

microstructurps of these two alloys as shown in Figure 

4.1l. 

It i8 worth noting that artificial aging (T6) promoted 

changes in the 1'4 conductivities unlike what was observed 

on binary synthetic alloys. 

j 
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3.22 Modified alloy 

The conductivit.v behavioul' of modified A:l56 alloy during 

heat treatment Îl; very similul' to that of modified synthe lie 

alloy (Fig. 4.12). 

Heat treatment leads to a drop of electrical conductivity 

over the whole range of DAS investigated, but, at lower 

DAS, conductivity was not affected hy the treatment. The 

eddy current versus DAS regression lines after heat 

trcatment appt'al' tn lw m01't' lincal' than those of Al-Si 

synthetic al1oy~ (Fig 4.9). 
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It can also bl' noticl'd that the precipitation treatment did 

not significantly change the conductivity although higher 

values in the T6 condition were expected. Similar results 

were obtained by Closset [55) who reported a 1-2% increase 

irl resistivity for unmodified A356 compared to a 8-9% for 

modified A356 after a solution treatment carried out at 

540°C for 8 hours. 

4. mSCUSSION 

As was mentioned in Chaptl'r 2, electrical conductivity changes upon 

heat treatmcnt l't'sult fl'om th(· two following microstructural 

changes which OCClll' at high tempcrature : 

- Dissolution of intermetallic compounds into the matrix which is 

due to the incrcase in solubility in the matrix with increasing 

temperature. This pI'OCl'SS proceeds until equilibrium composition 

at the treatment temperature is reached. The matrix becomes 

supcrsaturated at 1'00111 temperature after quenching in cold 

water. This phenomenon increm;es th'? impurity term of electrical 

resistivity, and consequcnt]y decreases the conductivity of the alloy 

[281. Mulazimoglu l53};71 has shown that dissolution is complete 

after :3 hours 

Spheroidization and coar~ening of eutectic silicon particles driven 

bya system tendcncy Lo reduce its interfacial energy. As silicon 

partide spheroidizc and com'sen, the interfacial are a between 

eutectic parlicles and the aluminum matrix decreases, 

Consequently. the ahilit.v of elpetrons to flow through the metal 

imprO\'C's, and tlw ovcrall conductivity of the alloy increases. 
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It has been established that the rate of spheroidization and 

coarsening is inversely proportional to the silicon particle size 

[56,57] ; fine fibrous silicon particles spheroidize raster than 

coarser plate-like silicon. Therefore, unmodified and modified 

alloys behave differently during solution treatment wilh regard to 

silicon morphology changes, and 150 do castings of different DAS 

whose microstructures are more or less refined. 

Figures 4.13 and 4.14 show the microstructures of Al-Si modified and 

unmodified alloys solidified nt different cooling rates 111 the as cast 

and T6 conditions. As seen, aftl'r the heat treatment, sphcroidizatioll 

is complete for the> modified alloy while elongatcd partic1es rcmain 

in the unmodified alloy of highcr DAS. Thus, microstructural 

changes being considcn .. d, the conductivity changes during hcat 

treatment may be explained as füllows. 
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4.1 UomodifiedAl-Sj aUoy 

At lower DAS, the high cooling rate produced by the chill 

yielded a partially supersaturatpd aluminum solid solution in 

the as cast state. Consequently, fewer atoms need to dissolve 

into the matrix for equilibrium composition at 540°C to he 

reaehed, and the dissolution process rapidly l'caches 

completion. The resulting conductivity deerease is therefore 

minor. Conversely, the rate of spheroidization is high sinee the 

as cast structure is fine (Fig 4.13 h), and the silicon particles 

spheroidizp completely. Hence, the increase in cnnductivity due 

to spheroidization and coarsening overcomcs the sm aIl 

decreasl' associated wi th dissolution, and the overall 

conductivity of the alloy increases as observed in Figure 4.8. 

With decreasing frcezing ratp, i.e. increasing DAS , the silicon 

particles become coarser (Fig. 4.13 b) whereas the degree of 

supersaturation of the matrix diminishes. Consequently, the 

rate of spheroidizat.ion drops while the diffusion process 

duration is longer during solution treatment. 80, the effect of 

dissolution progressively outweighs that of spheroidization, and 

conductivity drops below its as cast leve] (Figure 4.8). 

4.2 Modjfied Al-Si alloy 

At 15 !lm DAS, electrical conducttvity is unchangeà (Fig. 4.9) by 

solution treatment. Sinc(> dissolution in the almost saturated 

matrix is negligible, the tfansformation of fine silicon fibres 

into spheres is likely to have no effect on the conductivity of the 

alloy. Fibres and sphen~t> therefore have the same effect with 

respect to electron scattcring. 

• 
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With increasing DAS, the dissolution process intel&sifies and 

conduct.ivity progressively decreases since it is not affected by 

spheroidization. 

The invariabili ty of conductivity during artificial aging at 160°C 

is likely due to the non diffusion of silicon atoms in solid 

solution at this temperature as was mentioned before for the 

precipitation treat.ment. 

4.3 Unmodjfied A356 

As seen in F'igure 4.11, the eutectic structure of the unmodified 

A356 alloy i8 coarser than that of the unmodified synthetic one. 

Besides, conductivity measurements on as cast samples have 

shown that fully unmodificd alloys have a much lower 

conductivJty thall partially refined ones. Assuming that both 

structures have reached the same degree of spheroidization 

after solution treatment, electrical conductivity increase with 

spheroidizat.ion i8 cOllsequent.ly higher for A356 alloy than for 

synthetic. At highûl' DAS. spheroidization is not complete so 

that elongated silicon particles remain (Fig. 4.15) which impede 

the electron flow as do acicular plates. The effect of dissolution 

therefore prevails over that of spheroidization and the resulting 

electrical conductivity i8 lower than that in the as-cast state. 
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4.4 A356 modified alloy 

The mechanism proposed to account for the observed decrease 

in conductivity of synLhetic binary Al-Si alloys during heat 

treatment i8 a180 valid for A356 modified alloy. 

4.5 Influence of precipitation 

Conductlvlty docs not vary significanUy on artificial aging (Fig. 

4.10 & 4.1~) although a sÎ!;nificant increase would be expected 

l'rom theory. Mg Si precipitates are presumably very sma:\'} and 

finely dispersed, thu~ conductlvlty rcmams almost unchaJ1~ed. 

This hypothesHi 18 supported by the fact that the optimum 

mechanical propertw8, which is what heat treatment aims at 

achieving, are obtained when the lattice strain by G.P. zones lS 

a maximum, th8t i<.; when conductivity is the 10west. To validate 

this assumption. some A356 step castings in T6 conditions were 

fUl,ther treated at :WocC for 4 hours. The eddy current versus 

DAS plot obtained i5 shawn on Figure 4.16 with the other plots 

drawn previously It can he ohserved that the electrical 

conductivity has lI1creased from 4 to 9 units of eddy current, but 

that in counterpart, the curve i8 almo&t flat which indicates that 

the correlation between conductivity and DAS has disappeared. 

This pomts out thl' Importance of the artificIal aging on the 

conducti vi ty respon~e tn DAS changes which has to be precisely 

controlled. Unfortunately, in industnal practice, this level of 

precisIOn i8 hardly obtamed, and the conductivity method to 

predict DAS may become inoperative on T6 castings. 
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Influence ofovercutimt 

POtentialIndustrial APplicatioQ 

1: In the as cast condition, the determination of DAS by 

conductivity mcasurement 18 difficult because of the 

importance of the (>ffè>ct of clements in solutIOn on the 

electrical conductivity. In addition, the change In 

conductivity due to DAS, in the range of DAS covered, IS 

about the sa me ordcr as the difference of conduct.ivity 

between a chilled and an unchilled sample having thc same 

DAS. 

This method is applicable to unchilled castings, but, in 

industrial practice, the areas of a casting where high 

mechanical properties are rcquired, and therefore where 

knowing t.he DAS value is of interest for the metallurgist, 

are often heavily chilled. 

• 
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2 : This method is probahly he st used immediately after 

quenching the casting in water (T4 condition) when the 

electrical conductivity DAS relationship is linear. In this 

condition, the variation of electri::;a! conductivity with-DAS 

is 0.05 units of eddy eurrent per micron (Figure 4.12), and, 

sinee the aceuracy of the measurement is 2 units of eddy 

cUITent, the error on the DAS prediction is 15 microns. 

The accuracy of the method as presently configured is too 

low to consider its use in the foundry. However, if a new 

conductivity tester could be designed such that either the 

error on conductivity measurement would he reduced or the 

slope of the conductivity versus DAS curve increased, then 

the uncertainty on the DAS prediction could be reduced, and 

the method .nay gain interest for the foundryman. 

In the T4 condition, time might he a factor to control since 

conductivity evolves as G.P. zone formation progresses [53]. 

3: Although the electrical cOllductivity-DAS relationship is 

linear after artificial aging (T6 condition), the results 

ohtained after an overaging treatment (Figure 4.16) have 

shown that electrical conductivity greatly depends on the 

type of artificial aging performed. In foundry practice, 

different artificial aging treatments are carried out on 

castings depending on the mechanical properties sought. 

Using the electrical conductivity technique on T6 castings 

would imply that conductivity versus DAS calibration 

curves have first been established for each artificial aging. 
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1- As cast conductivity decreases with increasing DAS in the rangl' 30 

!lm to 50 !lm. This efl'ect is more pronounced for modified castings. 

2- At lower DAS values «30 !lm), achicvcd by tht' use of é:l chill. 

precipitation in the solid state bpcomes important and its efl'ect on 

electrical conductivity overcomes that of DAS. 

3- The higher condUCl1Vlty 1I1CI'l'a::-.(' on chi lied samplcs aftel" 

precipitatIOn treatment confirnwd the effect of supcr~aturation of Ull~ 

al Ul') j num Blat !"lX. 

4- Modification 18 a::-soclated with Cl conductlvlt.y increase. The result.s of 

the present study confirm tlw possibility of prcdictmg modification by 

electrical cond lIctIvi ty mea~urpnl(>n t 

5- After sol utiOJl treat ment, ('oncluet iVl ly versus DAS plots becollll' 

linear as a re~lllt of tJw hOll1ogemsatlOn of the alUIll1num matnx. 

But. the slopes of" the curve:-: are not important enough lo predict DAH 

with an accurac,v lowl')' than If)pm 

6- For heat tn'êltl'd unmodlfied alloY8, conductivity-DAS plots are 

affected by the differences in the dcg)'ce of spheroidisation of the 

eutectic silicon plates, 

7- Comparison of as cast and heat trpated conductivities showed that a 

change from fibrous to spheroidised silicon has no cfTect on electrical 

conductivity, 

8- PreCIpitatIOn dllring artificml aging lJH:reaSf!S electrical conductIvlty 

and its efr~ct 1S more important than that of DAS changes. The DAS 

measurernent technique lISlI1g electncal conductlvity i:, best used 

immediately after quenchmg ('1'4 condition). 
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