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ABSTRACT 

~~ AI-Si and AI-Si:Mg alloys containing up to 12.6 w). pct. silicon and 

1.0. wt. pct./rpagnesium w~[e\ prepared. The changes !n eleêtncal ~ 
'CbnductivitY/resist~' . y of thesetâlloys due to strontium additions have been 

investigated and xplained in 'terms of variations iA microstructure. The' " 
" , 

conductixity behaviour of strontium-contalnlng and strontium-fre~e a/f.oys 

was found to exhibit marked difference~, dependlng on the silicon and 

magnesium c~ntents and the rate of\olidificatlon. The' electncal 

conductivity of single phase al/oys contalnlng Jess than 1 60 wt. pct. 51 
~ , 

decreased with increasmg silicon and magnesium levels. However, strontium 

had no effect o~ the conductlvitY"'of these solid solution alloys since it do~s 
"not dissolve appreciably in the aluminum matrix or change the solrd 

so!~lity of silicon and magnesium ln alumlnum. Silicon preCipitation 

processes in the supersaturated sol/d solu'tlon al/oys of AI-Si and A1-SI-$r have 

been examined using the Johnson-Mehl-Avraml equatlon and found to be 

., isokinetic. Sv:ontium, however, retarded the growth rate- of silicon.' :1 
precipltates. ~trontium dld not affect the ·kine.tlCs of G.P. zone formation ln (. 

AI-Si-Mg al/oys but it suppressed the formation of stable Mg2S1 preClpltates 
p 

during subsequent aging at 175°C. Unllke the sangle phase al/oys, two phase 

AI-Si and AI-Si-Sr al/oys, in the range of 2.0 ta 12.6 wt. pct. .SI, exhlbited 

different electrical conductivity behavlour. The strontium'~contalnlng al/oys 1 

.,' showed a hlgher conductivity than al/oys with n6 strontium, and this 
'" . 

conductivity difference increased as the silicon and magnesium contents 

were increased and the solidification rate was decreased. It has been 

demonstrated that thiS' difference i,s due to changes in the silicon 

morphologY. EJectron scatte!'ing at the Interface between the alumlnum 

matnx and the eutectlc silicon phase contributes slgnificantly more to the 
, 

resistivity of unmodifled al/oySThan that of modifled al/oys. In addition, the 

'resistivity of directlonally solidified AI-Si al/oys, measured in .dlrectlOns 

paraI/el and perpendrcular to the silicon rods, revealed anisotropy and a 

marked dependence on the microstructural form of the eutectic silicon The 

soJutior: treatment of two-phase 4.J-Si and AI-Si-Mg alloys was dlvlded into 

three stages: precipitation of silicon and Mg2Si, dissolution of these 
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precipitates and spheroidization of the eutectic silicon phase. rt was fotJnd 
that the precipitation and spheroldization processesQlt in. an increase in 

conductivity while the dIssolution process decreasithe.côlnductivity of th,ese '" 

allo~s. " . .. ,. ~ __ 
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RESUME J... ' .. 
1 c • 

Des alpages,de fondene AI-Si et AI-Si-Mg contenant jusqu'à 12.6% en 

poids de Silicium et 1.0% en pOids de Magnésium ont été, préparés, Les 

variations de leur conductivité électrique/résistivité, dues aux additions de 

Strontium, ont été étudiées et expliquées en termes de changements 

mlCrostructuraux. Les comportements en conductivité électrique des a"la~es 

avec ou sans Strontium ont été trouvés présentant des différences marquées, 
1 

selon la teneur en Si et Mg et la vitesse de solidification, La conductivité des 

allIages à une seule phase contenant moi'1s que 1.6% en pOIds de SI dlmmue 

avec dès teneurs croissantes en SI et Mg. Cependant, le Strontium n'a ~as 

d'effet sur ces alliages de solution solide, étant donné qu'JI ne se dissout pas 

de façoll appréciable dans la matrice d'Alumrnium, ou qu'JI ne charge pas la 
;m 

solubilité solide du SilICium et,du Magnésium dans l'Aluminium Les 

processutde préc1/pltatJon du SilICIum dans les alliages d/ solution solide 

supersaturée AI-SI et AI-Si-Sr, ont été examinés en utl~lsant l'éq uatlon 

Johnson-Mehl-Avrami et ont été trouvés être isocinétiqu~. Le Strontium, 

cependant, n'a pas affecté les C1nétique~e formation de la zone G.P dans 
l) 

les alliages ÀI-Si-Mg mais a supprimé la formation des préCIpités stables 

Mg2Si lors du VIeIllissement ultérreur à 175°C. Contrairement aux alliages à , 

une phase, les alliages à deux Pthases AI-SI et AI-SI-Sr (dans la gamme 2 a à 
'" 12.6% en pOids de Si), ont présenté d~s compooements différents pour la 

conductivité électrique. La conductivité des alliages contenant du Strontium 
, 1· 

est plus élevée que celle obtenue pour les alliages sans Strontium, cette 

différence en conductIvIté croît lorsque I~s teneurs eh S, ~t Mg sont 

augmentées et lorsque la vitesse de solidification est dimrnuée Il a été 
" , 

démontré que cette différence est due' aux changements de la morphologie 

du Silicium. La diffusion électronique à l'l,nterface entre la matrICe 

d'Aluminium et la phasEP de Silicium eutectIque contrrbue de façon plus 

significative à la r~sistJvlté des alliages non modifiés qu'à celle des al/lages 

modifiés. De plus, la réSistivité des alliages AI-SI solidifiés 

directionnellement, mesurée dans des directions parallèles et 

perpendiculaires aux bâtonnets de Silicium a révèlé l'anisotropie et une 

dépendance très marquée de la forme rhicrostructurale du SilIcium 
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" eutectique. Le traitement de mise en solution des alliages à deux ph-,ases AI-

Si et AI-Si-Mg a été divisé en trqls .étapes: I3récipitation du SiliCium et. de 

Mg2SI, dissolution dè ces précipités et sphéroidisation de la phase de Silicium 
l ' 

eutectique. Il a été constaté que les proC:èssus ,de précipitation et de 

sphéroidlsat'Pon entraJn~nt une augmentation de.la cO,nductivlté tandis~ q'ue 

le processus de dlsso/uhon diminue la conductivité de ces alliages. 
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OZET 

12-;6- orantna kadar silisyum ve 1.0 ora(lIna kadar r:nagnezyum içeren 

dë~me AI-Si ve AI-SI-Mg ala~lman hazlrlandl. Strontlyum i.laveslnd~m oturu, 

btl ala~lmlann elektriksel geçirgenliklenndeki de~j~imler Incelenip, 

mikroyapldaki farkhhklar açlsmdan izah edlldi. Strontiyum ihtiva eden~ ve 

etmeyen ala~Jmlann, içerdikleri silisyum ve magnezyum oranma ve de 

katlla~ma hlzlna baglJ olarak farkll elektrik,sel geçirgenlik ëzelliklen 

gësterdikleri Izlenml~tir. 1.6 oramndan az silisyum ihtiva eden tek fazll 

ala~lmlann elektri~sel -geçirgenliklen silisyum ve magnezyum miktarlarmm 

artmasi ile azalml~lr. Bununla beraber, strontiyum'un bu tek fazh ala~lmlann 

geçirgenligine bir etkisi olmaml~tlr. Çünku, strontlyum katl aluminyum . 

içersinde ç6zülmemi~, ve de silisyum ve magnezyum'un çozunme 
• 

mikt~rlannlda degi~tirmemi~tir. Fazlaslyla doymu~ AI~Si ve AI-SI-Sr katl . 
ala~lmlanndaki silisyum çbkelmesi Johnson-Mehl-Avraml forr:nulu lIe_/ 

incelenmi~ ve kinetiksel olarak aynl oldugu bulunmu~tur. Fakat, çokulmu~ 

olan silisyum partlküllerinin büyüme hizi AI-Si-Sr ala~lmlannda strontlyum 
1 • 

taraf(ndan yava~IatlllT,,~tlr. ..,Strontlyum'un AI-Si-Mg ala~lmlannda gozlenen 

G.P. bôlgelerinin olu~umunun kinetiginl etkilemedigi fakat daha sonra 

175°C' deki yapay ya~landlrma i~lemi slrasmda, kararh M92Si partlkullen nm 

olu~umunu engelledlgi gozlenmi~tir. Tek fazh ala~lmlardan farkh olara.k, Ikl 

fazh (2 ile 12.6 oranlnda slhsyum içeren) AI-Si ve AI-Si-Sr aJa~lmlan farkll 

elektriksel'geçirgenllk ozellikleri gëstermi~lerdir. Strontiyum lçeren, 

ala~lmlar Sr-içermeyen ala~lmrardan daha tazla elektnksel geçirgenlige sahlP 

olduklan g6zlenmi~, ve bu farkllllgin silisy-um ve magnezyum miktarlan 

arttlrlldlkça, ve de katlla~ma hlzlnln dü~ürülmesi Ile artlgl bulunmu~tur. Aytyl a 

bu farkhhgm otektlk sllisyum fazlnm ~eklil1deki degl~lkliklerden kaynaklan Igl 

Isbat edilmi~tlr. Elektron yanslmasl modife edilmemi~ ala~lmlarda elekt 

dirençini modife edllmi~ ala~lmlara klyasla daha fazla artlrmaktadlr Bunun 

dl~lnda, yënlu katlla~tlnlml~ AI-Si ala~lmlannln elektnksel direnç~n sllisyum 

fazma pa ralel ve dik olarak 6lçülm'ü ~tur.< Elektriksel d iren ç ya plsa 1 

yënlenmeye ve sillsyum mikroyaplslna baghhk g6stermi~tlr. Iki fazll AI-SI ve 

AI-SI-Mg ala~lmlannln solusyon i~lemieri üç a~amaya b6Iünmü~tur: SlIlsyum 

ve .M92S'i çôkelmesi; bu b"e~iklerin tekrar ç6zünmesi; ve 6tektlk slllsyum 

fazlnln kürele~mesi. Çôkelme ve kürele~me i~Iemleri elektriksel ge~irgen IIgi 

arttJrdlgl, blle~iklerin tekrar ç6zünmesi ise geç,irgenligi azalttlgl bulunmu~tur 
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CHAPTER 1 

INTRODUCTION .. 

1.1 Aluminum-Silicon Casting Alloys 

The commercial Importance of AI-Si alloys results from their excellent 

castability, corrosion reslstance, machlnability, weldabllity, IIght welght and 

d pressure tlghtness. Alumlnum-sllicon alloys can be cast into very complex 

shapes wlth close tolerances by virtually ail casting processes because of thelr 

excellent casting characteristlcs such as hlgh flUldity and reslstance to hot 

cracking. 

" 

The AI-Si blnary system forms a simple eutectlc ~t 577°( a:ld 12.6 wt. 

pet. Si between aluminum contalnmg a maximum of 1 62 wt. pct. SI ln solld 

solution and nearly pure silicon' as shown in Figure 1.1. Accordmg to thelr 

silicon content AI-Si casting alloys can be classlfied Into three groups: 

a) Hypoeuteetlc alloys (2 to 10 wt. pet. SI) 

b) Near-eutectlc alloys (10 to 13 wt. pct. SI) 

c) Hypereutectlc alloys (13 to 25 wt. pet. SI) 

1.1.1 Hypoeuteetic and Near-Eutectlc Alloys c 
'1 

~ 

Although the silicon content in these groups of alloys can be as low as-2 

wt. pet. Si, commercially Important alloys contain hlgher than 5 wt pct. S .. 

The chemlcal composition of some of the common alloys and the methods 

whereby'they are cast are glven Ih"Table 1.12. 

Small amounts of magneslum (0.2 to 1.5 wt. pet.) and eopper (4 wt pet. 

max.) are added to AI-Si casting alloys sueh as A356, A357 a~d A413 ln order~ 

to enRance thelr response to heat treatment. Vanous heat treatment 
"-

procedures of these alloys provlde a wlde range of improved mechanical and 

physieal properties, and consequently they have foun? extensive use ln a 

variety of applications in aircraft, automobiles and mliitary eqUipment. 

1 
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Table 1.1 Chemical Composition of Comman Hypoeutectic 

and Near-Eutectic AI-Si Alloys (2) 

Aluminum 
Assoc. No. 

Si 

319.0 6.0 

A319.0" 6.0 

333.0 9.0 

A333.0 9.0 

A335.0 5.0 

C335.0 5.0 

356.0 70 

A356.0 7.0 

357.0 7.0 

A357.0 70 

380.0 8.5 

A380.0 85 

413.0 ~ 12.0 

A413.0 12.0 

444.0 5.25 

A444.0 5.25 

t S - Sand Casting 
P - Permanent Mould 
D - Die Casting 

".,..,.. 

Element (wt. pet.)' 

, 
Fe Cu Mg Zn other 

<1.0 3.5 <0.10 < 1.0 -

<1.2 3.5 0.3 < 1.0 -

<1.0 3.5 0.3 ' <1.0 -

<; 1.0 3.5 0.3 3.0 ," 

<0.09 1.25 0.5 <0.05 ...,.. 

<0.20 1.25 0.5 <0.10 -

<0.60. <0.25 0.35 <0.35 -

<0.20 <0.20 0.35 <0.10 --

<;;0.20 <0.20 0.55 <0.10 -
• 

<0.09 <0.05 055 <0.05 0.05Be 

<2.0 3.5 <0.10 3.0 -

<1.3 3.5 <0.10 3.0 -

<2.0 1.0 <0.10 - -

<1.3 1.0 <0.10 - -
<0.6 <0.25 <0.10 <:0.35 -

<0.20 <0.10 <0.05 <0.10 -

l \ 

3 

Casting 
Pro cess', 

S,P 

P 

S,P 

S,P 

S,P 

0 

0 

ü 

~P 
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The eute '~ilicon in cast hypoeutectic and eutectic alloys appears a's . . 
r large, bnttle, aClcular flakes and plates which are undesirabl,e as they lead to 

a substantial reductlon of strength and elongatlon of the castmgs. 

Modification of the eutectic silicon alters the silicon morphology from 

acicular to fine flbrous, as IIlustrated in Figure 1.2. This mlCrostructural 

change results- ln a noticeable Improvement in strength, àhd a significant 
" 

Increase in elongatlon.3-Jo Table 1.2 outlines the effect of,l!;modification on 
,,' -1 ~ 

the mechanical propertles of several .A:I-SI casting a"oys. 

EutectlC sIlicon mod iflcatlO(l IS ach ieved by rapld solidification or 

addition of a suitable modifymg agent such as sodium, strontium or 

antlmony The theory of t/tle modification process will be dlscussed 10 the 

second chapter of thls thesls. 

1.1.2 Hypereutectlc Alloys 

- This group 'of AI-SI arf~ys p;ovides a comp,natlon of outstanding wear 

. resistance and lower thermal expansion ·e~hCi.ent. One of th;e most ... ~' ' 
popular hypereutectlc alloys, alloy 390 (17 .wt..'pct. S~, 1.5 wt. pet. Cu, 0.5 wt. 

, pet. Mg) has been suecessfu"y used to produce a"-alunlmum engine blocks 

for replacement of eonventlonal cast Iron blocks. It 15 also employed 
-1 

extenslvely ln automobile eomponents such as pistons and cylmder Imers. fn 

addition to 390, alloy 393 (22 wt. pet. Si, 2.3 wt. pct. Ni, 1.3 wt. pct. Cu, 1 wt. 

pet. Mg, 0.1 ,wt. pet. Va) has been developed speclflCally for high 

temperature applICations (e.g. mternal eombllstlon engine pistons). 

. The presence .of hard prlmary silICon ln the structure of cast , 
hyper~uteetlc alloys makes the casting extremely difficult and expeflsive to 

mac~ine However, a small phosphorous addition (-0.01 wt. pet.) produces 

finer and more evenly distnbuted primary silicon cryshals, and hence 

enhances the machmabllitY',wear resistance a~d mechamcal propertles. 11 - 14 

1 
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Figure 1.2 Typical as-cast microstructure of hypoeutectlc AI-Si alJoys. 
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Table 1.2 Effect of Modification on the Mechanical Properties 
of Sand-Càst AI-Si Alloys 

Alloy No. and 
Y.S. UTS % Modification (0.2%) Ref. Temp'ert MPa MPà Elongation 

, " 

A356.0T6 None 165 230 3.5 6 

A3560T6 Sb-Modo - 270 6.0 7 

(~ 
A3560T6 Sr·Mod. 208 285 12.0 8 

-
1 A4130 None 112 137 2.0 9 

( 

A4130 Sr-Modo 124 181 120 9 

13% SI None - 124 2.0 10 
Q 

13% SI Nà-Mod. - 193 13.0 10 

t T6; Solution heat treated and artlficially aged 

" " 

( 
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1.2 Characterization of the Degree of Modification 

The mechanical and physical propertles of a casting are the direct result 

of the microstructure. For AI-Si castings, the level of modification obtaaned IS 

an Important parameter which determlnes the propertles, and hence the 

quality of the end products. Therefore, a process control technique st1Quld 

be employed in th.e foundry to m~nitor the modiflc~tion potentlal of the 

, molten metal before casting, and ta determane the degree of modification an 

castings. 

ln recent yeats, considerable Interest has been shawn ln the 

, development "'of such a technique ta characterrze eutectlC silicon 

modification, mainly because aluminum castang producers are faced wlth 

increasing demands for higher quality products. Some of the techniques 

which have been proposed Will be briefly reviewed an followrng sections. 

1.2.1 Chemlcal Analysl~ Technique 

ln order ta ensure a good modification ther>preCise control of melt 

chemistry, espeCially modifier level, IS essentlal. Rapld chemical analysls 

techniques such as emlSSlon spectrometry evaluate the concentration of 
r' 

modifier~ in the molten metal prior to castang. However, the degree of 

modification in a castang depends not only on the level of modifier but also 

on the solidification rate and holding time of the melt after the addition IS 

made. Furthermore, some minor elements ln the melt may Inhlblt the 

effectlvenes~ of the modifier. This IS especlally-<true of phosphorous whl,ch 
'" shou)d be controlled at levels of less than 5 ppm 15- 17 ,_ but whose 1.-

concentration cannot be precisely determrned b,y spectrometry. The 

chemlcal analysls of the molten metal alone IS, therefore, not a guaranteed 

mefhod for measurrng the degree of modification. 

,1.2.2 Metallography 

The mlcrostructural change of eutectlc silicon wtth mod Iflcatlon can be 
f_ 

followed by opj:lcal mlcroscopy. Recently, a series of standa,rd 

1 .JI 
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photo~icrographs whlch IIlustraté the dlfferent levels of silicon modification 

in hypoeutectic AI-SI casting alloys have been published fOJ quick 

mlcros.tructural companson. 18 However, the majo!,drawback of 

metallography is the tlme consummg sample preparation. 

If it IS performed to check the quality of the melt prior to castmg-, the . 

melt must be held a longer penod of time and fading of modifying agents, 

partlcularly sodium, can occur. Furthermore, metallographic examinatlon of 

the castmgs themselves IS not usually desirable because destruction of t'PIe 
, , 

castings may be reqUired. 

1.2.3 Thermal Analysls Techniques 

Recently, the use of thermal analysis to control the molten metal 
<' 

quality in aluminum castings has increased considerably.19-23 This technique 

Involves obtalnlng th.e cooling curve of a sample'of the melt as It solidifies ln 

a sand mould. Figure 1.3 shows the cooling curves for an unmodlfied and a 

rnodified hypoeutectlc AI-SI alloy.19 Modification increases the degree of 

undercooling (6.TN) pnor to 'eutectic phase nucleatlon and depresses the 

euteCtlc growth temperature TE. The degree of depresslon of the eutectlc 

temperature, 6.TE, can be related to the level of modification. lA larger ÂTE 
• 

and LlTN are indicative of a better modificatlon. 19,20, If the measured LlTE is 

not suffiCiently hlgh (e.g. < S.soC for A3S6 alloy20), then the chemistry of the 
~ 0 

melt must be corrected by adding more modifier before pouring. 

" A thermal analysls technique based on a rapid data acquisition system 

uSlng ,a microprocessor has been developed for the foundry 

envlronment.21 - 23 However, the main dlsadvantage of this technique is that 

it 15 limlted to testmg the melt p,rior to casting only .. Therefore, an additlonal 

npn-destructlve tecru~\lque is required to assess the degree of modification ln 

the castmg after corrlplete solidification. It has' also been reported that 

several ether minor elements present in the melt, such as Mg, Cu, Zn,- Mn and 

NI, reduce the eutectic growth temperature appreclably.20,2?,24 Hence a 

small change ln the chemlstry of the melt may mask the effect of a modifier . . . 
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on the cooling curves. This can result ln a false Interpretation of the 

m~dification poten'~lal of the melt. 

1.2.4 Electncal Resistivity/Conductivity Measurement 

It has bee~own that electrical reslstivity22.25 and conductlvity26 

. measurements ean be used to control the melt quallty prior to pounng and 

also to measure the degree of modifICation ln castings (i.e. as a non') 

destructive test) 

As shown m ~ure 1.422 the electncal resistlvity of hypoeutectlc AI-SI 
~ . 

casting alloys decreases by abou~ 5-10 percent wh en strontium is added to 

these alloys.22.25pThe magnitude of this decrease in resistlvlty can be related 

to the concentration of strontium. The addition of strontium to alloy A356 

ln amounts equivalent to those used for modification (Le. up to 0.03 wt. pct. 

Sr) r.educes the electncal r'eslstlvlty by 8 percent. 

, 
A simple resistlvity measurement technique Involves the measurement 

of the voltage drop across a sample when a éonstant direct current IS passed 

through the sample, with subsequent conversion of voltage drop to 

reslstivity. On the other hand, measurement of conductlvlty, the reclprocal 

of reslstivlty, usmg an electncal conductlvity meter I~ a qUJcker and simpler 

method whlCh is easlly adapted to foundry conditions. QUite senSitive, as 

weil as temperature compensated devices which measure the conductivitl-by 

eddy current techniques are avallable. 

ln order to control the melt quallty wlth thls method, two samples of 

the melt, the first one taken prior to the addition of the modifier and the 

second one a.fter complete dissolution of the modifier, are cast mto an 

appropriate mO,uld, and their reslstlvlty/conductlvity measured at room 

temperature. The dlfference between the two measu~enients WIll 

determine whether a fully modifled structure has been obtamed. The same 
1 

method can also be applied non-destructively to castings to evaluate the 

modification level, particularly in heavy sections and riser connections where 

the SOlidIfICation rate IS slower and modification is more difflcult. 

> 
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1.3 Cble.ctive of the Present Studv 

The contmumg Increase m demand for higher quality and/or consistant 

quality AI-Si c;a~~ components required by the automotive, aerospace and 

defense in~ustrie's, necessitates -a search for better non-destructive testing 

methods for the determin~tion of the eutectic silicon structure. The 

electncal resistivity/conductivlty measurement technique is promlsmg and 
1 _ 

has certam advantages over other techniques mentioned previously slnce It 
1 

IS quick and readily adaptable to the foundry environment. 

As dlscussed earlier, th)e electrical 'teslstlvity of AI-SI alloys decreases 

wlth Increasing modifier content; however, the reasons for thls reslstlvity 

variation are not fully understood. A major question which still has to be 

answered IS whether the observed decreas~ in resistivity after the strontll.Jm 

addition IS due ta the change in the silicon màrphology from aClcular ta 

flbrous or to the change m reslstivity of the aluminum matnx phase resultlng 

from the presence of strontium. Furthermore, a clearer understanding of 

how'the vartous microstructural forms of the eutectlc silicon affect resistivlty 

IS essentlal before electncal reslstlvlty/conduc~,vlty can be wldely used as a 

non-destructive testlng method. 

The main objective of the present invesltgatlOn IS ta address the above 

questions and to provlde a better understandmg of the electncal resistlvity 

behavlour of AI-Si alloys dunng mlcrostuctural modification and heat 

treatment. The experimental work involved studylng the resistivlty of both 

SOlld-solutlon and two-phase AI-Si and AI-Si-Mg alloys. In addition, a senes 

of directionally solidified binary eutectlc alloys was produced ln arder ta 

.. dete~mine the effect of SIlicon shape on reslstlvlty. 

() 

/ 

) , 
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CHAPTER 2 

THEORETICAL BACKGROUND AND LlTERATURE REVIEW 

Since this is a study related to the modificatiorl' of AI-Si alloys, a bnef 

summary of the theory of modification will be presented mitially. The 

theories concerning the electncal resistivlty of metals and alloys will be 
; 

discussed later, together with a review of literature on the application of 

electrical resistivity in phYSIC31 metallurgy. 

2.1 Modification of Eutectic Silicon 

There are several commonly observed microstructures in eutectlC alloys 

such as lamellar, roét-like (flbrous), and Irregular flakes and plates. 27,28 ln 

the technical literature the terri1 "modification" IS used to describe a 

transition ln the eutectlc structure from one form to another ln the AI-SI 

v' system thls transition is from aClcular flakes (Irregular) to flbrous rods As 

mentioned earller, such a change can be obtained by solidification at a very 

hlgh rate or by the addition of sodium or strontium. 

A fast SOlidification rate provldes a large tindercoolmg (1 0-12°C) pnar 

ta the nucleation of eutectlC' phases and a short grawth tlme for the 

nucleated silicon particles. Consequently, the final eutectlc st~cture is 

fibrous. 10,29-31 Such a fine structure has been abserved ln test castmgs 

solidified at rates of 400 to 500 llm/sec. 10 ,29-32 ln foundry practlCe, 

solidification rates are in the range of 1-10 }lm/sec30, and It is rarely feaslble 

to produce the rapld solidification rate needed to obtam a fully modlfled 

structure. Therefore, addlng a modifier to the melt before casting to 

produce a fibrous as-cast structure IS common foundry practlCe. The most 

widely accepted modification theory suggests that mod.fymg elements alter: 

both the nucleation and growth kmetlcs of the eutectlC silicon phase. 

. . 
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2.1.1 Nucleation of Eutectic Silicon 

It is weil known that the klnetlcs of solid phase nucleation in a liquid 

depend on the type and amount of impunties present. Crosley and 

Mondolf033 have shown that ln AI-Si alloys, the nucleation of silicon IS 

controlled by aluminum phosphide (~IP). Slnce AIP has a crystal structure 

very close to that of silicon, it acts as an effective nucleant.34,35 

~, Commercial purity AI-Si alloys contarn sufflcient amounts of 

phosphorous to provlde an abundance of AIP partlcles ln the melt. Thi~ 
favourable condition results~in the nucleatlon of eutectic silicon at small 

undercoollngs « 2°C), and the formation of coarse aClcular SIlicon flakes. 33 

ln a modlfied alloy, the modifier neùtralizes the AIP particles leading to 

~'(- fewer effective nuclel,' and hence the eutectlc silicon nucleates relatively 

qUickly and at larger undercoolings (>3°C).33 

, 
More recently, quenchlng expenments camed out by Flood et al.36 and 

Hanna et al.37 have revealed that the nucleatlon of silicon from the bulk 

11quld does not occur ln modlfled samples due to the presence of a 

nucleatlon barrier, although It does to some extent ln unmodifled samples. 
t 
\, 

If the change ln nucleatlon kinetlcs was the only mechanlsm Involved ln 

the modification process only reflnement of the silicon crystals would be 

observed, but not the alteration ln the shape of the crystals. Therefore, 

modifying agents must also Influence the growth klnetics of the nuclea~ed 

Silicon partlcles during the eutectlc phase transformation 

2.1.2 Growth of Eutectic Silicon 

The growth of the eutectlC phases may follow two general 

patterns38,39 : 

i) uncoupled growth; one phase grows Into the liqUid weil in advance 

'of the other. Such growth is charactenzed by a non-planar, non­

isothermal solid-liquid interface, 

o 
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~ -
ii) coupled growt1i\ two phases grow tnto,the liquid at a common 

interface whtch is nearly planar and isothermal. 

Uncoupled growth leads to a flake or piate-like structure, whereas cou pied 

growth usually results ln the formation of elther a lamellar or fibrous 

structure.38,39 

It ha~ been shown that the growth of the unmodlfied eutectlç occurs by 

solidification with a non-planar, non-Isothermal solld-liqUiOq mterface as seen 

in Figure 2.1 a.28,36,39,40 ln the modifled structure, however, the SOlld-llq uld 
, 

interface is planar and Isothermal (fig. 2.1 b) thus the growth of the eutectlc . 

IS coupled. 28,36,39-41 Su ch a change ln growth. patterns IS clearly an 

Important aspect of the mechanlsm of modification. çf 

Another slgnlfleant effect of modlflers IS to change the growth ktnetlcs 

of the silicon cry~tals. In an unmodlfled AI-SI alloy, SIlicon flakes grow, 

anlsotropic~lIy on {111} habit planes by the twm plane re-entnant edge 

(TPRE) mechanlsm.28,30,41-43 When a modlher IS present ln the melt, these 

preferred sites for SIlicon crystal growth are pOlsoned by selective adsorption 

of modlfylng elements onto the surface of the habit planes This results ln 

growth whlch IS klnetlcally restricted ln many directions (I.e more Isotropie 

growth), and ln the appearance of a fibrous silicon structure.28,41-43 

2.2 Theones of Electncal Reslstivlty 

./ 

, One of the most Important characteristlcs of metals IS thelr ability ta l' 
l>... 

readily condiJct electricity due to the presence of a large number of free 

electrons. In thls section, several theones dealing wlth the electncal 

resistivity of metals will be reviewed bnefly . 

. /) 
The early theory, called the free-eled;bn theory, was developed by 

Drude and Lorentz in the èarly 1900'S.44 ThiS theory suggests that electrons 

detached from atoms transferred the electric current u nder an ~ppl led 

electric field, and their coillslons wlth atoms ln the lattlce caused the 

observed resistance ta thls current flow. 

~ \ 

\~-----------------------
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Figure 2.1 The solid-hqUld interface in AI-Si eutectic alloys328) 
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ln 1928 Sommerfeld45 developed the Fermi quantum mechanical view 

of free-electron,s based on Pauli's exclusion principle. Free-electron theory' 
" assumes that ail of the free electrons move under the Influence of an electric 

field. Quantum mechanits, however, Indicates that only speciflc electrons 

which are near the Fe'rmi surface can particlpate in conduction and, thus, in 

the scattering (I.e. collision) process. 

~A later Improvement to the quantum mechanlCs uheory made ·by 

810ch46 was that the electrons should be consldered as movlng ln an 

electro~tatlc field resulting from atomic vibrations. These overall vibrations, 

'known as phonons, cause scattering of electrons to a certain extef't 

depending bn temperature,1and they are the origin ofthe larg,e t~~perature 
dependent part of resistivity. 

ln quantum mechanlcal theory, resistivity is expressed as 
, 

mVF 1 Ne2 l 
p= -'- and 0= -=--

Ne2 [ p mVF 

where p::= électrical resistivity 
cr = electrical conductlvlty 
m = mass of an electron 
e = charge of an electron .. -
VF = velocity of the electrons ~t the FermI level 
N = the number of electrons at the Fèrml level 
l = the mean free path of the électrons 

(2.1 ) 

:: '; 

'~quation 2.,1 suggests th\at the conductlvlty of a solld IS a functlon of 

th~ population of electrons near the Fermi level and on the mean free path 

of 'the electrons. Met,als which have partlally filled or overlapped valence 

bands, such as copper, aluml~um and sl~ver, exhlblt hlgh conductlvity due to 

the high denslty of electrons near th~Jermi level. In addition, for a glven 

metal, the changes in res!stivity must arise from changes ln the mean free 

path, slnce the other parameters are constant. , 

( 

, 
" 
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As noted previously, the mean free p~th of electrons lis IJmited"'by the 

process of electron scatten ng which can be divided into two components; i) 

thermal scattenng, and li) impurity scattering. Since thelr effects are 

addrtlve47-50, the total mean free pathl-IT, due to both thermal and impurity . , 
, scatteri ng may be éxpressed as; 

111 -=-+-
lT lth 10 

. 
where lt = thermal component of the mean free path 

10 - ilTlPurity component of the mean free pa th 

(2.2) 

• 

Substltutlng Ir into Equation 2.1 gives a relations known as Mathiessens's 

Rule; 

where Pth = thermal component of resistivlty 
Po = impunty component of resistivity '. 

• (2.3) 

ln the followrng s~ctions, the discussion will focus on the effect of each 

component on thé reslstlvlty of metals, with particular emphasls on 
" -

aluminum: 

1 2j.? !hermal Component of Res~stlvity 
1 

. This component of electnJal resistivlty~ also called ideal or' lattlCe 

resistivity, arises from the rntera1ion between moving electrons and atomic 

vibrations (i.e. phonons). Since t~e amplitude of atomlc vibrations increases 

with incre'asing temperature, thp_ probability of an electron collision with 

atoms in the lattice increases ani hence 50 does the resistiv:ty. 

It has been found that t e reslstivity of most metals IS Ilnear with 

temperature near and above oom temperature ~nd proportional to TS at 
ï low temperatures.47-49 ,SO-5 Therefore, Pth of a metal near room 



te~peratu re may be "iWtpressed as; 

where a = proportionality coefficient 
T = absolute temperature 

r 
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(2.4) 

Figure 2.2~3 glves the electncal resÎstivlty of pure alumlnum as a 

function of temperature. Between 273 and 573K, the temperature 

dependence of resistlvity of alumlnum IS approxlmately Ilnear with a 

coefficient of 0.00113 llQcmK-l 44,5A, and at low temperatures «20K), It 

becomes proportu;mal to (T2 + TS}.S3-S6 ~ 

2.2.2 Impunty Component of Resistivity 

, This component, known as the resldual reslstlvity {Po}, is the result of 

the scattering of conduction electrons by Impunty atoms and other 

imperfections present ln the crystal structure, such as dislocations, vacancles 

and gram boundanes. Po can be measured quite accurately at low 
~ \ 

" temperatures (4 2K ln practlce), slnce It IS temperature Independent and Pth 

is negliglple at thls temperature. 
\ 

"-
Each Impunty atom causes a distortion ln the lattlCe due to ItS dlfferent 

Size and valence. This results ln the conduction electrons belng scattered and 

thus an Increase in reslstivity. For very dilute metals, the 'tesldual resistivlty IS 

proportional to the -concentration of Impunties47-SO and can be eXf?ressed 
~ 

as; 

mVF XI 
p=-

o Ni a 

where Xi = atomic fraction of impuritles 
a = interatomic distance 

(2.5) 
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The electrical reslstivity of a given metal at a corfstant temperature 

increases as the denslty of defects increases49,Sl,57 due to the tact tha~ 

electrons are scattered at these defects. Ii IS weil estabhshed that vacancies, 

interstitials, dislocations, grain boundanes, stackmg faults, as weil as phase 

boundaries ail contnbute to the electrical reslstlvity of metals and alloys 

Their effects on the residual reslstivlty of aluminum are summanzed ln Table 
2.1.54,58-67 

2.3 Reslstlvity of Alloys 

The electncal resistivity behaviour of an alloy IS generally 

distmgUlshable from that of a pure metal by the dlmlnlshed Importance of 

, the thermal component 91 reslstlvlty, slnce the residual reslstivlty com-ponent 
j 

becomes the predommant factor. The effect of alloymg elements on 
"' resistivity depends on their type, concentration, and how they are present 

within the matnx of the host me~1 (i.e. whetherthey ar~ ln solld solution or 

not). " . \ 

2.3.1 Solld Solutions 

The reslstlvlty of very dilute solid solutions 1 glven by Equation 2 5; 

however, most common metals contain alloy elements at levels beyond the 

validity of this relation. In general, the electncal reslstlvfty of a metal IS 

increased by the presence of alloylng atoms in solid solution. This Increase ln 

residual resistivity IS given by Nordheim's Rule.68 

(2.G) 

where X = atomlc fraction of the solute element 1 

A = a constant which depends on the dlfference. In valence and 
atomic size between the solute and solvent elements -

• 1 
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Type of 
Defect 

VacanCles 

~ 
Dislocations 

Grain 
. Boundaries 

5tacking 
Faults 

~----

-------" 

-----..~ 

" 
""-./ 
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Table 2.1 The Effect of Vanous Types of Lattice Defects on the 
Electrical Resistivity of Pure Aluminum 

Typical Contnbution to 
Reslstlvity of Defect Concentration or Reslstivity of AI' 

Denslty of Defect \ (pQ cm) 
\ 

- 10- 11 at. % as ) -10-11 
Pv = (2.6 ± 0.5) 

~ 
annealed 

pD cm/at.% 
0.01-0.1 at.% as 0.03-0.3 

quenched 

1 06lmes/cm2 as 3xl0- 7 

Pd = (3 ± 1) X 10 - 13 
annealed 

pQcm3 10'1-1012Iines/cm2 
as co,htworked 0.03-0.3 

1 

Pgb = (1.5 ± 1) x 10 - 6 100-.---300 cm - 1 as -2x10- 4 
pQcm2 annealed 

Psf = (4 ± 1) X 10 - 7 50-500 cm - 1 as -10-4 
pDcm2 annealed 

~ 1 

-# 

RefEj rence 
-./ -

/ 
~ 

61-65 

• 65-67 

54,6& 

~ , i 

1 

\ 

N 
N 
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If m~re t~~é e~ement is dlssolved ln solrd solution thel r eHects are 
additi,ve47 ,49,6',69, i.e. 

Ap ::;: " A X (1 - x ) o ~ 1 1 1 

(2.7) 

The increase in the residual reslsti,vlty that occurs due to valence . . 
differences between the solute and the-solvent atoms was first established 

by Norbury70. This effect was later Investlgated by Llnde 71 for several bmary 

alloy systems. He showed that for a given quantlty of solute, the change in 

resistlvity can be correlated wlth the difference ln valency between the two 
~ elements, according to the relatlonshlp; 

~.-...,... 

where a = constant 
b = constant 

2 Ap =a+b (Al) 
o 

\.J', 
IlZ = difference ln valence 

(2.8) 

This relation was confrmed by Robinson and Dorn72 for alummum 

solJd solution alloys at 20 0 e They also found that the calculated values from 

Equation 2.8 fit the experrmental data better If ZAI IS assumed to be 2 5 

instead of 2. Table 2 253,54,61,73-75 outlines the avarlable data on the effect . 
of some common alloying elements on the reslstlvlty of alumlnum together 

wlth thelr maximum solublllties, and the ratio of thelr atomlc radll to that of 

aluminum. 

2.3.2 AIIOYIn~\lements out of Solution 

The resistlvlty of super-saturated solid solution al/oys generally 

decreases wh en precipitation of the alloying elements occurs. Thrs takes 

place because solvent atoms ln sofld solution scatter electrons much more 

effectively than when they are out of solutlon. 61 ,76-78 ln some cases, 

however, an mitlal increase m resistlvlty IS observed dunng the pTecipltatlOn 

process. This behavlour is particularly common in certain alummum al/oys. It 
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Table 2.2 The Effect of Metallic Solutes on the Resisltivity " 
of Pure Aluminum : 

Element rE/rAI * Solubilltr* 
(at. % 

6.p*** 
(}lQ cm/at. % E) 

Ag 1.01 24 1.0 

Cr 0.984 0.38 
l 

8.4 

Cu - 0.898 2.4 0.83 , 

Fe 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 A' 

SI 0.978 1.6 1 0.72 

Ti 1.02 0.14 5.? 
Zn 0.972 66 0.23 

ratio of atomic radius of element to that of aluminum 
maximum salld solubliity of element in alu{Tlinum 
the resistlvity increment per atomlc percent of element 
dissalved ln alumënum 

'6. 
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has been shown that this Initiai Increase in resistivlty IS asso~iated wlth the 

formati'?,n of coherent small clusters known as GUinier-Preston zones (G P 

zones) whlch cause lattlce distortions, and hence a hlgher reslstlvity 61,77-79 

2.3.3 Multiphase Alloys 

When an alloy consists of more than one phase, the èlectncal resistivlty 

of the 'mixture (Pmi) de pends not only on the respective reslstivltles of the 

compon~nt phases and thelr volume fractions, but also 'on thelr structural 

arrangement. If one phase is randomly dlspersed ln thé continuous matnx of 
'-. 

the other, the conductivity of the mixture (oml) IS glven by;56 . 
1 -0 /0 

1 +2V ( cd) 

a =0 { 

d 20/0 d + 1 } 

ml c 1 _ (J /0 
I-V ( c d)1 

d 20/0 d + 1 

where Oc = conductiVlfy ofthe contlnuous phase 
Od = conductivlty of the dlspersed phase 
Vd = volume fraction of the dlspersed phase 

\~ (2.9) 

Here it should be noted that Equation 29 IS valld only If the second 

phase IS assumed to be,sphencal However, phases in metalllc·solids often 

have more complex shapes and thus th,e reslstivity of the mixture follows 

more complex relc;ltionships. Most of the tlme, however, upper and lower 

bounds for Pmi may be approxlmated by consldering the two phases to be 

aligned either parallel to the current flow direction; 

1 Va Vil 
-=-+- (2.10) • 

P ml Pa Pp 

or perpendicularto the current flow; 

P -v p +v P m,- Q a ~ Il 
(2.11) 
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where Va = volume fraction of a 
Vp = volume fraction of 13 
Pa = reslstivity of a 0 

PP = reslstlvity of p 

1) 26 

ThiS behavlour IS shown schematlcally in Figure 2.3.80.81 More detailed 

. analyses based on electrical analog82 and computer simulation83 techniques 

have also been proposed m order to incorporate the phase dlst~lbution. 

2.4 Applications of Reslstlvlty in Physlcal Metallurgy 

Since electrical reslstlvlty is relatively easy to measure and theoretically 

sensitive °to structural changes, It IS frequently used to obtain informatIon 
/' . 

about.the physical and chemlCal status of m!?tals and al/oys. In thls section 

some common applications of electrical reslstlvity measurements will be 

revlewed brrefly. 

2.4.1 Punty Determination 

,A ~Imple way to estimate the overall purrty of a metalls tO' measure the 

ratio of the resistlvlties at room temperature and at liquld hellum 

temperature (I.e. Pi97K/p42K). This ratio, cal/ed the rgsidual reslstlvlty ratio 

(RRR), increases as the purity of a metal mcr~ases. According to RRR values, 

the purity of alumll1um can be classlfied as follows: 54 

Commercial Purity AJuminum: RRR< 100 

Pure Aluminum: RRR = 100-1000 

Very Pure Alummum: RRR = 1000-10000 

Ultra Pure Alummum: RRR> 10000 ' 

2.4.2 Deformation, Recovery and Recrystallization 

\ 

- PlastIC deforn:;atlc,n of a metal or an al/oy below Its recrystallizatlon 

temperature leads to a microstructure whlch consists of fine grains and a 

h~gh denslty of lattlce defects, including dislocations, gram boundanes and 

lattlce stram. As noted in section 2.2.2, these lattice Imperfections 

contribute significantly to the resldual reslstivity' of a metal, especially in a 

! 
.' 
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pure metal. Therefore, annealing of cold worked metals results in a decrease 

in resistlvlty due to the ellmmatlon of these defects. Resistlvltyalso'reflects 

the microstructural changes whlch occur during anneallng, commonly 

known as recovery and recrystallizatlon. Jt IS. weil e~tablJshed that the 
ft 

jv 

recovery process of a metal i nvolves the movement and grad ual . 

dlsappearance of defects and occurs in 'the flrst stage of the annealing 

process. It is usually accompanled by a decrease in resistlvlty. Generally, 
• v 

resistivity data obtained from such an expenment could be used to calculate 

an activation energy for defect motlon59,84,85 smce the change in reslstivlty 

(~Po) l)1ay be expressed as; 

''1 l , ~p =A cr:p{-E /k TA) 
omo 

(2.12) 

where A IS a constant, ko IS Boltzmann's constant, Em IS the activation energy 

of defeŒmotlon and TA the annealmg temperature. 
, 0 

Later, at a sufflclently high temperature, recrystaillzation occurs and ail 

the initiai e~cess reslstlvlty disappears. Figure 2.48~ illustratés the vanatlOn 

ln electncal conductlvlty as a result of recovery and recrystallizatlon of 

alurrinum. In addition to alumlnum, changes ln reslstivity dunng annea,/Jng 

have been studled ln Iron and low-carbon steels87,88, copper89,90 and 

p-brass.90 More rece~tly, a~ ln-situ differentlal reslstivlty measurement 

technique ,has been develoJed ~y Drew, MUir and Williams91 to monitor 

contlnu'ciusly ~he annealing stages of cold worked plain carbon and high 

strength low al/oy steels. 

2.4.3 Solld Solubillty Limit Determi nation 
" ,,) 

ln order to determine the solid solubillty "m~sothermal electrical 

resistlvity measur_ements of solld solution al/oys contaming dlfferent 

amounts of solute elements are carried out. In the case of complete solid 

solubillty (e.g. Cu-Au system), the reslstlvity exhibits a maximum near the 50 

at. pct.level of each compo~ent, as shawn in Figure 2.5a44. For two-and 

l 

- .f 
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multiphase alloys, the solubility" limit is ~efined ~s the point a~ whlch the 

slope of the reslstivity versus composition curve-alters (Fig.2.Sb). It IS known 

that the ch:~nge ln reslstivity follows Linde's and Nordelm's Rules (section 
~ , . 

2.3.1) withm the limit of solld solublhty. Beyond thls IJmlt, a change m slope . - / 

occur~ because the r~sistivity then follows thf law of r.::u,xtures as glven m 

Equations 2.9, 2.10 or 2.11 T~ls reslstlvliy behavlour is~em~tlcaIIY 
presented in Figure 2.Sb. l 1 

ln order to determine th~ solld solublilty Irmlt of s~lcon m'alummum, 

" (ovacs-csetenyi et al.92 measured the low temperature reslstlvlty of a sertes 

of AI-Si alloys. Later, a slmlla~ method performed at ~oom temperature .was 

used by Dnst, Kadan~r and Kuzmma93 . Thelr results agree weil wlth each 

other and wlth data obtamed by other methods, suéh' as optlcal' 

metallography9~,_,and dilatometry95 It was found that the maxl mum 

solubility of silICon ln alummum IS 1 5 ± 0.1 at. pct. at the eutectlC 

temperature, and It decreases to 0.005 at. pct at 200°C. . 

2.4.4 PrecipItatIon and Clustenng 

ft 

Electncal reslstlvlty m~asurements offer a powerful method for 

studying the decompositlon of supersaturated solid solutions, sJOce large 

s 
-lchanges in resistlvity can occur due to the precipItation or clustenng of 

~olute atoms. As prevlously noted!(secfron 2.3 2), sJOce the Introduction of 

alloymg elements into solid solutIon mcreases the reslstlvity, It would be 

expected that the preCIpitatIon process should lower the reslstivlty This is 

r 
true if the preclpitates are non-coherent wlth the matnx On the other 

hand, a reslstlvlty increase, at least mltlal/y, IS observed If the cl usters have a 

fully coherent mterface w,lth the matrtx. Such clusters begin to form as early 
• ,.. > 

as 5 seconds after quencl1ing79. Therefore, electncal reslstivlty has a great 

advantage over other technIques such as transmissIon electron ~JCroscopy 

and microhardness m studying clustenng kinetics§mce contJnuous reslstivlty 

measurements on a specimen can ~_ ,made starting immediately after 

quenching. 
1 

.), 

) 

\ 
\ 
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,,"he clusters are plate-like or spherical solute nch coherent zones, 

known as G.P. zones" and metastable struètures whlch precede the 

formation of equJlibnum preclpltates79. The cJ'usters grow at very rapid 

rates up to a certain slze where the lattlce strain b~comes a maximum. At 

this point, the reslstlvlty also shows a maximum and subsequently a decrease 

as the clusters grow and lose coherency wlth the matnx (Figure 2.6). 
\ 

The early stages of agmg at low temperatures ln '\everal quenched ' 

a,luminum alloys have been studled extenslvely by me1ns of electncal 

resist.vity measurements. It has been demonstrated .fuat initiai reslstivity 

• ,) increases take place ln the AI-Ag96,97, AI-Cu 78,98,99, AI~g59, 100, AI-Zn 101 

<.. bmary alloys and the AI-Mg-Sll02-104 ternary alloy. The aglng behavlour of 

an AI-SI alloy contalnlng 1 wt. pet. SI was mvestigated by Rosenbaum and 

Turnbull lOS . They detected no change m the reslstlvlty dunng'aging at low 

temperatures (- 30°C ta-50°C) but observed a con muous drop dunng aglng 

at higher temperatures (150-360°C), Consequen 1 they suggested that 

there is no G.P. zone formation in AI-Si alloys. 

ln addition to studymg precipitation klnetlCs, the measurement of 

electrlCal reslstivity IS u~ed to monitor the commerCIal heat treatment of 

precipitation hardenlng alloys61,86. Optimum mechan Ical propertles are 

obtained in these alloys wh en the lattice straln IS greatest (i.e. the resistlvlty 

is a maxlmum}.79 Thus the measurement of electrical resistlvlty is an 

accu rate method for the determinatlon of aglng tlme ,and temperature. 

2.4.5 Order-Dlsorder and Phase Transformations 

Reslstivity studles are particularly Important m producing mformation 
\ . 

about the kinetlcs of ordenng processes whlCh occur ln quenched alloys such 

as Ag-AIl06, Cu-Zn 107 and Au-Cu44, 108-110 dunng the aging of thèse alloys. 

Ordering of the solute ln the solvent lattlce increases the lattice regularity 

and reduces electron scattenngn ,108. This results in the reslstivlty qf an 

ordered alloy being slgnlflcantly lower than that of a disordered 

alloy.44,n,108 Figure 2.7 shows the effect of ordering in the Au-Cu system 

where CU3Au and CuAu are ordered structures. 
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When a metal or an alloy undergoes a phase transformation such as the 

"quld-solld and allotropie transformations, the crystal structure or lattice 

parameter change~. ThiS change IS reflected clearly by a dlscontrnulty in the 

electrlcal resistivity vs. temperature curve at the transformation 

temperature. A typlcal phase change, as detected by ele~trrcal reslstlvlty 

measurements, Isshown ln Figure 28111 
, 
\ 

Electrrcar reSlstLvlty measurements have very' dlstrnct advantages ln 

4 studylng the martensitlc transformation whlch occurs with very hlgh speed 

With approprrate Circuits, the resistlvlty of a specimen ca.n be continuously 

recorded throughout the coolrng process and changes occurrrng durrng the 

transformation can be detected accurately ln many cases (e g rn the Fe-NI 

system), the change ln reslstivlty IS large enough to correlate wlth the 

amount of transformation phase and to determrne the temperature at 

wnlch the martensite transformation starts (Ms) 

Ploneerrng studles done by Cohen and coworkersl12-114 on the 

mechanlsm of the martensltlc transformation Involved reslstlvlty 

'\ • measurements. Later, resistance measurements were used by a number of 

workers to Investlgate varrous features of the, martensltlc transformation ln 

se.vffa} systems1 ~~, such as Fe-NI, Fe-Cd-~I and Au-Cd 
, " 

2.4 6 Characterrzation of Mlcrostructural Arrangement 

Electrlcal reslstlvity was first used by Liebramn and Miller l 16 rn 1963 to 

characterize the structural arrangement of two-phase alloys. They measured 

• the electrical resls!ivlty of the InSb-Sb eutectlc alloy rn the directions parallel 

and normal to the Sb rods and developed a Simple electrrcal analo~y model 

to evaluate changes in reslstivity as a functlon of the struct1al distribution 

of the Sb rods. The analog modellrng involved representlng the eutectlc 

structures as electrical CIrcuits composed of serres an~ parallel reslstors, as 

presented rn Figure 2.9 The overall resistivlty of the alloy was then 

predlcted by calculating the resistivity of equlvalent CirCUits. ThiS modelling 

was later Improved and modifled ~ characterize more complex eutectlc 

structures in a three-dlmenslonal solrd by Watson, Hahn and Kraft82 who 

1 1_ 
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used it to determine the structure of the BI-Cu and InSb-Sb eutectlcs. Similar 

"models were also applled by Giddes· and Tauber l17, Ylm arid Stoffor l18, 

Simoneau and Begrn 119 to predlct the electrrcal resistivity of the Bi-Mn BI and 

AI-Ni eutectlCs. 

ln addition, the electrrcal reslstlvlty of dlrectionally solldified 

aluminum-based eutectics contarnlng allgned A13Ni120-122, AI6Fe and 

AlgCo2122 has been rnvestlgated. It has been no/ted that there IS a slgnlficant 

difference ln the resistivity of the eutectlc mixture depending on whether 

the current IS parallel (Pli) or perpendlcular (Pl.) to the aligned phases. For 

example, Maire 121 reported that the reslstlvlty ratio (pl.I Pli ) IS rn the range 

of 1.7 to 2.25 for the AI-AI3Ni eutectlc at 4.2K. 

2.4.7 Non-Destructive Testrng 

Electrical conductlvlty/reslstlvlty measurement techniques, especlally 

eddy current testing, provlde a rapld non-destructive test for a varrety of 

structural components rn production and ln service. Several common 

applications of eddy current testing ~an be listed as follow: 123 

1) Indirect ha~dness measurements, 

2) Determination of case depth on case-hardened compon 

3) Alloy sortrng, 

4) Defect detection; such as cracks, seams, po rosIt y and shrr kage, 
"' \ 5) Thickness measurements of\foils, sheet and strrps. 

2.5 Prevlous Experimental Work on Reslstlvity Measurements of AI-SI 

Castrng Alloys /1 

Electrical reslstlvity measurements have been performed on AI-Si alloys 

in order to predict the degree of modification, to determine dendrite arm 

spacrngs and to follow heat treatment of these alloys. 
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2.5.1 Degree of Modification ln AI-Si Alloys 
«', 

The flrst attempt to use electncal reslstlvlty for the evaluatlon of the 

si licon form in AI-SI alloys was made by Th i ru navu kkarasu 'and 

Panchanathan t24 m 1978. In 1983 Oger, Closset and Gruzleskl25 used a De 
resistivity technique white Jacob and Remy26 applled electrical conductlvity 

methods to study the structural changes that occur during modification 

Later, Closset and hls coworkers22 deve,loped an AC differentlal electncal 

reslstlvlty technique to measure the difference ln voltage between a 

standard sample (unmodlfied) and a modified sample. More recently, Argo 

et al. 12S have measured electncal conductlvlty by using an eddy cu rrent 

conductivity meter to determlne the silicon morphology ln 319, 356, 357 and 

380 alloys. 

The results of these studles demonstrated that the electncal reslstlvlty 

of modifled samples IS lower than tKat of unmodlfied ones, wlth a reslstlvlty 

difference of 5-10 percent between the two (Figure 1 4). The reslstlvity 

difference is enhanéed by Increasmg the silicon content26,125 or by bnnglng 

about a greater degree of structural change.22 

It was also reported that electrical reslstlvlty and conductlvlty methods 

cannot predict the eutectlC silicon form ln 'alloys contalning hlgh Mg 

contents, su ch as A355120 and A35722 (0.7 wt. pct. Mg), slnce there IS no 
r; 

change in the reslstlvlty upon modificatioh. Closset et al 22 have suggested 

that this is the result of the modif.ying action of magneslum Slnce 

magnesium partially modifies the eutectic silicon (I.e. forms a lamellar 

structure), the subsequent small change ln the silICOn. structure whlCh takes 

place during the modification treatment cannot be detected by electncal 

resistivity. 

. , 
Furthermore, It has been found that reslstivlty is senSitive to hyd rogen 

or shrink~ge porosity22,25. Samples cast from degassed melts have a lower 

resistivity, by about 1 pct., than those cast from non-degassed m'elts. 

However, if the porosity content of a casting IS less than 0.5 vol. p>t., as ln the 

case with most acceptable castings the overall resistlvity behavibur, does not 
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change. Therefore, electncal reslstivity can still be considered 

method for assessment of the degree of modifICatIon. 

2.5.2 Dendrite Arm Spacmg 

40 

a (liable 
p 

fit is also of consIderable interest to predict the dendrite arm spacmg 

(DAS) in a casting due to its noticeable effect on the mechanlcal properties ~ 

of AI-Si castings3-10 A ~echnique based upon comparative electrical 

conductivlty measurements for determming DAS in a test casting has been 

developed by Argo, Drew and Gruzleski 125. This technIque has been applied 

to evaluate the DAS non-destructlvely in both modified and unmodified 319, 

355, 356, 357 and 380 alloys. The results of this study showed that 

conductlvlty decreases as the DAS increases. The technique glves more 

relJable predictions of DAS for modified alloys than for unmodified alloys. 
:>" 

2.5.3 Heat Treatment 

~ After castmg, most AI-SI' alloys are heat treated to optlmlze thelr 

mechanlcal properties. General/y, heat treatment schedules consist of a 

solut10n treatment (T4) near the eutectic temperature and an ag i ng 

treatment (T6). The change m silICon morphology has been followed 

contjnuously by in-situ differential electricaJ resistivlty measurements during 

the heat treatment of A356.0 alloy126. "(he measurements mdlcated that the 

spheroldization of silJ>Dn that occurs ctlring solution treatment leads to a 

lowenng of the re sts't 1 vit y and proceeds faster in modified, compared to 

unmodlfied, alloys. In add-itlon, the resistivity of solution treated and 

quenched A356 alloys shows a contmuous decrease wlth aging tlme due to . 
the precipItation process. Finally, it has been pointed Q;lJt that dlfferential 

electrical resistivity can be employed as a method of controlling the 

commercial heat treatment of hypoeutectic AI-SI alloys.126 

1 
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( 
CHAPTER 3 

EXPERIM ENTAL PROCEDURE 

3.1 General , ' 

The expenmental procedure employed m thls work was deslgned to 

investigate the general resistivity behavlour of 'AI-SI alloys and the effect of 

various silicon morphologies on the reslstivity of these alloys. 

The major portion of the expenmental work conslsted of the 

preparation of al/oys contammg dlfferent levels of silicon, magneslum and 

strontium, and the measurement ot' the electrical reslstlvity or eoncMetlvlty ) 

of the samples obtained from these al/oys, The followmg vanables" were 

examined during the expenmental work to determme thelr effect on 

rèsistivlty: L' 

1 
1) The chemlCal com~'osltlon of the alloys, mamly the concentrations 

of silicon, magnesl m and strontium, 

2) The soLidification r te of the cast al/oys, 

3) The changes m mi rostructure at vanous stages of heat treatment of 

the aHoys, 
1 

4) The temperature at which the electncal reslstlvlty/conductlvlty 

measurements were carned out, 

Another Important aspect of the expenmental work involved the 

preparation of dlrectlonal/y solldifled samples of the AI-Si bmary eutectic. 

The results of these expenments were used to il/ustrate the effect of 

dlfferent silicon morphologies on electncal reslstivlty 

-

The remaming portion of the experimental work compnsed of 

metal/ographie exammations, hardness testmg and thermal, chemlcal and 

X-ray analyses of the Çilloys. 
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3.2 Alloy Preparation 

A senes of alloys of binary AI-Si, AI-Sr, AI-Mg, ternary AI-Si-Sr, AI-Si-Mg 

and quaternary AI-SI-Mg-Sr were prepared. 

3.2.1 Materials 

The matenals used ln the preparation of the alloys were alumlnum, 

silicon, magneslum and strontium. The chemical analyses of these matenals 

except silicon, as provided by the suppllers, are glven ln Table 3.1. 

,l' Alumlnum, the base matenal, was produced by ALCOA ln the form of 2.Skg 

mgots, and was 99.99 pet. pure 

Silicon was supplled by J,ohnson Matthey Ine. m the form of lumps. It was 

" semlconducfor grade silicon wlth a pur:ity of 99.9999 pet. 

MagneSium and strontium were supplied by Tlmmmco Metals. The 

'" magneslum was in the form of 16kg mgots, and the strontium was ln the 

form of extruded bars whlch were stored under vacuum to prevent excess 

oxidation. They were of 99.98 pet. and 98.0 pct. punty, respectively. 

3.2.2 Melting and Alloylng 

Melting of the alloys was carried out usmg a Tocco MeltMaster 

induction furnace which was a 38KW, 30KVAR, 44DV and 68A unit. The 
'1 

eruclbles used for meltlng were machined from a high. punty graphite block 

supplied by Speer Canada Ltd. and baked at 800°C to remove volatiles. 

During melting, oxidation was minimlzed by placing a D.Scm diameter steel 
/ 

pipe slightly above the surfac~ 6f the melt and continuously passing argon 
~ / .1 

through the pipe at a flowratê of li/min. 
1 

/ 

Silicon, magneslum/~nd strontium were used as alloying elements in 

order to determine thieffect of compositional change on resistlvity. Silicon 

was added in pure form while the magnesium and strontium were addéd as 
/ , 

/ 
1 

/ ~ 

\ 
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Material 

Aluminum 

Magnesium 

Strontium 
------_ .. _-----

" 

\. 

Table 3.1 Chemical Composition of the Materials Used 

Si Fe 

.003 .003 

.002 .001 
1 

.040 005 

ç~ 

Material 
Condition 

as-received 

after melting 
and castmg 

Element (wt. pet.) 

" 

Cu Mn N Na Mg Ca Zn 

_'G- - - - - - .002 
~ 

- .002 - - 99.98 .001 .005 

- - .500 .100 .300 .003 -
- _.- _ .. _---- --------------- -----

<Y 

Table 3.2 Chemical Analysis and RRR of the 
Aluminum (ontrol Sample .. 

Element (wt.pet) 

Si Fe Mn Cr N~ Zn Ga 

.003 .003 - - - -.002 .002 

.003 .005 .002 .001 .001 003 .002 

-

Ga AI Pb 

.002 99.99 -
- .003 .001 

- .050 -

RRR 
AI 

99.99 175 

99.97 155 

, 

........... ~ ...... 

Sn 

-

.002 

-

.. 

• 

t-<-, 

Sr 

-

-

98.00 

~ 
w 

~ 
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alurdnum based master alloys of compositions AI-1wt. pet Sr, and AI-10 wt. 

pet. \1g. The silicon concentration of the alloys ranged from 0 to 12.6 wt. 

pet. and the magneslum content varied from 0 to 1 wt. pct. The strontium 

level was kept constant (-0.032 wt. pet.) ln ail the AI-Si-Sr and AI-Si-Mg-Sr 

alloys. ThiS level was chosen sJnce it represents the approximate amount 

used when modlfymg commercial AI-SI casting alloys. ln the AI-Sr binary 

alloys, however, the strontium content was vaned within the range of 0 to 

0.26 wt. pet. 

During alloy preparation, 150g charges of calculated amounts of 

aluminum, silicon and maste~ alloys of strontium and magnesium were 

placed into the graphite cruclble and melted under an argon atmosphere ln 

the induetion furnace. The melt temperature was brought up to 740°C ar:ld 

then maintalned wlthln ± 2°C of thls value for 15 minutes. It was found that 

this holding temperature and tlme we~-e.. s~iciently hlgh and long for 

complete dissolution of the alloying elemYnfs and homogenizatlon of the 

rnelt. The melt temperature was measured usmg a chromel-alumel K-type 

thermocouple. The temperature was reduced to 7200
( pnorto casting. 

3.2.3 Castmg 

The molten alloys were cast mto a horizontal. split graphite mould 

located beneath the crucible. The casting of the alloys was done employing 

a bottom pouring technique ta ~~nimize direct contact of the melt with air 

and to avoid slag carry-over mto the mould, hence maintainmg the punty 

and cleanliness of the alloys. Figu're 3.1 IIlustrates the melting and casting 

arrangements. After filling the mou~tr(e remaining melt was cast into a 

copper mould to obtaln samples for speetrochemical anatysis. 

A control sample of pure aluminum was also produced in exactly the 
'. 

same manner in order to determine the degree of contamination dùring 

melting and casting. The chemical analysis and residual resistivity ratio (RRR) 

of these samples, given ln Table 3.2, revealed that the alloys were produced 

without an appreciable decrease in purity. 
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Two different solidification rates were employed during casting in 

order to produce d,fferent revels of microstructural coarseness: 

i) Rapid Solidification was achieved by casting the molten alloys into a 

graphite mould at room temperatufe (i.e. chili cast). This gave a 

cooling rate of approximately 1°C/sec. 

ii)Slow Solidification was achieved by preheating the graphite moold 

up to 200°C and packing fibrefax Insulation around it. In this case the 

cooting rate was of the order of O.4°C/sec. 

Figure 3.2 shows two cooling curves corresponding to the two different 

solidification rates employed. The cooling curves were obtained usmg a 

'thermal analysls technique which will be descnbed later. 

The cast ingots were 10cm ln length, 1.2cm m thickness and 4cm wlde. 

These ingots were sectioned as shawn in Figure 3.3. Regrbns A and E were 

. not used in further investigations. Mlcrostructural examlnatlons were 

con.ducted on t~e samples ta ken fram regions Band D. Region C, whieh 

exhibited the best chemical and structural homogenity, was used to prepare 

samples for electrical reslstlvlty/conductlvity tneasurements. The castmgs 
" 

which had less than 2 wt. pet. SI were heated to 450 0
( for 15 mmute's m an 

electncal reslstance furnace and then hot rolled to a thickness of 8mm to 

p'roduce vlrtually pore-free samples. The alloysçwlth mor~ than 2 wt. pct. Si 

could not be rol/ed due to the preser:lce of the brittle eutectrc sil icon and 

they were used ln the as-cast condition for resistivity/cond uctivity 

measurements. 

,3.3 Heat Treatments 

Different heat treatment procedures wer~ designed for the different alloy 

groups, as outlioed in Figure 3..4. ' 

3.3.1 Single-Phase Alloys ( < 2 wt. pet. Si) 

A homogenization treatment of these al/oys was done to produce a 

large and stable grain size, te minim;ze imperfections caused by rolling and 
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to dissolve preclpitates and intermet~lIic compounds formed during casting 

and hot rolling. The samples which contalned magneslum were 

homogenized at a low temperature (550°C) to prevent melting of the low 

melting point eutectlc phase, AI-Mg2Si-Si.75, 127, 128 The other samples were 

homogenlzed at 560°C. 
\. 
f 

ln (ooling from the homogenization temperature, three different 

procedures were used: '\' 

1) Water quenchmg: Samples were removed from the furnace and 

quickly quenched in room temperature water. 

2) Air cooling: After removal from the furnac~ the samples were 

placed on. a large steel plate and al/owed to cool to room 

temperature 

3) Furnace Cooling: Ail samples were cooled in the furnace at a 

constant rate of 18°C/h. 

The water quenched and arr cooled samples were then annealed for 

24h at room temperature before any measurements were made ln arder to 

eliminate the vacancies formed during cooling. 

Pre-agmg (natural agmg) of quenched samples was also-carried out for 

different periods of tlme at room temperature to study clustenng kmetlCs m 

AI-Si and AI-Si-Mg alloys. Finally, an aglng treatment of these samples was 

performed at 175°C-340°C for 18h. 

The homogenlzation and aging treatments were done In"a 

programmable electric resistance fùrnace whose terryperature ~uld be 

controlled with a ± 0.5 pet. accuracy between 1400
( and 700°C: The"S\u!1ples 

were ·placed in the central portion 'of the furnace where the temperature 

variation was in the' range of ± 1°C. When the pre-aging time was shorter 

than 12h, the homogenizatlon treatment was do ne ln a separate 

automatically controlled furnace, ThiS was done since the furnace descrtbed 

above could not cool to the desired aging temperature tram the 

homogenization temperature in Jess than 12h, 

/ 
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Each heat treatment procedure was<repeated at least three tlmes and 

the efectncal resistivity/conductlvity measurements were made after each 

step of the heat treatment process. 

3.3.2 Two-Phase Alloys (>2 wt. pct. Si) 

f 
, These ~Ioys were solution treated for 24h at 5400

( and th en air cooled. 

This heat treatment procedure, deslgnated as T4 by the Alumlnum 

Assôciation 129, is commonly employed for commerCIal AI-SI foundry alloys. 

The changes in mICrostructure which took place during the heat treatment 

ofthese al/oys were fol/owed by electncal conductivlty. 

3.4 Dlrectlonal Solidification Experiments 

It has been shown that the controlled dlrectional solidification of AI-SI 

eutectic al/oys leads to a variety of eutectlc silICon structures which depend 

on the solidification conditions. 28,130-132 Therefore, it was declded ta 

produce a senes of dlrectionally frozen samples J{ AI-Si eutectlC al/oy ln 

order to tnvestlgate the effect of various silicon stru~tures on reslstlvlty ln 

addition, two sand cast eute~tic al/oys, ln whlch the eutectlc silicon IS 

assumed to be randomly dlstnbuted, were produced. 

The dlrectlonal solidification was accomplished by holdtng the sample 

stationary and lifting a furnace vertlCally at a constant rate around the 

molten sample. Consequently, solidification would be Inltlated at the 

bottom of the sample and progress vertICal/y upwards at a constant rate 

unt.1 the entire sample solldlfled ln the following sections th:e appraratus 

used in these expepments will be discussed together'with the experrmental 

procedure employ~)d . 
• 

,~ 'i~' 3.4.1 ApparÇltus . 

The directlonal solidification appa~_ cons.sted of a vertICal tu be 

furnace and a variable speed motor ~ a gear reducer. The vertical 

furnace, as schematlCally J1lustrated in Figure 3.5, was constructed ustng two 

Il 
" 
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resistance heatin~ coils, wlth fibrefax msulation packed between the colis 

and furnace case. 

The eleetncal resistance colis supplied by Thermcraft Inc. had an 8cm 

outside diameter and were 20cm in length. The resistance wmdmgs of the 

coils, construeted of 1.5m of 80 wt. pet. Ni-20 wt. pet. Cr, were helically 

wound and placed in the refraetory backing grooves. Each coil was mstalled 

in ~he furnace vertlcally, as shawn in Figure 3.5, and attached to a powerstat 

- reg,ulator (10 amp. max.). The two coils together had a total power output 

of -1200watts. 

T~e furnace case consisted of a stamless steel 'cylmder (35cm' ln length 

with a 20cm outside diameter) and asbestos top and bottom covers whlch 

') had circular openings 8cm and 5cm in diameter, respectlvely Addltlonally, a 

water cooled copper coil was attached to the furnace base ta enhance the 

temperature gradient 10 the liqUid ahead of the solldlfylng Interface. The 

fibrefax insulation, packed between the electrical colis and the furnace case, 

provlded a minimum of lateral heat loss and enabled the furnace to 

maintain thè'constant temperature profile requlred 

The top openmg of the furnace was closed by a graphite block 10 whlCh 

,a O.Scm diameter steel pipe was placed to allow the passage of argon lOto 
" 1 

the furnace. This provlded an mert gas atmèsphere m the furnace and 

minimized oxidation. The same pipe was also used for insertlng a K-type 

thermocouple ta monitor the temperature profile wlthln the furnace 

Figure 3.6 IIlustrates a typlCal temperature profile obtamed Inslde the 

furnace. 

The vertical movement of the furnace was achieved by means of a drive 

mecha"nism consisting of a variable speed motor and a gear reducer. The 

variable speed motor, manufactured by U.S. Electrical Motor, has a mmlmum 

of 12 and a maximum of 72 revolutions per minute. The speed was further 

reduced by the use of a double worm gear reducer wlth a stepdown ratio of 1 
\ 

\ 900:1. 
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The fumace was mechanically attached to a steel plate whlch moved 

either up orctdown. The steel plate was connected to the drive mechanism by 

the use of a threaded rod which acted as a screw. Each revolutlon of the rod 

provided a vertical movement of O.1cm. Two steel rods were also placed on 

either side of the steel plate to support the furnace weight and to ensure 

smooth vertical movement. The ai?ove mentioned configuration provlded 

variable furnace lift rates (i.e. growth rates) of 0.1 to 10cm/h. 

3.4.2 Experimental Procedure 
\J 

. 
Rods of binary AI-SI eutectlc alloy were prepared by meltlng 

appropriate amounts of pure aluminum and pure silicon and casting into a 

graphite mou Id. These rods (3.3cm in diameter and 28cm in length) were 

placed in a recrystallized alumma tube (99 pet. A1203) 3.8cm in dlameter and 

30cm in length. The alumina tube was th en set approxlmately 2cm mto a 

graphite mould, as shown in Figure 3.5, Inserted rnto the furnace and 

aligned parallel ta it. The heatmg coils were then sWltched on. The furnace 

req u ired about 1.5h to attam the temperatu re profile shown m Fig u re 3 6 

The samples were lemelted at 820 0
( for 30 min in the fu rnace to 

stabilize the thermal conditions. The molten samples were then dlrectlonally 

solidifled by lifting the furnace around them at a constant velocity The 

growth rate (Rg) was taken as the"rate of furnac~ movement and SIX 

different growth rates, ranging fro~ 0.2 to Scm/h, \vere used The 

temperature gradient, G, was recorded by mserting a t~ermocouPle mto a 

co.ntrol sample. It was kept f~irly constant for ail sampl~~ at about 26°C/cm. 

After complete solidification, the alloy rods were carefully broken out 

of the alumina tube and were cut as shown in Figure 3.7. 

, < 



( 

-' 
Region 

A' 

B 

C,E,G 

D,F 

H 

Growth Direction (~ 

• 
1 

1 

D E: F 

Remarks 

original bar 
- not me.lted . 

poor direct~onahty 

weil aligned 
structure 

weil aligned 
structure' ri) 

gas po rosit y .and,/ 
low purity -' 

1 

1 

Applicatio~ 

-

-
metallQg raphy . 

resistivity sample 
preparation 

-

Figure 3.7 Safnpling of the directionally solidified rods. 

/ 
! 

/ 

J • 

56 

l ' 

-' , 

.. ' 



• 
.". .. 
. .Ji 

" • 

) 

57 

" 

3.5 Electrieal Resistivity and Conductivity Measurements 

3.5.1 Electrieal Reslstlvity 

The samples used for eleetrical resistivity measurements were 

approximately O.05em thick, O.3em wide and 5.Sem long and were punched 

out of rolled shee-ts of the single-phase alloys. This method yielded -1 pet. 

dlmensional aecuracy. In addition to these samples, severallongitudinal and 

transverse samples 3.Scm long and a.Sem in dlameter were machtned trom 

each directlonally solidified rod. For these samples the dlrnt:n~,\onal aecuracy 

was in the order of 1.5 pet, " 

The resistivlty of the samples was measured using a standard four­

probe DC technique at room temperature (297 ± O.SK), in Ilquld nltrogen 

(77K) and in liqui elium (4.2K). This techntque Involved the measurement 

of the voltage drop b tween two points separated by a constant distance, L, 

wh en a constant dire current IS passed. The electncal reslstivlty of the 

sample was then determ ned by the formula; 

where p = electrical resist Vit Y (Qm) 
V = voltage (V) 
1 = current (A) 
A = cross-sectlOnal area (m2) 

-L = constant distan e (m) 

V A 
(3 1) 

p=- -
1 L 

This technique has an dvantage over the more conventiona,1 methods, 

such as Wheatstone and Ivin bridges, since ~t 15 unaffected by contact 

resistance. With the fou prôbe arrangement shown in Figure 3.8, the 

voltage contacts are t part of the CircUit, and 51nce they do not carry 

current thelr reslstances have no effect on the measu rements.44,l15 

The sample nolders used {or the voltage-drop measurements ln the 

4.2K and 297K temperature ranges are shown schematlCally -tn Figure 3.9. 

They conslsted of two separate plexiglass plates whlCh were Jotned by 
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sc:rèws. The samples were sandwiched between the plates and electncal 

contact to the samples was made by means of pressure contacts. ,The voltage 
~ . 

contacts were posnioned a distance of 10mm from the current contacts to 

minlmlze any effect of a non-uniform electric field distribution near the 

curll"ent contacts. Fine copper wlres (-0.1 Omm dlameter) were used for the 

leads, and thlcker (O.Smm diameter) wlres were used for the contacts. The 

lead wires were fixed to the contacts using a Pb40-Sn60 soft solder. In order 

to ensure good electncal contact, the specimens were etched ln a solution of 

50 pet. Hel and water to clean the surface and remove any thick oXlde layer 

before the samples were attached to the holder. The voltage leads were 

connected to a DC Kelthley nanovo.ltmeter (Model No 181) which was able to 

detect 10nV wlth SIX digit resolutlo~ and an aCCLJracy of 0.015 Pct' in the 

millivolt range. A constànt current wJs supplied by a Keithley current source 

(Model No 225), accu rate to ± 0.5 pet. 

The voltage-drop measurements of samples of the single-phase alloys 

(O.05xO.3x5cm) were performed by first Immerslng the ~amples in an acetone 

bath at room temperature and then in liqUid helium stored ln a Dewar flask. 

A current of 0.1 A was chosen to ensure a suffiCiently hlgh voltage difference 

for accurate measurements. Llkewlse, the voltage drop of samples of 

direeti.onally solidifled alloys was measured at room temperature and at 

"qu,d nltrogen temperature usmg a current of 0.5A,. During the 

mèasurements th~ current direction was reversed to mlnlmizl? errors due to 

th~rmally ind~ced voltages. The samples were also turned end for end and 

"the measurements repeated. 

, 3.5.2 Electrical Conductlvlty 

. Samples used in conductivity measurements were eut from either rolled 

or "as-cast ingots in the form of a square measunng 4x4xO.8cm. The 

conductlvity measurements on these samples were performed using a K.J. 

Law Madel M4900C electrical conductivlty meter, as shown in Figure 3.10. 

This instrument meas~res conductivity by an edd~-current technique and 

displays it as a percentage ?f the International Annealed Copper Standard 

(pet. lACS), with 100 pct.IACS belng equlvalent to 1.7241 pQcm at 293K. 

---- - - ----------------
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Figure 3.10 Electrical conductivity meter. 
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Eddy-current testing mvdlved mtiucing an electrical cu'rrent in a 

conductive material by means of an alternatlng magnetlC field and 

observing' the interaction" between the applied current and the Induce(r~ 
current (i.e. eddy currents in the sample). Coupling the AC magnetlC field to ' 

the test sample was accom}1lished by the eddy current transducer, referred 

to as a probe or coil. Figure 3.11 illustrates the eddy currents Induçed ln a 

sample by a test probe. The veetor Ha represents the AC magnetlC field 

applied by the probe wherea~ Hi mdicates the induced AC field resultlng , 

from the eddy currents in the test object. 

Four parameters influence the eddy currents: 

.i) Electncal conduetivity of the test materJa~, 

ii) Magnetic permeability of the test matenal, 

iii) Geometry of the test specimen, su ch. as Slze, diameter, thlckness, 

etc., 

IV) Surface discontmUities, such as cracks, and surface skin. 

Clearly, successful conductlvity measurements depend on the last three 

of the above parameters bemg kept constant. AI-SI alloys exhlblt no abllity 

to conduet magnetic flux and are considered non-magnetlc53 (i.e constànt 

magnetic permeabllity). The geometry of the test samples was he Id constant 
" 

by uSlng square plates havlng the same dimensions às the standard samples 

Finally, the surface effeet was minimized by machlnl ng the test samples . n 
before the conductivity measurements were taken . 

. ~!he M4900C glves a direct digital read out of conductivlty wlth 0 1 pct 

resolutlon and 0.5 pet. accur..acy within the alummum conduetlvlty range (28-

65 pet. lACS). In addition, it can be adjusted to compensate for temperature, 

thus the instrument reads the conduetivlty of a sample as if measuremènts 

~ere carrJed out at 293K. Another feature of the devlce IS 'rs abrllty to 

provide a constant depth of penetration (1.72mm) of the eddy current fIeld 

into the samp"le regardless of its conduetivity. The depth of penetration IS 

9iven by the relationship: 

l' 0 

\ 

\ 
\ 

- - -~--- ~------------------------



( 

64 

660 
(3.2) 

d= ---.= 
Va fp. 

.. 
where d = depth of penetration (mm) 

0= conductlvity 0f the test sample (pet. lACS) 
f = frequency of alternatmg current (Hz) 
11 = magnetic permeabillty (1 for alummum53) 

.r 

As can be se~n from Equation 3.2, both conductlvity and frequency 

influence the penetration depth. The M4900C varies the frequency to 

maintain a constant depth of penetratlo.(l. 

Measurements were performed according to the ASTM E1004-84133 

standard procedure; I:e. 10 

1) The test samples were macmned to obtain a relatively fiat smooth 

surface. (' 
, L _ 

2) To eliminate edge effects, the dimensions of the samples were kept 

large. Specifically, the thickness of the samples was always greater 

than 2.6 tim-es the depth of penetration. ' ,,' 

~J It was ensured that the probe, standards and test samples were at 

the same temperature before any measurements were rryade. 

4) The Instrument was cailbrated against three known aluml'num ,..,. 
standards and compensated for temperature. 

5) The probe was placed on the center of the samples and the 

measurements were taken. 

6) The calibration of the instrument was venfled at the end of testmg 

each set of samples. 

3.5.3 Accuracy of Experimental Resistivity and Conductlvity Data 

An errar estimation, including ail circuit compol')ents as weil as 

dlmenslonal uncertalntles, "'revealed that the accuracy of the absolute 

resistivity values was about ± 3 pet. Table 3.3 -summanzes sorne of the 
tJ 

expected error sources and thei!! error contributions to the total accuracy of 

the data. However, the error in the resistivity ratio (P297K/p4.2K), often used 
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Table 3.3 Error Estimation ," 

'\ . Contribution to 
Type of Error Source e 

Accuracyof 
Measurement Measurements 

(± %) 

Nanovoltmeter 020 
, 

, 
Current Source 0.50 

Electrlcal 'Leadsand Reslstivlty Contact 0.20 
Resistance 

Sample 
Dimension 2.00 

t) I~strument 0.75 Ele-ëtrical , 
Conductivlty 

) 

Standard 0.25 0 

"> \~Sample 
l' 

J 

! 
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in this work instead of absolute resistlvlty'"values, was approxlmately 1 pet. 

This is due to the faet that the resistlvlty ratios were obtamed direetly from 

measured voltage drops usmg the followmg relatlonship: 

P297K t1 V 297K (3.3) 

As seen in Equation 3.3, the resistlvlty ratio IS not a funetion of sample 

dim.enslon, and as such most of the errors noted ln T~ble 3.3 are ell~inated. 
,. 

The error in conductivity measurements arose mainly from 

Instrumental limitations. It IS expected that the accuracy of the 

measurements IS m the order of ± 1 pet. (Table 3.3). 

(' 
3.6 Hardness Measurements 

Hardness measurements were done to support the 

reslstlvity/conductlvity data. Microhardness t~sts were performed on elther 

a Vickers microhardness tester or a Rockwell Tukon tester Vickers 

microhara-ness testing was performed usmg a square-base pyramidai 

( diamond mdenter with an obtuse angle of 1360 and a load of 2.5kg. The 

( Tukon tester, hQwever, allowed for measurement of the hardness across the 

f pnmary aluminum dendntes by the use of 9 dlamond indenter wlth an angle 
\ (~ 

of 1360 and a load of 250g. In both instar~,ces, four hardness readmgs were 

taken from each sample and averaged. 
\, 

" 
3.7 Thermal Analysis 

Thermal analysis was employed io determine the cooling rates of the 

castings and to obtain information on the nuclea'tion and growth kmetics of 
o 

the eutectic phase. The system used for thermal analysis, shown 

schematically in Figure 3.12, was developed by Argyr,opoulos134. It consisted 
.. (, ... 1 

4 ' 
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of a GIMIX host mlcroprocessor, an electronic A/D converter (l1mac-4000), a 

floppy disk driver and a Hewlett Packard graphies piotter (HP 7225A). 

The analog signais were obtained using a K-type thermocouple placed 

in the mould. These signais were then digitized by the pmac-4000 and 

stored on a floppy disk. Lat.er the collected temperature data were plotted 

against cooling t,me. 

3.8 Spectrochemical Analysis 

Chemical analysls was done on the spectrochemlCal samples cast into 

the copper mould and on the chili cast ingots. After they were machmed to 

obtain a fiat smooth surface, analysls was do ne by a vacuum emission 

sp.ectrometer (Baird Atomic Speetro-1000 model no DV2) ~~~Pled wlth a 

mlCrocomputer. J 
Pure a/uminum and AI-Si-Sr standards supplied by A/uswiss Itd. were 

used ta callo/ate. the spectrometer. The samples were analyzed for Si, Fe, 

Mn, Mg, Cu, r')Ii, ICr, Sr, Ti and Zn The results of these analyses are given in 
/ ' \ 

Table 3.4. ,\ , 
, ',<-, ( 

d \ 

J 3.9 X-Hay Diffraction' {", 

;' 

f~ 

r 
1 _ 

X-ray diffraction was used to~ charaeterize the anisotropy of the silicon 

structure in the directionally solidified and 'sand cast eutectic samples. A 

Philips automatie diffractometer was employed using Cu Ka radiatIon, and 

the diffraction was do ne on a fiat and ground surface (320 grtt finish) Qf the 

samples. The samples were always plaeed in the diffractometer with the 

same orientation to the x-ra\beam. The total exposure time was about~: 

3.10 Metallography 
\ 

The metallographie samples were cut from the cast alloys and the 
co 

directionally solidified samples as shown in Figures 3.3 and 3.7. 
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Coarse grinding was earried out using 120 Ç)nt silicon carbide paper and 

was followed by fine grinding usmg a senes ofûgrindlng papers of 240, 320, 

400 and 600 rit with water as a lubneant. Subsequently, mechanlcal 

polishing was performed on samples of the single-phase al/oys, and 

eleetrolytieal p lishlng was performed on samples of the two-phase alloys. 

Mechanie~1 polishing was aeeomplished by first using SJlm alum.~na 
powder suspended ln water on a polishing cloth. Final pollshmg was done n using 0.311m alumina applied on a medium speed wheel. EleetrolytlC 

J 'potishing was earned out in a 30 pet. HN03 and 70 pet. methanol solution ~t 
about - 20°C under an applied potentlal of 40 DC volts. 

The polished samples were examined, as polished on a Neophot optleal 

microscope. Some of the samples were etehed in a solution of 0.5 pet. HF, 1 

pet. HCI, 1 pet. HN03 and 97.5 pet. H20, and then exammed usmg a Jeol 

(JSM-T300) scanning electron microscope. 1 n order to Identlfy the' phases 

revealed by the SEM, in-Situ semi-quantltative mlcroehemical analyses (spot 

analyses) and X-ray mapplng were performed on the samples uSlng an 

energy dispersive s~ectrometry (EDS) analyzer (model no TracO",,\5500) 

attached to the SEM. 

~\ 
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( Table 3.4 Chemlcal Composition of the Alloys Produced 
" 

/" Element (wt. pet.} ~~~ 

Alloy 
Name 

Si Fe Cu Mn Mg NI Zn Ti Sr 

1L 0.003 0.002 - - - 0.0.02 0.002 - -

2L 0.003 0.001 - - 0.002 'Q,00,2 0.003 ~- 0.009 
~ 

3L 0.003 0.002 - - 0.002 0.002 0.002 - 0.018 
-.s 

4L 0.004 0.002 - - 0.003 0.003 - 0.035 

5L 0.003 0.001 - - 0.003 0.002 0.002 - 0.061 

6L 0.003 0.002 - - 0.002 0.002 0.001 - 0.123 

7L 0.003 0.002 - - 0,002 0.001 0.001 - 0:224 
j' 1A 0.004 0.004 0.005 - 0.002 0.002 0.001 , -- \ 

2A 0.144 0.003 - 0.007 - 0.002 0.004 0.001 \-
-:r,..~ ... 1 

3A 0.323 0.003 0.005 ;,0.002 0.003 0.~01 
.. 

- - -

4A 0.604 0.004 - 0.005 - 0.003 0.004 - -

SA 0.880 0.005 0.002 0.006 - 0.003 0.003 0002 -

6A 1.036 0.007 - 0.003 - 0.002 0.004 - -

7A 1.164 0.007 0.001 ~.005 - 0.002 0.004 / .001 -

.9.005 
1 

8A 1.239 0.005 - - 0.004 0.004 - -

9A 1.262 0.005 - 0.006 - 0.003 0.003 - -

10A 1.387 0:004 - 0.005 - 0.007 0.006 - -
, 

11A 1.610 0.003 - 0.006 - 0.005 0.005 0.001 -

18 .0004 0.003 - 0.003 - 0.003 0.004 0.002 0.037 

28 0.140 0.004 - 0.005 - 0.004 0.003 0.001 0.031 

38 0.308 0.003 - 0.006 - 0.003 0.004 - 0.036 

48 0.559 0.005 - 0.005 - 0.003 0.0041 -- 0.036 

58 0.776 0.005 - 0.005 - 0.006 o.oo~ 0.001 0.034 

68 1.033 0.004 - 0.005 - 0.005 0.00 0.001 0.034 

78 1.148 0.004 - 0.003 - 0.005 0.003 - ,0.035 
1 

88 1.241 0.003 - 0.007 - [0.006 0.007 - 0.031 

98 ~1;258 'Ô.004 0.006 10.006 
1 

0.001 0.030 - - 0.00i5 
-

108 1.399 0.0.03 - 0.006 - 0.006 0.006 - 0.033 

118 1.611 0.003 - 0.006 - : 0.006 0.004 - 0.032 
1 1 
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- TaQle 3.4 eontinued 

- Alloy 
Element (wt pet) 

Name 
Si Fe ,Cu Mn Mg NI Zn TI Sr 

12A 2.34 ,0.005 0.002 0.002 - 0.002 0.004 0.001 -

13A 4.28 0.008 0.001 0.004 - 0.002 0.004 0.001 -

14A 6.16 0.005 0.001 0.002 - 0.002 0.003 0001 -, 

15A "8.52 -41.006 0.002 0.004 0.001 0.002 0.004 - -

16A 10.09 0.006 0.002 0.003 - 0.002 0.004 0.001 -
17A 12.53 0.002 0.002 0.002 

~ 
- 0.002 0.005 0.001 . -

18A 15.52 0.002 0.001 0.003 - 0.002 0.004 0.001 - , 

128 2.45 0005 0.002 0.003 - 0.002 0.004 0.001 0.038 . 
138 4.32 0,004 0.002 0.003 - 0.002 0005 0.002 0035 . 
148 6.34 0.005 0.001 .. 0.004 - 0.002 0.005 0001 0.037 

158 ~87 0.008 0.002 0.005 - 0.002 0.004 0.001 0.034 

168 fO.18 0.008 0.001 0.004 - 0002 0.005 0.001 0038 

178 12.60 0.007 0.002 0.004 - 0.002 0005 0001 0.034 

,11~ 15.51 0.007 0.002 0.004 - 0.002 0.004 0.001 0036 

12AA 2.21 0.005 0.001 0.004 - 0.002 0.006 0.001 -

13AA 3.93 0.002 0.001 0.003 - 0.004 0.004 0002 -

14AA 6.33 0.003 0.001 0.003 - 0.001 0.006 0.002 -
, 

15AA 7.83 0.005 0.001 0.005 - , 0.003 0.005 0001 -
16AA 10.34 0.005 0.001 0.005 - 0.003 0005 0.001 -

17AA 12.58 0.00'4 0.001 0.005 - 0.003 0006 0.001 -

1288 2.24 0.004 0.002 0.003 - - 0.003 0.001 0.036 

1388 4.10 0.004 0.001 0.003 - - 0.002 0.001 0.036 

1488 6.43 0.006 0.001 0.002 - - 0.005 0.001 0.029 

1588 7.71 0.003 0.001 0.004 - - 0004 0.001 0.034 

1688 10.26 0.005 0.001 0.003 "- - 0.005 0.01 0.035 

1788 12.44 0.005 0.001 0.003 - - 0005 0001 0.032 

o 
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Table 3.4 contmued \ 

Element (wt. pet.) 
Alloy 
Name ( . 

SI Fe Cu Mn Mg Ni Zn TI Sr 

1M1 0.003 0.005 - 0.006 0.089 0.003, 0.004 - -
1 

1M2 0.271 0.005 - 0.005 0.099 0.002 0.003 - -
1M3 0.493 0.004 - 0.004 0.099 0.002 0.002 - -

1M4 0.805 0.006 - 0.004 0.102 0.002 0.003 - -

1M5 1.182 0.005 - 0.002 0.105 0.002 0.002 - -

1M6 1.287 0.008 - 0.003 0.089 0.001 0.001 - -

1M7 1.412 0.004 - 0.004 0.095 0.001 0.00,3 

= Jt 
-

1M8 1.559 0.004 - 0.003 0.103 0.001 0.004 -

2M1 0.004 0.003 - 0.004 0.351 0.002 0.004 - -

2M2 0.371 0.003 - 0.005 0.336 0.002 0.003 - -

2M3 0.551 0.006 - 0.004 0.328 0.003 0.004 - -
\ 

0.OD3 2M4 0.894 0.004 - 0.004 0.316 0.004 - -

2M5 1.096 0.003 - 0.003 0.342 0.003 0.003 - -

2M6 1.234 0.004 - - 0.003 0.350 0.003 0.004 - -, 

2M7 1.451 0.003 - 0.004 0.333 0.003 0.004 - -

2M8 1.630 0.005 - 0.003 0.342 0.003 0.004 - -

3M1 0.003 0.006 - 0.004 0.642 0.002 0.005 - - , 

3M2 0.317 0.003 
G 1 

0.005 0.637 0.002 0.005 - - -. 
3M3 0.549 0.003 - 0.005 0.620 0.002 0.006 - -

3M4 0.812 0.003 - 0.004 0.658 0.003 0.003 - -

3M5 1.043 0.ô1rs- - 0.005 0.612 0.003 0.004 - -

3M6 1.216 0.006 - 0.006 0.648 0.003 0.003 - -

3M7 1.436 0.004 - 0.006 0.643 0.002 0.003 - -

3M8 1.559 0.004 - 0.006 0.638 0.002 0.003 . - -

\ 
, 
l, 

\ 
\ ) 

\ . 



Table 3.4 eontrnued 

- Alloy 
Name 

Si Fe Cu 

4M1 0.003 0.004 -

4M2 0.247 0.004 -

4M3 0.445 0.005 -

4M4 0.832 0.002 -

4M5 1.071 0.002 -

4M6 1.187 0.003 -

4M7 1.443 0.004 -

\ ' 

4M8 1.622 0.004 -

SM1 0.03 0.004 -
5M2 0.225 0.005 -
5M3 0.416 0.002 -

5M4 0.854 0.002 -

5M5 0.992 0.003 -

5M6 1.198 0.005 -
SM7 1.438 0.004 -
5M8 1.608 0.004 -

1M1B 0.004 0.004 -

1M2B 0.214 0.004 -
1M3B 0.466 0.003 -
1M4B 0.815 0.002 f-

1 

1M5B ,,0.945 0.003 
1 -

1M6B 1.176 0.003 -

1M7B 1.426 0.004 -

1M8B 1.543 0.003 -

-1 

\ . 

Element (wt. pet.) 

Mn Mg NI 

0.005 0.752 0.003 

0.005 0.748 0.002 
~ 

0.004 0.742 0.003 

0.004 0.738 0.003 

0.003 0.762 0.003 

0.004 '0.773 0.002 

0.005 0.755 0.002 

-0.005 0.746 0.003 

0.003 1.034 0.003 

0.005 1.008 0.003 

0.005 1.142 0.003 . 
0.005 0.988 0.004 

0.006 1.034 0.005 

0.007 1.104 0.003 

0.003 0.977 0.003 

0.004 1.086 0.003 

0.005 0.086 0.003 -
0.004 0.092 0.003 

0.004 0.095 0.002 

0.004 1.021 0.002 
"-
0)003 1.015 0.002 

1>.003 0.092 0.002 

0.003 0.087 0.002 

0.004 0.093 0.002 

t 

Zn Ti 

0.004 -

0.003 -

0.004 -

0.003 -

0.003 -

0.003 -

0004 -

0.004 -

0.004 -

0:003 -II 
0.004 -

0.003 -

0.004 -

0.004 -

0.004 -
0.004 -

0.006 -, 

O.OOp -
1 

0.007 -

0.005 -

0.005 -

0.004 -

0.005 -

0.005 .,-

" 
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Sr 

-
-

-

-
-
-

-

-

-
-

Q 

-

- ~ 

-
-
-
-

0.035 

0.037 

0.032 

0031 

0029 

0.036 

0.034 

'0.034 

. . 
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Table 3.4 contmued 

Element (wt. pet.) 
..... r-') 

Alloy _. 
, Name , 1 

SI Fe Cu' Mn Mg NI Zn TI Sr 
1\ 

2M1B 0.004 0.002 - 0.005 0.361 0.004 0.005 - 0.034 

2M2B 0.279 0.002 
, 

0.004 0.334 0.003 0.006 0.037 - -
A < 

2M3B 0.493 0.004 - 0.004 0.316 0.002 0.007 - 0.033 
-

' . 
2M4B 0.805 0~005 - 0.005 0.308 0.003 0.006 .. (3.035 

2M5B, 1.170 0.006 - 0.005 0.365 0.002 0.007 - 0.035 r , 
( . 

2M6B 1.126 0004 - 0.003 0.354 0.002 0.004 - o QJ6 

2M7B 1.433 0.00 - 0.004 0.326 0.002 0.005 o ...,' 0036 , . . 
2M8B 1.559 0.004 - 0.003 0.330 0.002 0,,005 - 0.037 

. -- \ ... ,\ -::; .~ 

o \ 

3M1B 0.004 0.003 - 0.004 0.687 0.001 0.005 o.Oûr 0.034 . 

3M2B 0.271 0.003 - 0005 0.626 0.002 Om07 0002 0.033 

3M3B 0.483 0.003 -.J' 0.004 0.618 
~ 

0.qo2",,\ '0.006 0.002 0.034 

3M4B 0)90 0.004 - 0.004 0.630 0.003 0.OQ5 0.001 0037 
" - . 

3M5B 1.179 0.004 - 0.003 0.642 . Q . .o02 0.003 0.002 0.035 

Oll.3& 
.. , 

3~6B . 1.244 0.003 - 0.006 0.002 0.005 0.003 0031 

3M7B 1.436 0.003 - 0.{)05 0.625 0.003 0.004 0.004 0037 

. 3M8B 1.569 0:003 
. 

0.003 - 0.655 0.001 0.004 0.003 0.035 

4M1B 0.003 ,Q.004 . 0.003 0.771 0.001 0.003 0.001 0.031 -
"1 

""-"'1 . 
4M2B ~~69 '0.805 -, 0.003 0.725 - 0.004 0.002 0028 

r 

4M3'B 0.3§-2 0..004 - 0.003 0.739 - 0.004 0.001 o 034 j 

4M4B 0.805 0.004 - 0.004 0.740 0.002 0.001 0.001 0036 
0 

't 4J5B " .. 1.185 0.006 - 0.005 0.755 - -0..001 0.001 '0'038 , , 

,/ 4M6B 1.267 0.003 - 0.p03 0.759 0.003 0.001 0.001 0.035 

. " 4M7B 1.418 0.Q03 - 0.004 0.760 0.002 0.002 0.001 0.035 
; 

4M8B 1.559 0.003 - 0.004 . 0.738 0.001 0.001 0.001 0.936 
,If 

) 
A 

" ., . ~. . 
1 

" l : 
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Table 3 4 contrnued 

Alloy 
Name 

Si Fe 

5M18 0.003 0.005 

'SM28 0.263 0.005 
• 

5M38 0.493 0.004 

5M48 0.821 0.003 

5M5B 1.182 0.004 

r ~~~68 .1.302 0.006 

, 5M7B 1.442 0.005 
~." ' 
. ""5M8~'tl. ':'1-':-543 0.004 

." 

6M1 2.34 0.002 

6M2 4.33 0.003 

6M3 6.24 0.003 

6M4 8.54 0.004 

6M5 10.61 0.005 

6M6 12.86 0.005 

7M1 2.1'4 0.003 

7M2 4.36 0.003 

7M3 6.16 0.002 

7M4 8.08 0.005 

7MS 10.17 0.005 

7M6 12.45' 0.004 

l 8M1 2.21 0.007 

8M2 3.98 0.005 

8M3 5.84 0.005 

8M4 7.88 0.004 

8M5 10.01 0.004 

8M6 12.46 0.005 

Î 
1 

Cu 

-
-

-
-
-

- / 
v-

- ~ 

-
" . 

0.002 

0002 

0003 

0.003 

0.003 

0.003 

0.001 

0.002 

0.001 

0.001 .. 
0.002 

0.001 

0.002 

o.o~ 
0.00 

0.00 

0.002 

0.002 

I~ 
,C) 

Q 0 

• 15' 

! 

Element (wt. pet.) ~ 

Mn Mg Ni Zn T.i Sr 

0.004 1:105 0.007 0.003 0.002 0.037 
, 

0.003 1.008 0.006 0.001 0.002 '().034 
, 

0.004 1.115 0.004 0.003 0.002 0.033 

0.005 0.975 0.004 0.004 0.001 0.035 

0.004 0.968 0.005 0.003 0.001 ,0.,033 

0.003 1,018' 0 . .003 0.003, .!Q.QQ2" 0.032 

0.003 1.125 0.003 0.003 0.001 [A'.031 
, ' ...-.J-

0003· 1.034 0.004 0.003' 0.002 0.032 

·Ô.OOs' '0.'252' Q·.Oq2. r,,0 006 0.002 -. 
0.005 0.272 0.002 0.004 0.002 -

0.005 0.331 0.002 0.005 0.003 -

0.004 0.281 0.002 0.005 0.002 -
/ 

0.004 0.297 0'.003 0.004 0.003 -

0.004 0.3,13 0.005 0005 0.002 -
0.004 0:771 0.002 0001 0.001 -

, 

0.004 OÇ761 0.002 0.001 0.001 -

0.002 0.769 '0.002 0.002 0.001 -
~ . 

0.002 0.721 0.002 0.002 0.001 -

0.004 0.764 0.003 0003 0.001 -

0.004 0.734 0.003 0.004 0.001 -

0.004 0.334 0.004 0.007 0.002 -
, 

0.004 0.308 0.002 0.005 0.002 -

0.003 0.312 0.002 0.007 0.002 
1-

0.002 0.296 0.002 0006 ' 0.002 -

0.004 0.278 0.004 0.006 0.002 -

'0.003 0.311 0.004 0.006 0.002 -
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Tablè 3.4 co'ntinuetf 

'fil 
, - Alloy 

Element (wt. pet.) 

Name 
Si Fe .Çu Mn Mg Ni Zn TI Sr .. <. . 

) 
6M1B 2.46 0.002 0.002 0.005 0.282 0.003 O.?Q4 0.001 0.031 

6M2B 4.22 0.003 0.003 0.od5 0.294 0.002 0.1003 0.001 0.026 , 'J 

6M3B 6.18 0.002 0..003 0.004 0.338, 0.001 0.003 0.002 0033 

6M4B 8.12 0.002 0.002 0.005 0.271 0.004 '8!o03 0002 0,036 

6M5B 10.26 0.002 0.002 0.094 . 0.181 0.003 0.004 0.002 0.030 

'6M6'B 12.30 0.004 0.003 0.004 0.326 -0-:003 0.007 0.002 0.028 

7M1B 2.41 0.004 0.001 0.005 0.714 0.003 0.005 0.002 0.029 

7M2B ~' 4.17 0.003 0.d02 0.006 0.766 0.003 0.007 0002 0032 

7M3B 6.08 0.003 ' 0.002 0.005 0.772 0.003 0.005 0002 0.035 . , 

7M4B. 8.06 0.003 0.001 0.005 0.786 0.003 0005 0.002 0.033 
1, 

7M5B 10.17 0.003 0.003 0.005 0.737 0.003 0.004 0.002 0032 

7M6B 12.48 0.004 2.002 0.004 0.742 0.004 0.005 0.002 0.032 

8M1é 2.08 0.006 0.002 0.004 0.286 0.004 0.005 0.-002 0.032 

8M2B 4.12 0.004 0.001 0.004 0.322 0.004 0.007 0.002 0.032 -
--.0404 

. 
8M3B 6.04 0.001 0.004 0.308 0.004 0.006 0.002 0028 

8M4B 8.01 0.005 0.00,2 0.005 0.284 0.004 0.006 0002 0031 
0 

8M5B 10.15 0.005 0.002 0.005 0.296 0.004 0.006 0002 0.031 

8M6B 12.52 0.006 0.002 0.005 0.314 0.004 0.007 0.002 0.030 

9M1B 2.34 0.005 0.001 0.004 0.322 0.003 0.007 0.001 0.061 

9M2B 4.08 0.005 0.002 0.005 0.360 0.004 0.007 0002 0056 
() 

9M3B '6.09 0.003 0.002 0.005 0.278 0.004 0.006 0.002 0.061 , 
9M4B ~.26 0.003 0.002 0.007 0.292 0.003 0.007 0.002 0062 

o 
9M58 10.32 0.004 0.002 0.005 0.324 0.004 9.006 0.002 0058 . 

0:002 -9M6B 12.56 0.005 0.005 0.306 0.004 0.004 0.002 0.059 
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Table 34 continued 

'1Y , . 
Element- (wt. pet.) '" 

Alloy - -

Name ....!. 

S~ Fe Cu Mn Mg NI 'Zn TI Sr 

D1 T2A5 0 .. 002 -. 0.004 - 0.004 0.006- 0.002 -, 

D2 12.52 0.002 - 0.004 - 0.002 0.005 0.002 -
, 

D3 12.10 0.002. - 0.006 - 0.003 0.004 0.002 -
~ 

, D4 12.86 0.003 - ,0.003 - 0.003 0.004 0.002 -

05 12.55 0.003 - 0.004 - 0.003 .0.004 0.002 -

D6 12.44 0.004 - 0.005 - 0.001 0.007 0.002 -

51 12.68' 0.006 - 0.004 - 0.003, 0.006 0.002 -
-- 52 12.42 0.006 - 0.004 - , .0.004 0.005 0.002 0.035 

~ 

... 

. . 
.D 

! 

, 

/ 

-' 
( 
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RESULTS AND DISCUSSION ,,"' , 

" 
As described in chapter 1, the mam objective of this work was to 

provide a more comple~e understanding of how strontium additions affect 

the resistivity behaviour of AI-Si alloys: Therefore, the investigation was 

divided into three areas: ' .. 

1) a study-of the resistivity/conductivity behaviour of solid solution AI­

Si and AI-Si-Mg alloys, 

2) a study of the effects of varying silicon morpAologies on the 

electrical resistlvity/conductlvlty of two-phase AI-Si and AI-Si-Mg 

alloys, 

3) a st~dy of the electr~cal conductlvity changes that occur during heat 

treatment of the two-phase alloys. 

The results P7, ining to the s,?lid solution a,"oys will be d,scussed 10 

chapter 4 and ose dealmg wlth the two-phase alloys wil.l be glven 10 the 

followmg two ëhapters. 

( 1 
RESISTIVITY/CONDUCTIVITY BEHAVIOUR OFTHE SOUD SOLUTION ALLOYS 

4.1 General 

" Earlier studles22,25,26 focussed entirely on resistivlty changes observed 

in hypoeutectic AI-SI casting alloys (wt.,pct. Si >5) when strontium was used 

as a modifier. However, no available data exists on the effect of strontium 
'" on the, resistlvity of solrd solutl~n alloys 10 which the silicon content IS less 

than 1.6 wt. pet. 
) 

When an alloymg element is added to a solid solution, the reslstlvlty 

may change for a number of reasons: 

i) dissolution of the alloyrng element in the solid solution, 

ii) changes of the solid solubility limits of other elements present 10 the 

solid solution, -

--
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v ' 
Iii) changes of the precipitation kinetics of solute atoms ln the case of . 

, heat treated solid solution alloys. 

f~" -" ln the following sec~ns It will be determlned wheJer ~r not· 

1 t strontiu~ alters the resistivlty of aluminum, AI-Si and AI-SI-Mg sohp solution () 

1 alJoys, and If 50 the reasons for the change in reslstivity will be established. l-

i 
4.2 Reslstlvity/Conductivity of AI-Sr Solld Solution Alloys 

• 1 

4.2 1 Room Temperature Conductivlty 

Cl 

Figure 4.1 shows the roomJtemperature conduètlvity of binary AI-Sr 
~.;: 

"alloys contarnrng up to 0.?6 wt, pet. Sr for air of the various heat treatments 

used. The addition of up to 0.26 wt. pet. Sr has virtually n,'o etfect on the 

conductivlty, which remains constant at the 64 pet. lACS level. Also, the 

conductivity'is constant regardless of the heat treatment process. !hese 
, 

observations would t.end to rndicate that strontium has'an extremely low 

sohd solubility ~n aluminum at room temperature . 
. \~ 

4.2.2 Residual Resistlvlty Ratio 

As noted~ in chapter 2 (section 2.4), the te,!,perature dependent 

resistlvity (Pth) does not depend on alloyîng element types and 

concentrations nor on lattice dêfeets and It.reaches a negligible value at very 

low temperatures. Hence, the determrnation of resistivity at 4.2K glves aFl 

J accurate measure of the residual reslstivity (Po) which is the sum of the 

contributions from eaèh of the impurlties, alloyin~ elements and lattice 
, 

imperfections su ch as vacancies, dislocations and grain boundaries. Since the 

resistivity contrioution of lattlceimperfeetions is ,very much smaller than that 

of th~ alloying elements, particularly as the samples were annealed prior to 

measurements, then it can be assumed that--

P Tolal == P v :::: P AlloYITlC al42K (4.1 ) 

/' 

o 
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Consequently, changes ln the resldual resistl'Jlty ratio' (RRR) are caused by the f.. ') 

alloylng elements. 

" 

:rhe vanatlon of the RRR of alumlnum with an mcreasing amount of 

strontium IS shown ln Figure 4.2: Here, It is seen that a rapld decllne of the 

RRR 1rom'155to 135 occurs up the -0.03 wt: pet. Sr. At higherstr~~tlum levels 

the decline IS less·marked, ther~by indicating an approxlmate solubility limlt 

• of only 0.03 wt. pet. Sr at 560°C. This suggests a negllgible strontium 

solubltlty at room temperature, as was postu'lated on the basis of the room 

tem~erature conductivlty. Hence, there IS no signlflCant contribution of 

dlssolvèd strontium to the conductlvlty of the alummum matnx. Further 

eVldence ofAhls lack of solubrlity is to be ,found m reports that the change rn 

the lattice ~arameter of alumrnum ca,used by the dissolution of strontium Is 

too small to measure.75 

4.3 Resistlvlty/Conduetlvlty of AI-sr and Al-SI-Sr Solid Solution Alloys 

4.3.1 Room Temperature Conduetlvlty of Quenched and Air Cooled AlI,oys 

,'î 

The! changes 1 n electrical cond uctlVlty at room terhperature o} 

alumrnum eontalnlng up to 1.6 wt. pet. SI and ternary AI-Si-Sr alloys with 

0.035 wt. pet. Sr are presented in Figure 4.3. The eonduetivity of both the 

quenched and air cooled samples of binary anci ternary alloys first decltnes 

> sharply to 48 pet. lACS at 1.3 wt. pet. Si and then gradually to 47 pet. lACS at 

1.6 wt. pet. Si. The linearity of the first part of the eurve (I.e. Si< 1.3 wt. pet. ) 

shows that the silicon atoms are present in aluminum solid solution up to 1.3 
, ~ 

wt. pet. The later change in the slope of the curve in,dlcates that the silicon 

concentration exceeds ItS solld solubility limit. The rate ôf the decr~ase of 

cpnduetivity calculated from the slope of the curve is 12 pet. lACS per wt. pet. 

Si. ThiS corresponds to an increase in resfd{vlty of O.70pQcm per wt. pet. Si, 

and is rn agreement with reported values.53,54,921. 

As, can be seen ln Figure 4:'$>, there is no slgniflcant difference ln the 

conduetivltles of quenched and air cooled samples: ThiS suggests that the air 

cooling was rapiQ en10ugh to retai.n 'Sili,con in the aluminum matnx, and' 

.. 
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.. 
therefore the eonduetlvity measurements. show no eVldenee of silicon 

precipitation ln air cooled samples. Aiso shown ~n Figure 4.3 is the effect of 

0.035.wt pet. Sr on the eonductivlty of AI-SI alloys. Strontium has no 

not/ceable Influenc on room temperature conductlv/ty, Indlcating that 

strontium does not a fect the solubtlity of silicon in .the alumlnum matrix. 

, '1 
4.3.2 R~R of Air Coole an'd Aged Alloys 

The resldual reslstl~ity ratio of alumlnum contalning additions of sdicon 

up to 1.6 wt. pct. is given ln Figure 4.4 for air cooled sal1lples. The RRR is . . 
reduced drastlcally by the additiorq of silicon up to 0.3 w~ pct and more 

slowly thereafter. Finally, it becomes constant at 4.8 when the silicon 

ëoncentratlon exceeds 1.30 wt. pct. The mit/ai major drop ln RRR wlth small 

additions of silicon «0.3 wt. pct) is expected due to th~ consl<1rrable 

reduction in the punty of the al/oys. Here, the solubllity limit of silicon is 

defined as the point at which the curve becomes hOrizontal. When the 

silicon content IS hlgher than the soltd solubillty limlt, excess silicon -atoms 

are 'fejected by the alumlnum' matnx. It IS weil known that these rejected 

atoms have a smaller effect on the RRR than the dlssolved silicon atoms. 44,77 

Apparently, the solubillty limlt froom Figure 4.4 is -1.3 wt. pct. Si, and is ln 

agreement wlth the room temperature eonduct;v/ty data, However, this , ' 

va~ue is notlceably lower than the equllibnum sQlid solubility Ilmlt of s;Îjcon 

at 560°C, whlCh IS 1 5 wt. pet. Si.l The disc!epancy between these two values 

,results from silicon segregation and non-equilibrium coollng during 

solidification ~f the alloys. The silicon segregation leads to the formation of 

eutectic- Silicon at concentrations of less than 1.62 wt.' pet. and prevents 

furth'er silicon dissolution in the matrix. The eutectic silicon phàSJ~ found in 

the as-cast binary AI-SI and ternary AI-Si-Sr alloys containing 1.4 wt pct. SI ;s 

shown in Figure 4.5 

The data of F/gure 4.4 conf;rms the result obtained tram the - room 

temperature conductivlty measurements; namely, that strontium at this 

level (0.035 wt. pct.), whlch is typlcal of that used for modifICation, do es not 

alter the solid solubtlity limit of silicon in the aluminum matrix and hence the 
1 

resistivity of the matnx phase. A more detalled compamon of the data 

presented in Figure 4.3 and Figure 4.41s given ln Appendix IV . 
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The RRR of '~ged AJ-~' and At-Si'-Sr alloys J also .given in Figure 4.4. The 

RRR decreases rapid!y to 30 wlth the addition of silicon up to 0.15 wt. pet. 

and remams constar:l'l at ail silicon levels in excess of 0.15 wt. pet., which is 

the maximum solid solubility "mit of silicon at 340°C. The higher RRR on 

aging compared to air cooling (see Figure 4.4) 15 no doubt due ta the 

rejectlOn of silicon by the aluminum matnx during aging. 

4.3.3 Room,Temperature Conduetivlty of Heat Treated Alleys 

• 
The results obtained using dlfferent heat treatment processes can be 

~. ~ 

summarized as follows: . 

i) Air cool ing' As not{~d earller, air copi ing does not lead to 

signiflcantly dlfferent conductlvlty values when compared to values 

measured from quenchJd samples (Figure 4.3). ~. 
ii) Furnace coolmg: As exp~eted, alloys whlch are furnace cooled show 

Jess dependence of the conduetlvlty on the silicon concentration, as 

seen ih Figure 4.6 However, it IS eVldent in Figure 4.6 that the 

ternary alloys ha~e relatlvely lower conduetivlty values than the 

bmary alloys when the silicon concentration' exceeds about 0.5 wt. 

pet. It appears that strontium exerts a retarding effeet on silicon 

preCIpitatIOn dunng furnace coolmg, which will be discussed in 

detall below 

IIi) Aging: Natural agmg (I.e. room temperature agmg) of both the 

bmary and ternary alloys was followed by means of conductivity 

measurements. Figure 4.7 shows that there is no change in the~ 
conductivlty 6f water quenched samples wlth aging time, thus 

gi\llflg no mdlcatlon of pre-precipitation of silicon (i.e. G.P. zone 

formation during room temperature aging) 

,; 

Figure 4.8 illustrates the relatife conduetivity change with tlme during 

the isothermal aging of three AI-Si and AI-Si-Sr alloys at 340°C. The general 

charaetenstlc of the curves IS sigmoldal, demonstrating classlCal nucleatlon 

and growth kmetlcs. Thus, the change m conductlvity mcreases slowly at 

first, then accelerates; and then decreases as precipitation reaches 

completion. The presence of strontium (0.035 wt.>pct.) does notrchange, this 
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general shape of the curves, but does act to retard the preCIpitation process 

as seen by the shift to the right of the curves. However, this effect of 

strontium gr.adually dlminlshes with longer aging times (> 6h). 

The overall kfhetlcs of the silicon precipitation process, mcluding the 

nucleation and growth stages, can be treated using the Johnson-Mehl­

'Avrami equation; 134,135 

l 

x(t)=l-exp t_kl n) 

.J
where x(t) = volume of preclpitate"formed at time t 

n = Avrami constant 
k = rate constant 

x(t) can be convenlently expressed as; , 

. 
where 00 = initiai conductlvity (i.e. quenched conductivity) 

OF = final conductivity 
Ot = conductivlty at time t 

Equation 4.2 can be con~erted into common logarithms;~' 

and 

( 
1 ) 1 n log ---.--;- = - (kt ) 

1 -x(t) 2 3 

log log( _1_ ) = n log(t) + log (k) -1o~(2, 3) 
1 -x(t) 

(4.2) 

" 

(4.3) 

(4.4) 

Experimental conductivity results were anal.yzed by plotting curves of 

log log'(1/(1 - Xt)~ against log(t). This gave straighHines of slope n, as shown 

in Figure 4.9. The rate constant, k, for each àlloy was then calculated from 

experimental results assuming that 1/k equals the tlme at w~ich log log 

(1/{1 - Xt)) = - 0,362: Some of the calculated k values, tog~ther with Avraml 

\ 
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const.an; n, are given ln Table~4.', and the complete data IS presented in 

Appendix 1. As seen~n Table 4.', the n valueS obtained for AI-Si and AI-SI-Sr 

al~oys do not show any sign,flC~nt difference and are in the range of 0.70 tOr< -, . 
0.80 with a mean of 0.75; however, the rate constants k of the AI-Si-Sr alloys 

are smaller (-- 25%) than those of the bmâry alloys containing the same lever 

of silicon. This implies that th,e sIlicon precipItation processes ln btnary anti 

ternary alloys are isokinetic, but the rat.~ of the process is appreciably slower 

il<l the ternary AI-SI-Sr al/oys th an the blnary AI-SI alloys. Itwas a/so observed 

th~t the rate of prècipitation increases with increasing silicon concentration, 

as seen in Table 4.1. Such observations have been also reported by other 

authors136,137 and clearly result from achieving a higher degree of super­

saturation of the al/oys wlth increasing silicon content after water 
? 

quenching, thus provlding an Increased driving force for the precipitation 

reactlon on aging. 

~ comparrson of the expenmentally calculated Avraml constants with 

those determined from theoretlcal models (Table 4.2)134,135 shows that the \ 

model given by Cottrell-Bilby138 and Harper139 provides the best agreement 

with the experimental results. This -model, iQ which the n value is 2/3, 

suggests that precipitation occurs on dislocation Ilnes and its rate is 

controlled by the diffusion process ,of solute atoms near the precipitate­

matrix interface (Le. diffuslon-controlled growth). In addition, extensivé 

studJes carried out by Rosenbaum and Turnbuf/10S, 140 using X-ray diffraction 

and microscopy revealed evidence for the precipitation '0/ silicon on 

dislocation loops that form due to the collapsing of excess quenched-in 

vacanCles. More recently, Ozawa and Kimura 136, and Hammand et al. 141 

found heterogeneously nucleated silicon precipitates on dislocatIon loops by 

transmission electron microscopy. 

Silicon precipltates in the ,binary alloy exist with equiaxed, rod and 

plate-like morphologies, as was reported previouslyl0S,140. However, in the 

ternary alloys the precipitates are mainly equiaxed and smaller, particularly 
~ -

in the furnace cooled samples as shown in Figure 4.10. The5e observed 

changes in size and morpholç,gy of the preclpitates implies that strontium 

reduces the growth rate of silicon and p~rhaps changes its growth 

7' 
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Table 4.1 Experimentally Calculated Values of n and k 

% Si 

" 

0.60 

1.03 

, 

1.40 

% Sr 

- (10 

0.035 

- . 
0.035 

_r /' 
0.0~ 

<. 

1 

.\ 
." 
) , 
1 

n 
< 

0.75 
1 

0.70 

0.80 

0.77 

0.77 

0.73 

1 
.. / 

/ 

/ 
;' 

1 

k (h - n) 

1 

0.36 

0.28 

0.71 

057 

1.25 

1.00 

/ 

" 
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Table 4.2 Values of n in Kinetic Law; 
y = 1 - exp( _~tn) 

Model n 

Nucleatlon at a constant rate and 4 
growth of a eutectoid 

Nucleatlon at a constant rate and 5/2 
diffusion controlled growth ., 

precftFtatlOn on dislocations and . 2/3 
dl fusion controlled growth 

Diffusion contrQlled growth of a 3/2 
flxed number of partlCles 

Growth of a flxed number of 3 
partlc:les IImited by the mterface 

process . 
Diffusion controlled growth of dises 2 t 

of constant thlckness < 

Diffusion controlled growth of 1 
cylmders ln axial direction only . 
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mechanism. Table 4.3 indicates that the population of the silicon 

precipitates i.n binary and ternary alloys is of a similar order. Therefore, It 

appears that strontium does not markedly Influence the denslty of, 

dislocation loops, and hence the nucleation klnetics of the silicon 

preCIpitation process. 

As reported by Harper139, k is proportional to dislocation density and 

dlffuslvlty of soluté atoms. As noted above, it is unllkely that strontium • • 
re.,.duces the dislocation 1enslty, but it may cause changes in dlffuslvity of 

silicon atoms. Correspond,mgly, the retardatlon of growth of th~ silicon 

part/des in the AI-Si-Sr al,loys may result from f lowering of the diffusion rate 

of silicon atoms towards the nucleated p,articles due to segregation of 

strontium atoms to regions of the aluminum matrix adJ~cent to the Silicon 
...r~ 

partlcles. As proposed by many authors29,30,41-43, the segregation or 

accumulation of strontium near the nucleated eutectlC silicon phase takes 

place during the solidificatIOn of modlfled AI-SI castmg a/loys. ThiS results m 

poisonmg the preferentlal growth directions of the SIlicon crystals, therèby 

makmg growth more isotropic and restncted. It can be expected that , 
strontium behaves slmllarly during the precipitation of silICon and reduces 

• 1-

the anlsotroplc growth of silICon partlcles along the preferential directions 

of {111}Sill{111}AI and {111}SI/){100}AI140. The result IS slower but more 

uniform growth of silICon (i.e. equiaxed crystals) and retardation of silicon 

rejection from the aluminum matrix. This retarding influence of strontium 

on the silICon precipitation process is reflected by the experi menta lIy 

calculated k values bemg lower for the strontlum-containing al/oys . . ~~ 
e 

The Influence of strontium ~n the precipltatlo~ of'slllCon IS more 

. profound in the furnace cooled samples in which' the nucleation of 

precipitates IS relatlvely difficult due to the lack of heterogeneous 

nucléation sites (e.g. dislocation loops). TKerefore, the precipitation process 

IS dominated mainly by growth on already nudeated particles. Thus the 

effect of strontium on the preCipitation rate becomes more signiflCant, as 

shown in Figure 4.11. 
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Table 4.3 Numper and Shape of the Preclpitates Found 
in AI-Si and AI-Si-Sr Alloys 

a 

Temper % Si % Sr No. of particles Shape of . 
(N/cm - 2) the Partlcles 

Furnace 1.03 - 275 Rod, plate, equiaxed 
Cooled 

1.03 0.035 255 (:qUlaxed 

Aged at 0.6 - 2310 Rod, plate, eqUlaxed 
340°C for 5h 

" 0.62 0.035 2100 Plate, eqUlaxed 
>; 
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4.4 Conduetivity of AI-Si-Mg and AI-Si-Mg-Sr Sblid Solution Alloys 

MagnesIum !§ a common alloying ,element in both wrought at cast 

aluminum base alloys. Its maximum eqUilibrium solid solubillty ln alu inum, 

is 17.4 wt. pçt., but the magnesium level in casting alloys rarely excee s 0.75 
• l '''' , 

wt. pet. Magnesjum IS used with silicon to produce Mg2Si precipitates in 

heat treated alloys in order to Improve the·mechanical propertles. 53 ln the 

followlng sections, the effeet of the combtned presence of magnesium and 

silicon, with and wlthout strontium additions, on the conductlvity of the 

aluminum solid solution will be consldered. 

4.4.1 Room Temperature Conductlvity of Quenched AI-SI-Mg and AI-SI-Mg-Sr 

Alloys ' " \', 

Figure 4.12 presents the changes m conductivity of quenched AI-S~g 

and AI-SI-Mg-Sr alloys wlth Increaslng silicon and magneslum concentrations 

from 0 to 1.6 and 1 wt. pet., respectively. The conduetlvlty of the ternary AI­

Si-Mg and quaternary AI-S/-Mg-Sr alloys decrease Imearly wlth Increaslng 

silicon contentat a rate of -, 2 pet. lACS perwt. pct. Si; the same rate observed 

in bl!1ary AI:Si alloys. A ~agnesium addition also redu·ces the pverall 

conduetlvlty, as can be seen ln Figure 4.12 by the suppression of the curves to 

lower conduetlvlty values. At a given silicon concentration, the decrease ln 

conduetivity per wt' pet. Mg 15 about 10 pet. lACS or the increase ln resistlvlty 
is 0.58pQcm. This agrees with reported values. 53,54 Slnce both elements 

) . 
dissolve in solid aluminum, their contribution to the reslstlvlty of the 

d 

alumlnum matrrx should be additive. ThiS was check~d _by companng the 

measured resistivity changes (L\pmAI) wlth the calculatéd '~esistlvity change.s 

" (ApcAI) trom the Matthie5sen-additive rule (Table 4.4). Sioce the conductiv/ty 

values ~re not additive, the measured pet. lACS values are converted to \ 

resistivitles (PA) (pQcm) ln Table 4.4. 6pmAI was obtamed by subtractmg the 

/ resistlvlty of pure aluITlInum (PAl = 2.68pOcm) trom the reslstivlty of the 

alloys. L\pcAI'was calculated using the following relationshlp; 



/. 

, ' 

64 

62 '" 

"60 \ "10 
~ 58r 
'~56f~ ~ 
~ 54 t. . 'b . <0 

101 

1 
o Quenched AI-Si-Mg" 

o Q uench'ed A 1- Si-Mg -Sr 

... 

-J' 

~ . ~ '. 0 10'/, ~g . 

~6 1 ~ . -Q:] O.3l-/,Mg 

44 " ~. Ob. 
0, ~{J . 

4 2 .~ "-oo-o_~~ 0.65'1, Mg • 
'---al> --~ 0.7S'I,Mg 

~-oa 1.00'I,Mg 

400L.O-----OL.2-'---O~.4----0~.6~-O~.8---1~.O---,1~.2---~1~4--~1~.6--~1~.8~-2~O 
wt. pet. Si 
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Tabl~ 4.4 The Cp.(Ilbined Effect of Magne~d Silicon 
on lhe Resistivlty of Alummum _ <' 

" 
% SI %Mg PAt t:.~mAI ., . t:.JCAI '~~ 

(pQ cm) (p cm) (p cm) ''\ 
\, 

0.32 0.33 3.07 J 0.39 
, 

0.41 

0.60 0.33 3.26 0.58 0.61 ., 

0.96 0.33 3.52 0.84 086 

0.32 0.65 3.24 0.58 0.60 
/ 

0.60 0.65 349 0.81 0.80" 

0.96 0.65 3.83 1.15 1.08 
1:\ 

0.32 1.00 3.47 0.79 0.80 

0.60 1.00 3.73 1.05 1.0Q 

0.96 1.00 4.09 1.41 1.28 . 

t PA = (reslstivity of the alloy) = (172.6/IACS) 

-~--- ---------------



{ 

J 

~/ 

where ApSi = O.70pQcm/wt. pet. Si 
APMg = p.58pQcm/wt. pet. Mg 

103 

(4.5) 

The results seen m Table 4.4 conflrm that the combined effect of 

magnesium and silICon on r~slstlvlty obeys the Matthiessen additiv,e rule .. 

Çf' 

Jhe addition of magnesium sllghtly reduces the solubility of silicon in 

quenched samples by shrhmg the inflection point on the curves toward 

lower silICon contents. For example, the ~llCon solubillty IS 1.3 wt. pet. for 
- i' 

the alloy contaming 0.1 wt.' pet. Mg whereas it is·about 1.0·wt. pet. for the 

alloy containmg 1 wt. pet. Mg (see Figure 4.12). As IS eVldent in' Figure 4.1.2, 

strontium exerts essentially no effect on the conductlvlty of AI-Si-Mg solld 

\ " solution alloys; hence It does not change the sol/d solubil/ty I/mit of silicon or 

magneslum in the aluminum matrix . 

..--~- 4.4.2 Conductivity of Heat Treated Alloys 

i} Air coolmg: The air cooled samples (Figure 4.13) exhib/t not/ceably hlgher 

conduetivlty than the quenched samples (Figure 4.12) due to the formation 
" of Mg2Si compounds. Initially, the conductlvlty of air cooled alloys decreases 

as the silicon and magnesium contents increase. When the alloys contain C 

more than 0.8 wt. pct. Si and 0.6 wt. pet. Mg thelr conductivity approaches a 

more or Jess constant value in the rang~ of 46-48 pet. lACS. 
;;1..., 

!. .. ~f 

ii) Furnace cooling: Furnace 'coolmg allows the formation of a considerable 

amount of Mg2Si, thereby altering the aluminum lT)atrix composition and 

Jncreasing conductivity. Therefore, the conductlvity of furnace cooled alloys 

depends less on the chemical composition of the alloys, as.shown ln Figure 

4.14. 5lnce the approxlmate weight ratio of magnesium to silicon needed to 

form Mg2S1 is 1.73: 1, ,most of the alloys contam different levels of excess 

silicon, which are calcuJated 'assuming that ail the magneslum combines wlth 
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Figure 4.13 Room temperature electncal condu~vity of air cooled 
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Silicon to form Mg2Si. The excess silicon only slightly lowers the furnace 
1 " • 

cooled conductivlty, which ranges from 57.5 to 52 pet. lACS. In addition, the / 

p~esence of strontium does not Wluence- the conductlvity of the furnace-' 
t 

cooled samples. The optical micrographs obtained from ~oth AI-SI-Mg and 

AI-Si-Mg-Sr al/oys are presented'in Figure 4.15. Mg2S1 precipitates appear i 

rod J plate and cubic forms in both the ternary and qUfltefn~y alloys wit a 

si m ila r den sity of - 3 00 pa rti cl eslcm2• ~ oweve r .Iod p nlei p itatis a!~ fi ne r w ith 
strontium present. {,J ) \ ' 

, ) 

ill) Aging: Ternary AI-Si-Mg solid solution alloys exhlbit a dlfferent 
• 

precipitation behaviour compared wlth the AI-Si systems dlscussed ln section 

4.3.3. In the 'AI-Si system, only the equilibrium silicon phase precipitates; 

however, there are several precipitation products rn the AI-Si-Mg system and 

the precipitation sequence IS given as; 142 

Super saturated G P zones ~' rods p-plates and cubes 
-il>- -... -il>-

AI-matrrx needle- shape mtermedlate M92S1 t ;table M92S1 

\ ) 

"G.P. zone formation does not involve a nucleatlon process Jl.e· direct 

growth process) therefore no incubation period IS observed 102, but the po 
rods and tl-plates are heterogeneo,usly nucleated on dislocations or otherr# 

lattlCe defects such as vacancies. 142 AdditionallYJ more complex nucleatlon 

"and growth processes have been reported in the literature, depending on 

the details of the heat treatment applied 143 -

Natural aging: Figure 4.16 shows that the relative conductlvlty of both fue­
ternary and quaternary alloys decreases on Isothermal agmg at room 

temperature. A feature 6'f the v~riation rn the relative conductivity wlth 

aglng time is that the conductivlty decreases very rapldly ln tlmes of the 

order of 1h'followed by a graduai decrease over a penod of 12h The rnltlal ' . 
rapid change IS known as tRe f~st reactlon, and IS associated wlth clustenng 

of silICon and magneslum atoms (i.e, G.P zone formation). This process IS the 
- kt! 

result of the high diffusion rate ôf soh,Jte atoms whlCh IS enhanced by the 

large vacancy super-saturation caused by quenchrng 102 The subseq,uent 

\ 

t' 
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Figure 4.15 

'\ 

a) no Sr 

b) 0.03 wt. pet. Sr 

Mg2Si preclpltates formed ln AI-0.95 wt. pct~ Mg2S1 

alloys furnace cooled from 540°C. 
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\ 

graduai change, known,as the slow reaction, IS caused by the growth of 

zones of diffusion. 

T.his change in relative conduetlvlty increases with increastng Mg2Si 

contents of the alloys, as illustrated m Figure 4.16. For example, the total 

charlge tn conductivity of an alloy containtng 0.55 wt. pet. Mg2Si is , 

appr~xlmately 1.5 pet. at the e!1d of 12h aging while the conductlvlty of an 

alloy\ contalning 1.60 wt. pet Mg2S1 changes by ab"out 3 pet. 
1 

, Correspondmgly, for mcreasing excess SIlicon levels ln an alloy the change ln 

conduetivlty occurs faster and to a greater exten~, as illustrated in Figure 

4.17. The effect of excess silicon Gln the agtng process IS in agreement wlth 

the observations of Kovacs et al. 102 and results from the favoured c1ustenng \\9 

conditions for magnesium and SIlicon atoms on excess silicon. Furthermore, 

::j' the general charactenstles of the agmg proeess (I.e. change tn conductlvlty) IS 

unaffected by the addition of strontium to AI-SI-Mg alloys, as seen ln Figures 
_ f 

416and417. 

The formation of G.P. zones leads to a deerease ln eonductivlty since 

the clusters cause a distortion of the JattlCe {I.e. coherency stralns wh ICh 

strongly seatter the electrons in addition to increasing the hardness( 

Therefore, the hardness measurements, carried out slmultaneously wlth 
" 

conductivlty measurements, show the same charactenstics as the agtng 

process (Figure 4.18) al~hough the relativ~ change in hardness IS more 

substantlal {-60%)than incon,ctlvity. 

Arttficial aglng: The relative changes ln the conductlvlty of AI-SI-Mg and AI­

Si-Mg-Sr allo~s dunng Isothermal agmg at 170°C are presented in Figure 

4.19. The conductivity of both the ternary and quaternary alloys increases 

wlth inc,reasing aging time. The chanaes in conductlvlty reflect the volume 

. of magnesium and silicon atoms reJected from the aluminum matrix to form 

Mg2S1 preClpitates. As a result, a larger tncr_ease in conductlvity occurs ln 

alloys contaming hlgher levels of MgiSI, as shown tn Figure 4.20. The 

presence of 0.035 wt. pet. Sr m these alloys does not change the shape of the 
.y 

agtng curve indicating that the klnetics of the aging process rematn 

unchanged. However, the total change in conductivlty, for a' glven Mg2S1 
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concentration, IS considerably less in AI-Si-Mg-Sr alloys than in AI-Si-Mg 

allOYt as ?em~nstrated ,in Figures 4.19 and 4.20. For example, for the alloy 

cont injng 1.60 pet. Mg2Si, the total increase in eonduetivity IS -21 pet. in the 

absence of strontium whereas it is about 15 pet. for the alloy containing the 

same level of Mg2S1 and 0.035 wt. pet. Sr (see Figure 4.20). Clearly, strontium 

suppresses the preopitation reaetion a'nd this effeet is especially significant 

for ~lIoys with a high Mg2Si content (>0.95 wt. pet.)., A similar aging 

, behaviour was also observed for the alloys with sodlum.75 The reason for 

this effeet of strontium IS not fully understood due to the complexlty of the 

precipitation process. 142,143 J' Fmally, it is useful to noie that most AI-Si 

casting alloys contain less than 0.70 wt. pet. Mg (i.e. les~ than 1.1 wt. pet. 

Mg2Si in the fully ag~d state). Therefore the effeet of strontium on the 

u agi~g process is probably not sjgnific~nt from a praetical ~oint of view. . 
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CHAPTER 5 

THE ELECTRICAL RESISTIVITY AND CONDUCTIVITY OF 1lI\(O-PHAS~ AI-Si 

ALLOYS 

5.1 General 

When the silicon concentration exceeds 1.39 wt. pct.,-a eutectic phase 

~ beglns to appear in the miàostruct~re of AI-Si a.!lPys. It IS to be expected 

that the presence of the euteëtic will be refleeteq in the physical properties' 

of thë alloys, includ ing electncal cond uctlvity. 
( 

~ The room temperature conductlvlty of-air cooled alloys covenng \the 

range 0.3-12.6 wt. pct silicon IS presented in Figure 5 f? .As pointed out in 

the prevlous chapter the addition of 0.035 wt. pct stronti~m does not 

influence the conéluctivlty of the single-phase alloys. However, wh en an 

appreciable amount of the eutectic silicon forms, at about 1.8 wt. pet. SI, the 

,. co'nd~ctivlties of strontium-hee and stror\.tlum-containlng alloys begin to 

dlffer. ThiS d Ifference Increases wlth JncreasJng silicon content and reaches a 

maximum of about 10 percent at the eutèetlc composition of 12.6 wt. pet. Si. 

~n thls chaptE!r, first the factors, whlch determine the magnitude of these 
" 

# dlfferences in conduetivity will be dlscussed, followed by an 'explanation of 

the conductivity differences as they relate to microstructural changes. 

s.," 1 Effect of Silicon Concentration 

- Figure 5.2 shows the change in conduetivity of as-cast AI-Si él'nd AI-Si-Sr­

alloys, cooled at a rate of O.4°Clsec, bot~ as a funetion of silicon content and 

, volume fraction of the eutectic silicon as calculated from the equilibrium AI­

Si phase diagram. For strontium-free alloys conta,ining the u~modified 

euteetlc silicon phase, the electncaf conduetlvity drops from 47.5 pet. to 30 

pct.-IACS, a 37 pet. decrease, when the silICon content IS Jncreased from 2 wt. , 
, 0 

pct. to 12.6 wt. pct. The conduetlvlty behaviour is similar Jn strofilt,um-

contaJnlng alloys (modlfled eutectlc' silicon) in whlch case the conductivity 

decreases from 49.3 to 41.8 pet. lACS, a 15 pet. decrease. 

\-- . 



.~ 

'{ 

c.. 

• 

\ 

60 .. 

-V') 

u 
:! 55 
. 1 ~ ...-

u 
a. -
>-.... 
> 50 
..-
U 
:::> 
0 
2 
0 
u 45 .. 

40 
0.2 

.,. 

ob 

( 

~ 

0.5 

~ 

l. 

o AI - Si 

6 AI - Si -Sr 

\ 
" 

, 8'Q' " o 

.1 
1 

'A 

~,. 
" e~6 .... 

"0 -,--.... .... 111Iioo-.--" -:- 6:- 6 _ 6 ~ .. 
~O" 

'-....0, 

J 

2 
wt. pct. Si 

5 

O~ 
~O 

! 1 j. 
10 12.5 

t~" ~ "' " 

, 

'-" 

,---- , 

FIgure 5.1 Room temperature eleetrical conductivlty of alloys contaaning from 0.3 to 12.6 wt. ·pet. Si. 

~ 

or 

--G\ 



'<; 

~ 

1) 
1 

~ 

Vol. Fraction of ,Eutectic Si 
o 0.02 0.04 0.06 0.08 010 0.12 

55, i 

50" 

-\/) 
U « 45 1-4 

+J 
V 
a. 

z;. 40 
.~4 
+-' 
V 
::J 
"0 

5 35, 
u 

30 

Cooling rate = 0.4 °C/s 
( 

DAI-Si 

\! o AI-Si -Sr <0.03 0/0) 

!' 

o~~_ 0 0 ,. ~ 
,- "t,~. 0 Jo 

~~ 
, 

'1-

. , 

-: 

25 ' , 1 1 1 l , 1 
o 2 4 6 8 10 12 14 

, wt. pet. Si 

, \ 

~ 

Variation of the room t~mperature con7ctivitY of AI-Si and AI-Si-Sr alloys 

with increasing silicon content. 'Ô 
, . 

Figure 5.2 

~ 

i'l-

.., 

ç 

[' 
) 

~-

...a 

...a 
'-1 



• 

-

118 

o 
This decrease ln conductivity (I.e. Increase ln reslstivity) is due to an 

Increase in the volume fraction of, the silicon phase Silicon has a' high 

reslstlvlty of 30x 10 11 pQcm compared to that of the alummum solld solution 

which is -3.4011Qcm at 25°C Therefore, it IS obvlous that the' 

reslstlvlty/conductlvlty of the two-phase AI-SI alloys will be greatly 

influenced by the amount of the silicon phase 

It can also be seen ln Figure 5 2 that the conductlvity of the modlfied V \.,. 

alloys (AI-Si-Sr) rs conslderably hlgher than that of the unmod Ified alloys (AI-

SI) cbntarnlng the same level of silicon. The dlfferent conductlvlty values for 

modlfled and unmodlfled alloys are found to be the result of the dlfference 

ln the eutectlc silicon structure Figure 5.3 presents a series of optlcal 

mlcrographs of the as-cast AI-SI (unmodlfled) and AI-SI-Sr (modifled) alloys 
;1 

contamrng 2-12.6 wt. p~t Si w!tn approxlmately 0.03 wt. pct Sr rn the 

modlfled case. The effect of strontium can be clearly seen ln these 

micrographs It acts to reflue the eutectlC silicon a,nd change it from plate­

like to flbrous rn form. 

For alloys which were rapidly cooled at a rate of 1.0°C/sec dunng 

castrng, a slmllar conductlvlty behavlour was observed, as IIlustrated m 

Figure 5.4. The conductlvity of the unmodlfied alloys changes from 48 pct. 

lACS to 40 pct. lACS (I.e a 17 pct decrease) wlth rncreaslng silICon content 

from 2 Wt pct. to 12 6 wt. pct The conductlvity of the modlfled alloys 

follows a simllar pattern changing from 50 to 43 pct lACS (i.e a 16 pct 

decrease) It Isoalso found that the conductlvltles of rapidly cooled alloys are 

hlgher than those of slowly cooled alloys, especially in the case of the 

unmodified alloys (see Figure 5.2). 

The coarseness of the mICrostructure is determmed by the solidifICation 

rate, whlCh IS a functlon of the coolrng rate The slower solidification rate 

obtarned at a cooling rate of 0.4°C/sec resu Its ln a coarser eutèctlC silicon 

structure wher~as the rncreased SOlidifICation rate achleved by (hllJ casting 

(1°C/se'c) leads to a finer silicon structure This IS partlcularly true for the 

unmodified alloys where the silicon morphology changes from coarse plate­

like to frne lamellar wlth an Jncreased coolrng rate (Figure 5 5 (a)) ln the • 

L 
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Figure 5.3 Mlcrostructural changes ln two-phase AI-SI alloys 

upon stronti u rOd ification. ( 
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d) modified (AI-4.32 pet. Si) (46.1 pet. lACS) 
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i) unmodifled (A!.-1 0.09 pet. Si) (35.0 pet .. lACS) 

\ 

\ 

k) modified (AI-l0.l8 pet. Si) (42.1 pet. lACS) 

Figure 5.3 contrnued 
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case of the modified alloys the eutect~ silicon phase has a fibrous 

morphology regardless of the coolmg rate, but it is notlceably coarser m the 

slowly cooled alloys (Figure 55 (c». _ Therefore, the conductlvlty of the 

unmodifled alloys IS more sensitive to changes m the solidification rate than 

IS the case for the modlfled alloys. In addition to the eutectic phase, the 

pnmary alummum dendnt,es become fmer as the soldlflcatlon rate mcreases 
'-- -

(see Figure 5 5) and It has already been demonstrated that the finer the 
'. 

dendritlc structure the hlgher the conductlvlty 125 

5 1.2 Effect of MagneSium 

The influence of mag~esium additions on the. rQ,om temperature 

conductlvlty of chili cast (1°C/sec) AI-SI and AI-SI-Sr alloys IS presented 1 n 

Figure 56. It IS eVldent from FIgure 5.6 that magneslum lowers the 

conductlvlty of both unmod,f,ed and ,modlfled alloys. For example, the 

magne~ium-free AI-Si alloy has a conductlvlty of 41 pct lACS at 10 wt pct. SI 

whereas the conductlvlty decreases to about..~ pct. lACS and 33 5 pct lACS 

wlth the addition of 0.3 vvt pct Mg and 0 75 wt pct Mg, respectlvely ln the 

case of the mod,fied a'floys (AI-SI-St), the conductlvlty declmes from 43 5 to 

40 pct. lACS when the magnesium ili~centratlon IS mcreased up to 0 75 wt 

pct. These decrements ln conductlvlty are caused by magne~lum atoms 

present in the alumlnum solid solution wh Ich mcrease the resls~'vlty Gi the 

alummum matrix. 

Figure 56 also shows the variation in conductlvlty wlth SIlicon content 
" 

for both unmodif,ed and modified alloys contammg magnesium (Q.3-0.75 

wt. ect). The conductlvity of the unmodlfled alloys decreases almost Imearly 

wlth increasmg silicon content up to 10 wt. pct. and then devlates sllghtly 

from, IInearity wlth further silicon ·addltion: ThiS relatlOnship yields a 

conductivlty variation, D..o, of ..... 1.5 ± 0.5 pct. lACS per \wt pct SI The 

conductlvlty of the modified alloys, however, follows a signiflcantly different 

pattern in whlch It drops, fairly sharply wlth an increase in silicon level up to 6 
-

wt. pct. and then remams almost constant thereafter wlth Increaslng silicon 

content. This mdicates.that the eleetncal con~~uctlvlty of the modified alloy,~} 
contammg more than 6 wt. pet. SIlS controlled by the conductlvlty of the 

( 
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b) cooling ra c (unmodified) 
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() Figure 5.5 Effeçt of coolmg rate on the microstructure 

c of AI-1 0 pct. Si alloys. 



", 
, " 

-. 

1 

/ 

/ 

IS 
\ 

, . 
, 

c) coolmg rate (j 4°C/sec (modlfled) 

d) cooling rate 1.0°C/sec (modifled) 
~ 

Figure 5.5 continued 



~ 

) 
Vol. Fraction of Eutectic S·, .... 

55 0 
1 ~i --:;:::.-~~~ 0.02 0.04 0.06 0.08 O~O 0.12 

50 

-V) 

U 
« 45 
~ 

~ 
u 
Cl. 

~ 40 
> -' .... 
v 
::J 
"0 
6 35 
u 

---25
0 

.; DAI-Si-Mg 

OAI-Si-Mg -Sr(0.03 °/0) 

ao.f.M9~o 

. '----.0 . 0_ -0 03",. "'-~o---... ~ a 

o.75.'.M9-~~ 0'6 10 

~~o,,- . 
.o~~ 

Cooling rate =1.0 t/s 

2 4 5 8 10 12 

wt. pet. Si 

Î 

~ 

., 
... 

14 

Figure 5.6 Room temperature electrical conductivity of two-p·hase~I-Si-Mg and AI-Si-Mg-Sr alloys ~ooled at a rate 
of 1.0oC/sec. 

1 
) 

" 

-N 
\D 

',-
\ 

1 
/ 



-

/} 

, 
130 

aluminum matrix, wh}ch is constant. Hence, the presence of a 

noneonducting silicon phas,e does not Influence the cond4ctivlty of the 

modified al/oys in the same manner' as Jt does the eond!-,ctlvlty of the 

unmodlfled alloys. The dlffering conductlvity behavlours observed ln the 

modified and unmQdified alloys will be discussed ln more detaillater (section 

5.2.2). 

/ 
Figure 5.7 illustrates the electrical conductlvity of the AI-SI-Mg (0.3 wt. 

pet.) and AI-Si-Mg(O.3 wt. pct.)-Sr alloys cooled at a rate of 04°C/sec The 

. eonductlvlty .o~ slowly eooled alloys also deereases wlth rncreasrng silicon 

content and increases with strontium additions up to 0 06 wt. pet However, 

these eonductlvlty increases, are slgnlflcantly less than those measured ln AI­

Si al/oys (see Figure 5.2). 

Metallographie examlnations reveal that magneslum has a eoarsenrng 

effeet on the unmodified eutectlc SIlicon, as seen rn Figure 5.8. Moreover, a 

lesser degree of modification is observed rn slowly cooled AI-SI-Mg-Sr alloys, 

This is IIlustrated rn Figure 5.9 where the form o(the eutectlC Silicon IS not 

altered slgnificantly during modification (i.e. the orrgrnal piate-like structure n 

remains even after a 0.03 wt. pet strontium addition, as shown ln Figure 5.9 

(a)and (b». Although the rncreased strontium content (006 wt pct.) leads to 

a 13,pct. dlfference in' conductlvlty at 10 pet. Si, it also falls to produce a fully 

modified structure (Figure 5.9 (c}). 

ln contrast, rn samples prepared from a commercial AI-SI-Mg alloy (e.g. 

A356 containing 7 wt. pet. Si and -0.35 \I:It. pet. Mg), a fully modlfleo eutectlc 

silicon structure was obtained wlth the addl~lon of as little as -0.02 wt pet. Sr 

at a cooling rate of 0.5°C/sec. In this case, Ja"resistlvity decrease of abo~t 10 

pet. upon modification was measured by Closset22 and Argo et al!125 

J Thermal analysis studies suggest that this discrepancy results from 

differences in the nucleation beha\~'jour of the silicon phase between the 

pure alloys (i.e. prepared using pure materials) used in this work and the 

commercial alloys. The thermar analysis curves obtarned for magneslum-free 
} 

pure AI-10%Si and AI-10%Si-O.35%Mg alloys are shown ln Figure 5.10. The 

crltical part of the curves Îs the ôndercooling prror to the eutectlC phase 
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~Figure 5.8 Effect of magnesium addition of the mICrostructure 

of AI-1 0 pct. Si alloys cooled at a rate of 1.0°C/sec. 
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nucleation (LlTN). It has been established that a greater LlTN produces a finen> 

eutectic and enhances the modification process dunng the growth stage of 
o 

the nucleated silicon crystals.20-22 ô'TN is 2.6°( for the binary AI-Si alloys, 

correspond mg to a fine lame,llar structure, as shown in Figure 5.10 (a). 

However, ~TN diminishes to O.sO( with the addition of 0.35 wt pet. Mg This 

indicates that the presence of magneslum enhances nucleatlon of the 

eutectic silicon phase thereby leadmg to a coarser Silicon structure, as 

presented in Figure 5.10 (b). The addition of 0.03 wt. pet. Sr leads to a larger 

amount of undercooling (LlTN = 2°C) and results in an under-modlfled (I.e. 

coarse lamellar silicon) eutectic structure (Figure 5.10 (c)). For the 
\ 

commerCIal A356 alloy, It has been reported that the addition of 0.02 wt. pq.-

Sr increases LlTN to 3.5°(, which corresponds to a change m the form of the 

eutectic si1Tcon from acicular to fibrous. 22 The different nucleatlon kinetlCs 

obser'ved in the commerCIal alloys may ongmate from the mteractlon of 

magnesium wlth other minor elements present ln the alloy, 'with the 

cummulatlve effect of modification bemg slgntflCant The modification 

rnechanism is outslde the scope of this thesis and therefore the effect of 

magnesium on modification will not be dlscussed further. 

5.1.3 Effeet of Modification 

As pomted out earlier (sections 5.1.1 and 5.1.2), the as-cast conductivlty 

of modified alloys IS always higher than unmodified alloys contammg the , 
, same level of silICon and magnesium, this bemg attnbuted to the difference 

in the eutectic silicon structure. The difference ln conductlv,ity can be 

expressed by the quantity ~o = (omo - oum/omo) X 100, where Omo and Oum 

are the conduetlvities of the modified and unmodified alloys, respectively. 

The measured conduetivity difference, Llo, is plotted against silicon content 

in Figure 5.11. For both the AI-Si and AI-Si-Mg systems, Llo increases wlth 

in,reasing silicon content.' The larger difference between the conduetivltles 

of th,e modified and unmodifled alloys at higher silicon levels is due to the 

proportionally larger volume of the eutectic silicon present ancd to the 

microstructural changes which occur on modification 
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Figure 5.11 Measured conductivity difference between the modifred 

and unmodified AI-SI and AI-Si-Mg alloys. 
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F'igUre 5.11 shows th't the difference ln the cond~ctlvity (~o) of AI-51 

and AI-Si-Sr alloys decreases wlth increaslng coollng rate. At the eutectlc 

composition, where the maximum differenee was deteeted, 800 IS about 28 

pct, and 10 pct. for the alloys cooled at a rate of 0.4.oC/sec and 1°Clsec, 

respectively. This is apparently due to the lesser amount of mlcrostructural 

change that oceurs in the chili cast alloys, I.e. the eutectic silicon structure IS 

transformed from fine lamellar to fibrous rather than from acicular to 

fibrous (see FIgures 5.3 and 5.5). 

The addition of magneslum increases the measured dlfference ln the 

conductlvlties of thè- unmodifled and modifled alloys cooled at a rate of 

1°C/sec, as IS shown ln Figure 5.11. At the eutectlC composition (12.6 wt. pet 

Si), the conduetivlty differenee is of the order of 10 pet. for magneslum-free \ .-" 

alloys and 23 pct. for the alloys containing 0.30 wt. pet. Mg. This greater { 

dlfference ln eonduetivlty IS due to the fact that Cmagneslum coarsens the 

unmodlfled eutectlc silICon (Figure 5.8). Henee, a relatlvely greater str,uctural 

change occurs dunng strontium modification whlch results ln a larger 

dlfference. 

, 
Figure 5.11 also illustrates that, in the case of slowly cooled (OAoC/see) 

AI-Si-Mg alloys, the differences are lower than ln AI-Si and chll' cast AI-SI-Mg 

alloys. For Instance, ~o IS only 8 pct. at the eutectlc composition, whlCh 15 

substantially lower than that of the magneslum-free alloys (800 = 30 pet.) 

ThIs can be attributed to the lesser degree of modifICation observed ln the 

AI-Si-Mg-Sr alloys (see Figure 5.9) 

Figure 5.12 summanzes the effect of the degree of modification on the 

measured conductlvity difference (.10), and presents correspondlng 

microstructures. Based' on the information in Figure 5.12 foundrymen can 

predict thd degree of modification achieved ln their castings by companng 

the measured ~o values with the values shown in Figure 5 12. 
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Figure 5 12 Effect of the degree of modificatIon on the measured conductivity difference. Magnification 100 times. 
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5.2 Interpretation of the Conductlvlty Differences 

'j. 5.2.1 Quantitative Evaluation 

The two phase AI-Si system conslsts of semiconducting sIlicon 

embedded ln, an alummum matnx whose resistivity ranges from 2.7 to 

4.011Qcm depending on ~the concentration of dissolved silICon and 

magnesium rn the sO/ld solutIon. Therefore, a two-phase A/-Si alloy can be 

consldered to conslst of a contrnuous conductlng matnx and effectlvely non­

conducting eutectlc silicon plates or flbers (I.e. PSI;V PAl). In the technlcal 

lit~rature eutectlc alloys su ch as AI-Si are commonly consldered to be in-situ 

composites whose physl~al propertiés can be predlcted by means of 

theoretrcal technlques. 144 The'physlcal propertles, rncludrng,_electrrcal 

conduc6vity, of a composite can be wrrtten in terms of the propertles of 

both phases and thelr volume fractions. If It IS assumed that the second 

phase partlcles (Le the eutectlc silicon phase) are randomly onentated ln a 

contlnuous matnx th~ electncal conductivlty of the composite can be 

expressed uSlng Raylèlgh's mIxture ,formula 145 

20 + 0 + 2 V (0 - 0 ) 
ni 8 b b m 

o =0 
co m 20 +0 - V (o -0 ) 

m 8 8 b m 

where 0(0 = conductrvity of the composite 
Om = conductivity of the matrix 
Os = cond uctlvlty of the second phase 
Vs ~ volurne fraction of the second phase 

(5.1 ) 

ln the case of the AI-Si system, 051 ~OAI and equation 5.1 can be rewrrtten as; 

20 Al- 2 V SI 0 Al 
o =0 
Al- SI Al 20 + V 0 

Al SI Al 

, where OAI-SI = conductlvity of two-phase AI-SI alloy 
OAI = conductlvlty of aluminum solid solution 
VS I = volume fraction of eutectic silICon 

(5.2) 

It must be noted that equations 5.1 and 5.2 are only appllcabl~ for randomly 

dispersed spherrcal partlcles rn a continuous matrix For rods and flbers the 
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(relatiOn IS glven as I38 

~ 

where Of = conductivity of the fibers 
Vf = volume fraction ofthe fibers 

For the AI-Si system, equatlon 5.3 takes the following form; 

5 
o =0 - - v 0 Al-S, 41... 3 SI Al 

since Uf = aSi ===0 

--- /'.-/ 

141' 

(5 . .3) 

(S.4) 

Equations 5.2 and 5.4 are compared with the experimental conductivity 

results ~btained for chili cast modlfted and unmodified AI-Si alloys in Figure 

5.13. lt 15 found that both equatipf!7 show only fair agreement wlth. 

measured ,values. This IS not surpnsmg since the equations are valld only if 

the phases in a composite have ideallzed structural arrangements and the 

effect of interfaces between phases IS neglected. Clearly for many binary 

systems, includmg the AI-Si system, these assumptlons' are over-slmpllfled. 

Addltionally, it IS widely accepted that setting upper and lower Iimlts for the 

electrical properties of a composite material 15 preferrable to calculating a 

partlCular average value. 144 The Iimits144 derived for the electrical 

conductivity of a two-phase isotroplc composite are gïven as; 

,/ 

1 
0(-)=----

(1- V? v, 
-~+­

° m of 

where o( +) = upper limit for conductlvity of the composite 
o( -) = lower limit for conductivlty of the composite 

(S.Sb) 
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;/ 

j 



( 

c 

143 

,0 

For the,AJ-Si system as, ~ OAI and hence equation 5.5 yields 

(5.6) 

Since the values of OAI and OSi differ greatly, the limits are widely 

sepprated, as shown in Flg,ure 5.14 ln whlch it ~an a/so be seen that the 

expenmental results fall wlthtn the Jj"mits. Closer limits may be obtained for 

electncal conductivity if some structural factors are introduced into 

equations 5.5 and 5.6. However, the calculatlon of a structural factor is only 

possible for simple structural arrangements such as rods or lamellae aligned 

ln one direction. Undoubtedly, the camplexity of the structure of the 

eut.ectic sIlicon phase and the difflcultles of estlmating the AI-Si Interface 

effect WIll lead to sorne uncertain approximation~ ln quantitatively 

describmg the electncal conductlvlty differences between the unmodified 

and modifjed AI-Si alloys. Therefore, the conductlvlty differences will be 

explained qualitatively in the following sections based on the diff,erent 

structural features of the moqifled and unmodified eutectic silicon ptï~ses. 

5.2.2 QualitatIve Interpretation 

The parameters whlCh determine the ~Iectrical cbnductivity of two-. , 

phflse AI-Si alloys are as follows: 

1) The electrical conduetivities of the AI-solid solution and the eutectic 

silicon phase, 

2) The volume fractions of the AI-salid solution and the eutectic silicon 

phase, 

3) The structural arrangement of the eutectic silicon phase, 

4) The nature of the interface between the silicon phase and the AI-
l _ 

matrix. 
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EJectr!caJ Cond ctlvities 5.2.2.1 

It 1$ obvious that eJectrons will only fJow through the aluminum matrix 

since it has a much higher conductivity than the sil)con phase. Therefore, any 

change in the conductivlty of the AI-matrrx will have a profound effect on 

the conductivlty ofthe two-phase AI-SI alloys. As has been establrshed in the 

p!evious chapter (see section 4.3), the addition of 0.03 wt. pet. Sr does not 

. alter 'the conductivlty of the alummum matrix. This IS also true when 
~ 

magnesium (up to 1 wt. pct.) IS present ln the alumrnum matrix. 
1 

It IS not known whether or not strontium a~ects the conductlvity of tl\e. \ 

sillCon!phase or IS even soluble in silicon, but it is very unlikely that strontium 

causes an increase in ItS conductlvity at room temperature up to values 

comparable to that of the AI-matrrx. Therefore, any change in the silICon 

conductivlty, due to the presence of strontium, is probably negltgible. 

5.2.2.2 Volume Fractions 

It has been shown that the eutectic temperature (577°C) is depressed 

Wl-tA-tRe modification of AI-Si alloys by 5 to 1 DoC, depending on the cooling 

rate and the amount of modifier added. The result of this IS a dlsplacement 

of the eutectic composi\lon to higher silICon levels and a consequential 

Increase in the volume fraction of the AI-solrd solution in conjunction wlth a 

decrease in the volume fraction of the eutectlc silICon. The eutectic region of 
\ 

the AI-Si phase diagram has been recently reconstructed by Hanna and 

Hellaw~J37, as shown ln Figure 5.15 in which the eutectic composition IS seen 

to increase from 12.6 wt. pct. Si to 13.6 wt. pet. SI upon modification. The 

decrease in the volum~ fraction of the eutectic silICon phase of {he modlfled 

eutectic al/oy, as calculated using the phase diagram sh'IJ·,wn in Fi~ure 5.15, is 

almost 1 pct. This volume decrement willle.ad to a minor increase of about 

1.5 pct. lACS (see Figure 5.2) in the conductlvity of the eutectic alloy. 

However~ this is insufficient to explam the observed increase of 30 pct. m 

conductlvity on modification. 
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. 
5.2.2.3 Structural Arrangement 

AI-Si casting afloys dlsplay anomalous eutectic structures contaimng 

silicon plates in unmodified al/oys and silicon fibers in modified al/oys. The 

regular array of eutectic phases in certain directions observed in normal 

eutectic alloys does oot occur in these anomalous eutectics. Instead, more 
branchïng of the faceted phase (Si phase) ~nd a more random orientation 

takes place durmg eutectlC freezing.28 OptlCal mlCrographs and X-ray 

diffraction photos indlcate a random crystal orientation\of the silicon' and 

aluminum eutectic phases in the modifled and unmodlfied alloys under 

normal" sol id ification cond itio ns sueh as sa nd and ch i Il castm g. 30 

Aecordingly, it IS expected that cast AI-SÎ alloys' will exhibit an Isotropie 

electrical conduetlvlty behaviour 

ln addition, any slightly anlsotroplc difference of the unmodlfled and 

}I modtfled eutectic silicon phase will not be reflected in mea~ured 
conductivity values using the technique employed in thls work. This IS 

because the eddy current induced in the sample by the conductivity meter 

Clrculates through a glven volume instead of following one particular 

direction through the sample. H.ence the measured value IS an overall 

average conductlvlty of the sample. Nevertheless, a highly onented 

structure in the eutectic silicon phase produced by employmg techniques­

such as directional solidification will result in anlsotroplc electrical resistivity 

behavlour. This Will be considered in the ne)Çt section. 

5.2.2.4 Interfacial Effect 

It IS weil known that the interface betweèn phases can contribute 

slgnificantly to the electncal,resistlvity of a two-phase alloy due to the 

scattering of electrons at the interface.44,56,80,116 The rate of scattering (i.e. 

scattering probability) is proportional to the cross-sectIon of the interface 

and the interface denslty. Obviously, as the rate of electron scattering 

increases the resistlvity of an alloy increases and the conductivity decreases. 

1 
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ln the case of two-phase AI-Si alloys, the electron mean free path (1) IS 
'. controlled mamly by the electron scattenng caused by alloying ele~ents 

present· in the AI-sohd solution at room temperature. I~ the vicinity of the 

eutectlc areas, however, the mean .free path will be reduced by additional 

/ electron scattermg at the interfaces between the alummum matrix alid the 

eutectic silicon phase. It is assumed that different interfacial features, 

related to the various mlCrostructural forms of the eutectic silicon, will lead 

to different rates of electron scattering resulting in different conductivlty 

,~ values. Here, a brief listing of the mlCrostructural dlfferences between the 

unmodified (plate-like) and modified (flbrous) silicon phases is appropnate. 

1) ln the unmodifled alloy, the silicon plates grow ahead of the 

eutectic-Itquid interface. In the modlfled alloy, a coupled growth of 

the silicon and alummum phases occurs and the silicon fibers are 

enveloped by the aluminum,phase. ' . 
, 

2) The plate-Itke silicon phase exhlb,~s a two-dlmenslonal continulty, 

but the fibrous silicon phase is essentlally one-dlmenslonal. 

3) The silicon fibers are smaller ln size than the plates. Therefore, the 

individu 1 fibers do not extend over large areas În any one plane as 

do the sili n plates. 

o \ 

These structural differeiltes in modlfled and unmodifled al/oys can be 

clearly seen in SEM microgr~phs (Figure 5 16) taken from deep etched 

sampfes. 

-
Further eVldence of these structural dlfferences is the substantial 

improvement in mechanical properties after modification of the AI-Si alloys. 

ln unmodified alloys cracks follow the continuous silicon plates whereas in 
q 

modified alloys cracks propagate much shor:ter distances along the SIlicon 

flbers and mostly through th(~ plastic AI-matnx which slows the crack 

propagation rate, hence Improvihg the mechanical propertles.2S,30 -, \ 

~, 

The i ncreased electncal co nductlvity after mad Iflcatlon can be 

explained If t/le effect of the structural changes listed above on the rate of 

electron scattering from the eutectlC: sillcon-aluminum mâtrix mterfaces are 

considered. As shown schematically in Figure 5.17 the contmuous Silicon 
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a) unmodified 

b) modifi~d ) 
Figure 5,16 SEM micrographsofdeep etched AI-Si alloys. 
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a) unmodified eutectlc silicon 

.... , \ 

... 

b) modified eutectic silicon 

Figure 5.17 Schematic representation of the electron scatten~g 

from the eutectlc silicon phase. 
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plates act to impede eJectron fJow and scatter the eleetrons effectlvely, 

whereas the silicon fibers allow easier electron flow due to the redueed 

proJeeted interfacial area between the Si-f.bers and the AI-matrix.· Also, the 

fiber-matrix interfaces are not as conti!,uous FS the",plate-matrix interfaces. 

, Therefore, the amount of electron scattering from the fiber-matrix 

interfaces will be less than trom the plate-matrix interfaces. This results in a . 
subsequent increase ln conduetivlty,J 

Further support of the hypothesis that the eutectlc sllicon-alumanuf'F\ 

matrix interfaces greatly influence the conductivity of unmodifled and \ 

modified alloys is obtained from the resistivity measurements taken at 77K. ) 

Table 5.1 glves the reslstivlty values of the alloys measured at room 

temperature and 77K, together wlth the difference an resistivity of the 

modified and unmodified eutectlc alloys. The resistivity of both the 

modifled and unmodif.ed alloys decreases by a factor of about 6 to 8 as 

temperature decreases from 297K to 77K while the difference an reslstivlty 

values increases by 17 pet. from 30 pct. to about 47 pet. The reduced 

resistivlty values at 77K are due to a significant decrease in the temperature 

'dependent resistivity (Pth) and a subsequent increase in the mean free path 

of the electrons being scattered by the eutectic silicon-aluminum matrix 

interfaces. Therefore, the influences of interfacial scattering and differing 

interfacial features on reslstivlty become more pronounced at 77K and the 

resistlvity difference between the unmodified and modified alloys IS 

ampllfied. These results illustrate convlncingly the importance of the silicon­

aluminum interfaces in determining the electrical resistivlty of two-phase AI­

SI alloys. 

~ A different conductivity behaviour is observed in the AI-Si alloys 

containing magneslum. In thls case, the conduetivity of the unmodlfied 

alloys de~reases almost Iinearly with increaslng silicon content while that of 

the modified alloys shows less dependence on the silicon concentration and 

remains essentially, unchanged at silicon levels in excess of 6 wt. pct. (see 

Figure 5.6). By assuming that no further silicon dissolution occurs an the 

aluminum matrix at Silicon concentrations greater than 1.62 wt. pet., the 

density of the eutectic silicon-aluminum matrix interface increases as the 
\ 
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Table 5.1 Resistivity Values of Modlfied and Unmodifled 
AI-SI Eutectlc Alloys 

Temperature Pavg,unmod Pav~ mod Llpavg 
.(K) Ü1Q cm) (Il cm) (%) (12.6%Si - O%Sr) (12.6%5i -0.03%5r) 

297 6.02 4.23 29.7 

77 1.01 0.54 46.6 

Llpavg = (Pavg,unmod - Pavg, modJ / (Pavg,unmod ) x 100% 

\. 
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silicon content mcreases. As shown above, the mterface scattenng 

contributes to the reslstlvity of the unmodrfied allo~s. Therefore, the 

reduction in the conductivity of the unmodifled al/oys caused by increasing 

silicon content is a function Qf the interfacial effect. For the case of the 

modified alloys the conductivity behaviour is rather different. The 
1 

conductivity of the modified alloy is more sensitive to the changes ln the 

conductivity of the AI-matrix due to the presence of aluminum short 

'circuiting paths carrying the current. It is known that the mean free path 

becomes very short as the concentration of alloying elements retamed ln the 

AI-solrd solution increases. For example, the mean free path 15 much~rorter 

in chtll cast AI-Si-Mg-Sr al/oys than in slowly cooled AI-SI-Sr alloys beca~se~;f 
(a) the presence of magnesium atoms and (h) the faster coolin9 rate whidl 

retains more silICon and magnesium ln solrd solutIon. As the mean free path 

is shortened the amount of electron scatterrng from the eutectlc sllreon-A! 

matrix interfaces will be smaller. In other words, the Interfacral scattering 

becomes inslgnlflCant ln comparrson to alloymg scatterrng which will govern 

the changes in the conductlvity of the modifled al/oys wrth mcreased silicon 

contents 

5.3 Dlrectional SolidIfication Experrments 
" 

-
5.3 1 EutectlC Silicon Structures o 

Various stru"!-ural transitions in the eutectre silicon phase have been 

ob~ained in binary AI-Si eutectic alloys by drrectlonal solidification at 

different growth rates (Rg). Optical micrographs taken from both 

longitudinal and transverse sections of the directionally solidifled alloys are \ 

IIlustrated in Figure 5.18. In a sample frozen at a rate of O.2cm/h the silicon 

phase grows as rads with noticeable evidence of side branchmg and appears 

angu,lar on the transverse section (Figure 5.18 (a) J~ (b)). As the growth 

rate increases more side branching occurs and the spacing between the 

silicon rods decreases (Figure 5.18 (c)). The side plates incline to a variety of 
/ 

angle~ on the transverse section (Fig/yfe 5.18 (d)). A further increase ln the 

growth rate (>1cm/h) leads to thé formation of silicon flakes whreh are 
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interconnected, and' some "Y" shape silicon crystals also appear on the 

transverse section (Figure 5.18 (f). 

At the slow growth rates, typlcally 0.2-1.0cm/h, there i!~ an alignment of 

the silicon rods with the growth direction. It has been found that these rods 

,display a strong [100] texture.28,30 At a' growth rate of Scm/h the silicon 
~ 

flakes still show a preferential orientation wlth growth <'lXIS. This 

preferentlal orientation IS lost in the sand cast alloy and a random 

distribution of the silicon flakes occurs, as shown in Figure 5.18 (g) and (h) 

X-ray diffraction was used to characterize the anlsotropy (I.e. allgnment) of 

the silicon phase. Since the sand cast sample was assumed tn be random, t~e 
, \ 

diffraction intenslty of the (220) silicon line (the strongf?st silicon peak) \ 

obtained from thls samp/e was used to glve the anlsotropy of the 

directlonally solidifled samples UStng the ratio (IS(.120)/ld(220)), where 15 and Id 

are the tntensities of the (220) silicon. peaks from the sand cast and 

dlrectlonally solidifled samples, respectlvely. The X-ray diffraction patterns 

obtained from the dlrectionally soltdified samples are glven ln Appendlx II. 

As can be seen in Table 5.2, in which the resu/ts of the X-ray diffraction 

studles are summanzed, the antsotropy of the silicon phase becomes less 

pr~nounced as the growth rate IS tncreased 

The microstructures obtatned ln thls work by dlrectlonal freezlng 

conflrm earlier reports28,30 that by tncreasrng the growth rate the structure 

of the eutectic silicon phase can be made to change gradually from weil 

aligned rods to non-altgned silicon flakes. As expected, these structural 

changes i.p the silicon phase are reflected in the electrical reslstlvlty 

behavlour. 

5.3.2 Electrical Reslstivity of Dlrectionally Sollôlfled Alloys 

Table 5.3 presents the resistivity values measured parallel and 

perpendlcular to the freezing direction on samples wlth dlffenng growth 

rates. Wlth an Increase in the growth rate from 0.2 to 5cm/h the longItudinal 

resistlvity - the reslstlvlty parallel to the silicon rods and flakes - tncreases 
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a) longltudmal section (growth rate 0.2 cm/h) 

; 

b) transverse section (growth rate 0.2 cm/h) 

Figure 5.18 Microstructures of directionally solidified AI-Si eutectlc alloys. 

( 
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c) lon,gitudinal section (growth rate 1.0 cm/h) 

/ 

; 

d} transverse"section (groWth rate 1.0 cm/h) , 

Figure 5.18 continued 



( 

e) longitudinal section (g~wth rate 5.0 cm/h) 

--

, . 

, 1 

f) transverse section (growth rate 5.0 cm/h) 

Figure 5.18 continued 
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g} longltudmal section (sand cast) 

h) transverse section (sand cast) 

Figure 5.18 continued 
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Table 5.2 
Variation of the Anisotropy of the 

Silicon Phase With Growth Rate 

Grdwth Rate f, 
I s(Lw>-tId(220) "- (cm h - 1) , 

0.2 0.14 

1.0 0.25 

5.0 0.70 

sand cast 1 
(unmodifled) 

TQble 5.3 Resistivlty Values of Directionally Solldified 
and Sand Cast AI-Si Eutectic Alloys 

Growth Rate Longitudinal Transverse Percent Difference 

a' ,.., 

(cm h - 1) Resistivity, PL 
(}lQ cm) 

Resistlvity, PT 
(llQ cm) (PT - pd 1 (PT) x 100 

. 

" 0.2 3.93 9.75 ,60 

1.0 4.39 6.03 27 

5.0 4.51 5.00 , 10 

sand cast 5.96 6.15 11- 3 
(unmodifed) 

sand cast 4.08 4.21 '3 
(modified) 

<{, 
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~ from 3.93 to 4.51pQcm, while ,the transverse resistlvity - the reslstlvlty 

perpendicular to the silicon rods and flakes - drops from 9.75 to 5.0 pQcm .. 

The longitudinal resistlvity (pd of an AI-SI eutectlC alloy ca n be 

estimated by consldering the aluminum and silicon phases as being two 

resistors connected' ln parallel and the Îi current as flowlng parallel to the 

sihço"'[ods. Thus, the longitudinal resistivity is glven as; 

1 VSI (I~VSI) 
-=-+--- (5.7) 

PL PSI PAL 

And since PSi ~ PAl 

(5.8) 

Note that equation 5.8 IS identlcal to equatlon S.Sa. At the eutectlc 
~ -

composition VS 1 = 0.12 and PAl = 3.40 pQcm, which IS the reslstlvlty of an air 

cooled sample contaimng 1.6 wt. pct. sIlicon (see Figure 4 3) Equation 5 8, 

then, gives PL = 3.6pQcm which is the lower IImlt value of the longitudinal 

resistlvity (pd of AI-SI eutectic alloys. Ali measured values are hlgher than 

this limiting value, but the reslstivity exhibited by the sample soltdlfled at a 

rate of O.2cm/h approaches thls Ilmiting value because the sample displays 

weil aligned silicon rods with only slight branchlng, as seen ln Figure 5.18 (a) 

More, misalignment and branching occur ln the samples solJdlfied at faster 

growth rates (91'cm/h) and this, result,~ ln a hlgher reslstivity, and hence, 

more deviation from the Iimiting values, as presented ln Table 5.3. 

,,' 

Similarly, for the current flowmg normal to the direction of the sIlicon 

rods, the eutectic structure can be represented by two resistors ln senes. Thel 

eqUivalent resistivity (i.e'. transverse resistlvity) will then be expressed as, 

r 
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(5.9) 

Since PSi ~ PAl; 
'fI" 

(5.10) 

where PSi IS the resistivlty of silicon (-30x10 11 pQcm). For the eutectic alloy 

(VSi = 0.12), the calculated PT from equation 5.10 is about 30x10 10 pQcm, 

which is the upper IImit of the transverse electrical resistivity. Tht:! measured . . 
PT values are weil below this value due to the Qluminum short Clrcuiting 

paths where etectron conduction occurs. As the anisotropy of the silicon 

plates dlsappears with increasing growth rate, PT deCleases because the 

current does not flow only in the direction perpendicular to the surface of 

the silicon plates but also in directions more parallel to the silicon plates . 
./ 

" , 

The percent dlfference ln resistlvlty ( PT - PL/PT X 100) is plotted versus a 

measure of the silicon anisotropy (Is(220)/Id(220), usrng X-ray diffraction data, 

in Figure 5.19. A clear relatlonship exists between the anisotropy of the 
?' 

silicon structure and resistivity. In hlghly anisotropi~, structures (Isfld<0.2S), 

such as occur at low solfdificatlon rates (e.g. O.2cmlh), the continuous ""'" . 
aJummum matrix provides a low resistlvlty measured aJong the growth 

direction while the continuous silICon phase interrupts the current flow 

perpendicular to the growth direction resulting in a relatively high 

resistivity. As the microstructure bec~mes more irregular and isotropic 

-' (Id/ls>0.75) with Increasing freezing rate, these effects become less 

Important and the two resistivity values. approach each other. The 3 pet: 

difference in resistivity measured in the sand cast sample can be ascribed to 

experimental error and perhaps to some slight anisotropy created during 

solidification. 
1 

" 
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Figure 5.19 Variation of the difference i~\ reslstlvlty of dlrectlonally 

solidified samples with the anis~trOpy of the silicon structure. 
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CHAPTER 6 

SOLUTION TREATMENT OF TWO-PHASE AI-Si AND AI-SI-Mg ALLOYS ,. 

6.1 General 

v A ~at maJonty ofcast AI-Si alloy parts are heat treated pnor to service 

ln order to Improve their mechanical propertles Generally, the heat 

treatment schedules Jnvolve a solution treatment (T4) just below the eutectic 

temperature ~nd then an aglng treatment in the temperature range of 150-

2300
( for 12h.53 The solution treatment provides a more homogeneou5j 

aluminum matrix in whlch precipitates form durmg the subsequent agmg 
< • 

treatment. It has been shown that the solution treatment tlme and . -
temperature are two critlCaJ parameters that must be controlled closely to 

ach ieve the Optl mum age harden,mg a nd su bsequent mechanlca 1 

properties. 53 The ~reciPltation process that occurs m Al-Si and Al-Si-Mg 

alloys has already been dlscussed"m chapter 4 (sections 4 3 and 4.4). 

Tperefore, the solution treatment of these two-phase alloys will be the 

primary subject of this chapter. 

During solution treatme~t of AI-Si and ,AI-SI-Mg alloys, not only 

hom09Zîiàtion of the cast structure occurs b'ut also a substantial degree of 

spheroi ization and coarsening of the eutectic siÜ~~~ phase takes place. ln' 

the fol owing sections the-.kinetics of the solution treatment process will be 

discus'ed based on electrical conductivity, measurem~nts and metallographic 

examinations. ' ':. , 

6.2 Results 

Changes in electrical conductivity, as a functlon of solution treatment 

time, will be given initially while the, microstructural changes will be 
,~ 

considered later. D 

'. . 
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6.2.1 Eleetrical Conduetivlty of AI-Si Alloys 

The electrical conductivities of ,4nmodified and modlfied al/oys 

'~, containing varying amounts of silICon are plotted against solution treatment 

time in Figure 6.1. The remaining data is to be found in Appendix III. A 

general feature of the curves in Figure 6.1 IS that the conduetivity of both the 

unmodified and modified alloys flrst increases very rapidly in times of the 

order of 1.5 hours. It then decreases sharply over a penod of 3h, followed by 

a graduai decrease until a solution treatment time of ah has- been reached. 

With further solu'tlflÇl treatment the conduetivlty of the unmodified alloy 

shçws a slight Jncrease, whereas that of the modified alloy remarns virtually 

unchanged. An interesting observation IS that the initiai conductlvity 

differences between the as-cast unmodified and modlfied al/oys tend to 

dimrnlsh after 5h of solution treatment. 

Figure 6.2 presents the percent conduetlvlty changes versus solution 

~ment tlme for the AI-SI and the AI-Si-Sr alloys containing 2 wt. pet SI 

and 8 wt. pet. Si. The 60nduetlvlty behaviour of the aHoys is very simrlar to 

that observed in Figure 6.1, with the exception that the differences between 

the conduetivities of the unmodlfled and the modlfied alloys are greatly 

amplifled. At the 8 wt. pet. Sllevel, the conduetlvlty of the unmodifled alloys 

increases by approxlmately 23 pet. after 1.5h solution treatment while that 

of the modified alloy increases by 18 pet. After 8h of solutl~~ treatment the 
ç-

percent conduetivity change for the unmod ifled alloy drops by 14 pet., 

reaching a minimum of 9 pet. which corresponds to 44.0 pet. lACS. Dunng 

the same period of time the change in conductivity pf the modlfled allG'Y 

exhlblts a decrease of 18 pet., reaching its orrgmal as-cast conquetlvlty of 45 8 

pet. lACS. After complete solution treatment (16h) the conductlvity of the 

unmodified\,a+loy is 10.5 pet. higher than its origrnal as-cast value. On the 

other hand, the conduetivity of the modlfled alloy is only 1.5 pet. hlgher than 
-.----, __ ~.....R 

Ifs as-cast conductivity. 
1" 

For thi'alloys contamlOg 2 wt. pet. SI, the mltlal rncreases ln 

conduetivityare 16 pet. and 12 pet. in the unmodlfled and the modifled 

:'~oys, respeetively. -Later, the conduetivities of the alloys drop weil below 
~J • \ 
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Figure 6.1 Variation of the electrical conductivity of AI-Si alloys during solution treatment at 540°C. 
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their initial values, and after complete heat treatment the conduetivity of 

the unmodified alloy is close to its as-cast vaiLle and the conduetivlty of the 

modified alloy is 4 ~_<?t. Jess than its as-cast value. 

For al/oys which were slowly cooled dunng casting, at a rate 'of 

'0.4°C/sec, a somewhat different conductivity behaviour was observed, as 

illustrated in Figure 6.3. During the flrst hour of solution treatment the 

conduetivity of the urtmodified alloy (AI-SI 10 wt. pet.) changes from 35.2 pet. 

lACS to 39.7 pct. lACS (i.e. a 12 pet. mcrease). However, the conduetivity of 

the modified alloy varies from 44.1 pet. to 46) pet. lACS (I.e. a 6 pct. 

mcrease). The conductivity of the unmodlfied alloy decreases from 39.7 pet. 

to 39.2 pet. lACS during the next 3h of solution treatme~t, and then 

increases again to 41.5 pet. lACS at the end off/ the 16h treatment. The 

conduetivity of the modified alloy, however, c6(hinues to decrease until a 

treatment time of 8h, after which it stays constant as 42.4 pet. lACS. 

6.2.2 Conductlvity of Two-Phase AI-Si-Mg Alloys 

Figures 6.4 and 6.5 present the conduetivity versus solution treatment 

time curves for the strontlum-free and strontium-;contatnmg AI-Si-Mg al/oys 

cooled during solidification at a rate of 1°Clsec (I.e. ~). As illustrated 

in these figures, the conduetivity curves exhibit features very similar to those 

shown in Figure 6.1. For example, in the unmodified alloy containing 0.30 

wt. pet. Mg and 10 wt. pet. Si (Figure 6.4) the conductivity mcreases from 34 

pet. lACS to 40 pet. lACS after 1 .Sh of treatment at 540°C. The conductivity 

th en decreases to 37.5 pet. lACS after 3h solution treatment and fmally 

reaches 42.2 pet. lACS after 16h of solution treatment. The fmal conduetivity 

IS about 25 pet. higher than the as-cast conductivity. In the case of the 

modifled al/oy, the initial increase in conduetivity is from 40 pet. lACS to 46.3 

pet. lACS, which is followed by a decrease of 3.3 pet. lACS after Sh of 

treatment. During the remaining time of the solution treatment the 

conduetivity remains unchanged at 42.7 pet. lACS, a value 5 pet. higher than 

its as-cast value. 
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ln additi~, the percent conductivity changes, AOR, 0 urring s a refuir--
• 

of the complete solution t"reatmènt of the alloys containin diffe ent levels 

of silicon aJ'l'd magnesium, are summarized in Table 6A.The ata' Table 6.1 

indieates that the conductivity of the/~nmodifjed alloys shows a greater , 
increase than that of the.Anodified aUpys after solution treatment. 

COr.lseq~ntly, the or:iginal difference betw,een as-~ast conductivities of the 
unmodified and the modified alloys decreases, as is evident in Figures 6.4 

\ and.6.5. 

6.2.3 Metallographie Observations 
( 

As mentioned earlier, the eutectic silieon crystals spheroidize during 

solution treatment. The kinetics of this process have also been followed by . ~ 

metallographic examination. Figure 6.6 (a) and· (b) are typical as-cast 

structures of the unmodified and mo~ified alloys containing 8 wt. pet. Si. 

Figures 6.7 and 6.8 are, respecti\lely, the micrographs of the same samples " , 

'=-------------______ ~ after 1 h, 4h, ah and 16h of solution trea'tment at 540°C. As is cle'arly seen in 
~----

o 

fFi~~s, solwtion treatmenf causes ~ subst~ntial degree of 

spheroidiza~a-roa~n both unmodified and modified eutectic '-silicon phasës. --~~ ____ -

ln the unmodified sample the silicon flakes thicken slightly and shorten 

and the,tips of the flakes become blunt after 1 h solutiontreatment. After 4h 
treatmenTnignificant spheroidizatiolfOf thesilicon particles occu,.r.- T~-- --'---­

deg·ree of spheroidization al)d coarsening of the silicon phase increases with 

longer solution treatmerit times. In, the modified alloy, howev~r, ~o~plet~ .' c;~·.'·-
spheroidization of the silicon~hase takes pla,e a~er,only 4h of«eatment, .) • ' 

and th~ silicon particles coars~J'lJ b~ 4Q.not cha.nge ~pe with iurt~er, 
.,.. treatmer:'l; .' '~'. j .. ' ~ 

~ .. 

~
~hen the cooling 'rate duri~g freezi~g is reëuced from 1°C/sec ta 

~4°Cls c, the as-cast st~ucture of the unmodified and the modifie alloys 

wlll coarser, a~ shown in Figure 6.9. The sphëroidization of thes loarse 

b silic n flakes is less noticea~le in the early stages of solution treatme t. Even 

aft~r 8 hours the uomodified silico~ particles, although to a large ex nt ,: 

" 
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Table 6.1 Percent Conductivity changes in AI-Si-Mg Alloyst 
During Solution Treatment 
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percen~uctivity Change {AaRtat So1u~iQrl.'l""" ._.,. 
Treatment Time,~: .\ ~ / Alloy ~ 

t 1 1t 2 5 8 12 '16, 

AI-8%Si-0.3%Mg 13.6 18 21.4 17.3.10.5 '12.3 133 ·'f3.6 15.0 

AI-8% Si-O.3"%'Mg-
~~/_O_.0_3_%_S_r ____ p-__ ~ __ ~ __ +-~+-__ ~.~~ __ ~ __ ~ __ ~, 

AI/10%Si-0.3%Mg 9.9 13.7 ,15.1 1ta ,7:6' '11.9 14:5 17.4 18.3 ~ 

'1.0 12.7 14.3 1'.5 4.5 2.1 3.3 3.0 3.0 . 

AI~10-%Si-O.3%Mg- 9.7 12.~ 14.1 12.4; 7.5 4.4 4.5 4.8 '5.0 
0.03~S,"- . . ~ 

AI-8%Si,-0.75%Mg ... 10.~ 15.8 17.0 12.5 6.3 8.8 7.1 12.7 13.1 

AI-8%Si-0;75%lV1g-. 9.7 15.6 17.8 13.1 5.3 ~4.8 2.0 3.5 3.5 
" ..... 0:03~Sr .' Î"\ .. 

'~:c.; '.,-- AI-10%Si-0.75%Mg 8.8 12)2 17.8 12.1 7.8 12.5 12.5 1'1'.4 18.4 
~-J~·AI~1-0-%-S~i:---+-9-._2-r1-11~~8-~r1-6-.5~1-2-.3~S-.O-+-6-.0-r-5-.0~-S.-o~s-.o~ 

0.75%Mg-O.03%Sr V 
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t cooled at a rate of 1.00C/sec during solidification. 
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a)unmodified 

b) modified 

Figure 6.6 Typical as-cast mjcrostru~ures of AI·8 pet. Si alloys 
cooled at aorate OfT.aoC/seC . 
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-a) afte.r 1 h 
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b)after4h . 

1 Figure 6.7 Mièrostruetural changes occurring tn the unt1l()difted ' 
, ~ , 

AI-8 pet. Si alloy uppn solution treatment at 540°C. ' 
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Figure 6.8 Microstructural changes occurring iri't~e modifie? 
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AI-8 pet. Si alloy,upon solution treatment at 540°C. ' 
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spheroidized, still exhibit evidence of'a plate-like structure JFfgure 6.10 (a» 

while the modifiEld silicon is completely spheroicÙzed (Figure 6.10 (b». ' 

\ 
• 0 

AdditionaITy, SEM micrographs, Figure 6~ 11, give a three-dimensional 

'representatiOrl of the changes in the structure ~f the unmodified and the 

modifièd eutectic silicon. The unmodified silic6n phase, which originaJ/y 

consisted of 1nter'connected plates, gradually shortens and spheroidizes 

during the solution treatment; Figures ,6.11 (c) and (e). On the other hand, . . 
the modified silicon phase, that had a finer fibrous, texture in the as-cast 

state, quickly spheroidi~es and coarsens, as shown in Figures 6.11 Cd) and (f). 

- After 8h of treatment the unmodified silicon plates are interconnected only 

at a relatively few points whereas the modified silicon partie/es appear to be 

more· isolated. 

6.3 Discussion 

6.3.1 Kinetics of the Solution Treatment P~cess 

"\:lJ' Th~ follovJing metallurgjcal processes occur during the solution . 

treatment ~f t~o-phase AI-Si and AI-Si-Mg alloys: 

~ f d 1) Precipitation of silicon and Mg2Si frcm the alummum matrix, 

c 
c •• 

2) Dissolution ofthese precipitates and other soluble second phases, 

3) Spheroidlzation and coarsening of the eutectic silicon phase. 

Ali of these processes may take place simultaneously and influence the 

physical properties of the al/oys, such as electrical condùctivity, to differing 

degrees. 

, a, 

6.3~·'.' Precipitation of Silicon and Mg2Si 

Lv 
Although the cooling rate achieved .in a casting after solidification 

depends on the method of casting applied (i.e. sand casting or permanent 

mould castingt it is usually not slow enough for the casting to cool under 

equilibrium conditions. In other words, ,6Iid stat~nsformations, such as 

silicon and Mg2Si precipitation, cannot be completed before the 

\ J 
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Figure 6.9 Typical as-cast microstructures of AI-8 pet. Si alloys 
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Fj~ur~.11 SEM microgra,phs show~ng the structural changes 

o \ occurring during the solution treatment a~ 5400Cl ' 
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temperature o.f th~ c~st;ng drops' to room temperat~re. Therefore, the 
casting will be supersaturated at room·tempera~re, and the supersaturation 

of the ,sting increases with increasing cooling rate: 

. The super~aturation of the alloy provides the driving force for 

precipitation processes during heat treatment. In the AI-Si and AI-Si-Mg, 

alloys, the precipitati~n of silicon and Mg2Si can teadily oèéur during, the 

heating stage of the solution treatment due to their low soh,J~ility limits in 

~ the AI-solid solution. As already estab~hed in chapter 4 (sections 4.3 and 

4.6), the depletion of the silicon and magnestum atoms from the aluminum ~ .... , . 
, matrix results in a substant,al increase in Eonductivity. ' 

Figure 6.12 shows the silicon precipitates that form during the initial 

stage of the solution treatment. I~ the as-cast state ther~ is no visible 

precipitate in the AI-s~lid solution (~ig~re 6.12 (a)), but after 1 h solution 

treatment precipitates can be clearly seen in the den'dritic areas (Figure 6.12 

(b». They are present in both eql,./iaxed ande plate-like morph'ologies, as 
G 

shown in Figure 6.13. Both the resl:J'ts of an X-ray mapping and.spot analysis, 

given in Figures 6:14 and 6.15, co_nfirm that the precipitates ar~ primary 

~ 'siJicon. It is also believed that a certain numbèr of Mg2Si' particles are 
'" 

precipftated out of solution in the AI-Si-Mg alloys during this. stage~ 

However, the Mg2Si particles could not be detected by sca'nning electron 
microscopy simply becau'se of their size «0.2 pm).143 c. 

6 .. 3.1.2 Disso1ution ofthe Precipitates . ,> • 

v 

When a cast al/oy is heated::isothermally in the single phase région' 

dissolution of precipfllates occurs. The dissolution process IS,diffusion limited 

and its rate is a function of the diffusion coefficient of the solute atoms in 

the matrix'and the average r:adius of the precipitates.140,~4' ~t 540°C the' 

'sotid solullility limits of silicon and Mg2Si in the AI matrix are 1.5 wt. pct.1 

and 1.4 wt. pct.93, respectively. Therefore, dissolution of th'ese precipitates 

wil.l occur during the solution treatment. 

" 
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o 

-. 

, , 

1· 
Figure 6.12 .--

:Ojtm 2S SeDO C 

af;;:cast 

b)after1h 

, 

2 1"' MMnn 
::. uuuu 02 

Î 

(j 

SEM micrographs of AI-8 pet. 5i-0.3 pet. Mg atloy_ 

'showing the precipication process occurring , 

during solution tr,atment at 540°C. _ 
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Figure 6.13 s'~ilicon precipitates formed inAI-8 pet. Si-O.3 pet. Mg aUoy 

aftet lh. of solution treatment at 540°C. 
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Figure 6.14 SEM silicon X-ray mapping. 

, , 

187 . 

6 

5 



, 
• 

188 

.. '''''''0,.: 1 74UtV JO ~ 
, \ 

. 
Il 
1 

I---!...:--------------

.. 
1 • 
1 

~-" i-----:-~---.:-~-·----"i 
: . 

, . 
1 • 

~----~~----~----~----------------, . 

~----~~-------:-----------------~--------,~ 

e.eœ .. 
30 ~i2::11n5 ~i RT 1 e.f~ 0.e20~.fV 

\ 

',' 

Figure 6.15 Spot analysis of th~' precipitate shown in Figure 6.14a . 
.. 

,-

, 

" 

... 

\ 
d 



• 
\ 

., 

• 

• 

189 

.. 

Figure 6.16 illustrates the dissoOlution of the silicon particles 

precipitated during the initial stage of the solution treat~t. After 4h 

solution treatment most of the precipitates have dissolved, since only a few 

coarse partie/es are vIsible. Obviously, the dissolution of the silicon and 

Mg2Si partie/es in the aluminum matrrx will cause an appreciable decrease in 

',conductivity because the electrons will be scattered more effectivj1~ 

dissolved silicon and magnes~ium atoms than by precipitates (see s~ons 4.3 
and 4.4). ,.. 

6~3.1.3 Spheroidi:zation and Coarsening 

t • 
\ Coarsening and spheroidization of the discontinuous phase occurs at 

j 

elevated tempera\ures in most euteétic systems 1:'0' because the interfacial -

energy of a system decreases wlth the reduction ln Interfacia
l
, surface area 

per unit volume of discontlnuous phase. TQe reductlon rn 'Interfacial energy 

~ the driving force for the coarsening and spheroidizatfon processes, which 

are also diffusibn controlled.146-148 ' 

The coarsen ing process in a eutectic system occurs by a mec~anjsm 

known as Ostwald ripenrng, which involves the growth of larger particles at 

the expense of smaller ones. Ir other words, there rs/ a mass transfer 

resulting from ,the detachment of atoms from smaller partie/es and thelr 
~ , 

diffusion through the matrix to repreciprtate onto larger partlCles. The' 

preferential diss'olutlon of smal~er particles takes place 4ue to the 

concentration gradient existing between the smaller partie/es, wlth a . 

relatively sma/l radius of curvature (Le ,-hrg~concentration regron)" and 

the larg-er partie/es, wlth a larger raq1us of c{l·rvature (i.e. lower 

'conc'ntration' reglon). Such -a concentration gradient is alsp present 

betwêen the tlp and the sides of a lamella ·or plate. The coarsening process 

also leads to a reduction in surface area, that eventually results in larger 

spheraid~1 particles. 

, 

It has been established that the rate of spheroidization and coarsening 

is directly related ta the diffusion coefficient of the solute atoms in the 

matrix,"'and increases as the average size of the discontmuous phase"'crystals 

5 
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~ Figure 6.16 Dissolution of the precipitate after 4h 

s~lutjo~ t~eatm_ent at 540°(. 
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dècreases. 146,148 Therefore, the fine fibrous silicon particles will spherQidize 
\ \ . , 

and coarsen faster than the coarser plate-like or lamellar silicon. The effect , 
ofthe initial structure ofthe eutectic silicon on the rate of spheroidlzatlon of 

the silicon phase can be clearly seen in th~l optical micrographs given 'in 

- Figures 6.9 aRa 6.10. The m~difled silicon spheroid'izes rapidly at an early',' 

stage of the solution treatment and substantially coarsens with longer 

treatmerit. The unmodified. silicon lamelléte and plates, however, initially 

break up into smaller particles that eventually spheroidlze and coarsen. 

Figure 6.17 shows several SIlicon lamellae at the breaking up stage. It IS 

noted that the breakage plal'1es appear at fault Imes on the silicon lamellae. 

The breaking up process occurs more quickly in chili cast alloys since the 

eutectic silicon phase has a finer lamellar structure. Figure 6.18 shows a 

schematic repre~entation of the sequence of structural changes that D 

unmodified and modifled eutectlc silicon undergo during the solution 

treatment. It IS also Important to mentIon that the very coarse'silicon plates 

observed m the slowly cooled unmodlfied alloys (0 4°C/sec) exhibit no 

eVldence of spheroidlzatlon, even after 8h of solutIon treatment (see Figure. 

6.19). This is believed to be due to the longer diffUSIOn distances between 
" 6 the plates and the very high stability of these plates, which may result from 

the lack of defects at whlch break up usually occurs. , 49 

Th" spheroidizatlon and coars~f the eutectic silicon phase­

reduces the interfacial area between th~ eutectic silicon and the alummum 

matrix, as weil as the degree of interconnectlon of the silicon crystals, by 

prodtJcmg spherical and fmely dispersed particles in the alummum matrix. 

The effects of these structural changes will be a slgnlficant reductlbn in 

électron scattering at the stlic~n-aluminum mterfaces and a subsequent 

increase m the conductivity of two-phase AI-SI alloys. 

6.3.2 Effect of the Solution Treatment TimE" ~ 
<, 

..ç '!t' 

Figure 6.20 shows the general conductlvlty behaviour of the AI-S,I alloys 

dunng a solution treatment at 5400
( and mdicéftes that there are three 

definite stages in the solution treatllfent. In the following sections the 
, 

,,' 
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Figure 6.17 Optical micrograph showing the silicon lamellae 

Q at the breakirg up stage. 
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, Figure 6.18 ScheQ'latic'characterization of the three stages of 
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... '1 Fig'ure 6.19 Optical micrograph showing the coarse silicon plates 

after ,6h of solution treatment at 540°C. 
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conductivity behaviour of the AI-Si ~lIoys dl;Jring the solution treatment will 
be diseussed in terms ofthese three stages. 

6.3.2.1 Stage 1 
~. - } 

~ \, 
This.stage is a p,eriod dominated by the precipitation of silicon and 

Mg2Si, causi ng a sh~rp i ncrease 'i n co nd ucti vit Y . Concu rrently f • 

s~eroidization of the eutectic silicon ph'ase and dissolution of precipitates v 

take place. However, their effect on conductivity )'ViII be smaller when 
eompared ta that,of the precipitation process. 

/' / 
Metallographie examination reveais a substantial degree of 

precipitatiôn of silicon during the initial period of solution treatment (see 

. Figure 6.10). Hardness measureme.nts taken across the aluminum dendrites 

(Figure 6.21) show that the hardness decreases appr~ciahly during thls stage, 

whereas the eonductivity increases, confirming that precipitation and 

growth 'of these precipitates are oéeurring. An interestmg observation is . 
that a minimum hardness occurs in Figure 6.21 at the maximum conductivity. 

The initial increas,es in eonduC\ivity observed ln' the unmodified alloys 

are noticeably larger tnan those detected in the modified ~lIoys (Figûres, 6.2 

and 6.20). This is probably due to the retarding effect of strontium on the 

precipi:tation of silicon and Mg2Si, as discussed in chapter 4 (sections 4.3 and 

4.6). Additlonally, the breaking up process in unmodified silicon 'partides 

will have a greater effect on the conductivity than the spher,oidization 

process that oceurs primarily in modified alloys during this stage of solution 

treatment. This can be explained by considering that the breakmg up leads 

to a lesser degree of fnterconnectlon and smaller silicon plates (Figure 6.11 

(c» whieh will allow the current to flow more easily through the eutectic 

areas. In mÇ)dified alloys, however, electron transport is considerably easier, 

even in the as-eaststate, due to the presence of a fibrous silieo," phase. The 

effe,\ of differing silicon morphologies on cond uctivity (i.e. electron 

transportation) has already been deseribed in detail in the previous chapter . 

b 
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Fig"ure 6':3 illustrates that forslowly cooled alJoys the initial conduetivity 
increase is much less marked than in the chili cast samples, This is because" 

, . 
/" the degree of supersaturation of these al!oys is less due to a slower cooling 

rate after solidification. 
, 1; 

6.3.2.2 stàge If 

vtt 
ln this stage, changes in conductivity are gov'erned by the dissolution,of 

precipjtate~ and the spheroidizati-en process. The large in;tial drop in 

conductivity, which occurs within the first 3' hours of treatmênt, is primarily 

due to the dissolution of silicon â~d Mg2S; preci'pitates, With further 

. solution treatment, the decrease in conductivity begins to level off, 

indicating a balance betweenQthe competing processes of dissolution and 
spheroidization of the eutectic sili'co'1,: . . . 

'The hardness (Figure 6.21)'exhibits a continuous increase due to the 

dissolution of precipitates and t~e accompanying solute hardening of the 

matr~x. Considertng the data in Figure 6.2, the effect of the d.issolution 

. pr~ss on changes in. conductivity is more ~atic fo'r aIlOYS,,~~ith low 

s,ilicon concentrations «4 wt. 'Pet. Si) wher:e th! cOf)ductivity decreases to 

1 

values below those of as-cast alloys. The explanation for this effect is that a . 1 

lesser amoun(of spheroidlzation occurs due tc$ the smaller 'volume fraction 

Qf the eutectic siUcon present in these ~lIoys. Tnerefore, dissolution of the 

silicon and Mg2Si particles is the predominant process. 

". . In addition, the rate of the conductivity decrement after 3h of solution 
. -

treatmènt is somewhat slower for the unmodified alloy than -for the ,l" o;odified alloy (see Figure '6.20). This is because the spheroidization process ,: 

• otturs tp a greater extent in the unmodified alloy since the modified e,ute'ctic(' ~ 
silicon phase has already been extensively spheroidizèd during the' first 

~age. , 
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6.3.2.3 'Stage IÇ 
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. 
• 

As' revealed by metallographic examinations (Fig;.Jre 6.8 (d) and (e», 
only coarsening of the silicon pârticles occ;urs in the modified alloys during .. 
this stage, and it 'does nat have any detectable effect on the cOF}ductivity 

whkh stays virtually constant (see Figure 6.20), Th,~ unmodified silicon 

p,base, however, undergoes further spheroidization (Fig'Ure 6.7) and 

cO'arsening resulting in a sl~rease in the conductiv!ty of the 

unm~dified alloy (F~gure 6.20). The final increase in conductivity is more 

noticeable for slowly cooled aijpys than for chili cas~ alloys. qearly, the 

completion of the spheroidization process requires a longer sol~tion 

treatment in slowly cooled alloys due to the initial coarse as-cast structure of 
~ , 

the eutectic silicon phase. 

6.3.3 Effect of Modification 
.( 

1 , 

80th metallographic examination (Figures 6.8 and 6.10) and 
l " 

conductivity measurements (Figu,re 6.1 and 6.20) clearly show that the rate 

of spheroidization and coarsening 6f the eutectic silicon phase' is 

substantially faster in the modlfied alloys than in th~ unmodified alloys. This 

is due to an increased driving f()rce for sp~eroidiz\àtion and coarsening 

processes provided by the finer as-cast structure of the' modified eut~ctic 

silicon phase. Similar observations have also been made by other' , 
authors.126, 1 50 

Another aspect to be considered is the effect -of a complete solution 

, treatment of 16h on the final conductivity of the unmodified and the 

modified alloys. The changes in conductivity can be expressed by the 

quantity L\oR=(OST-OAc)/OACX 100, where .OST and OAC are' the 

cooductivities of the alloys after a 16h solution treatment and in the as-cast 

condition, respectlve~ These measured conductivity changes are plotted as 

a functlOn of the Silicon concentration in Figure 6 22 The unmodified AI-Si 

al ys having more than 8 wt. pct silicon show a conductivity increase of 10 

pet in comparison with the modifled alloys in which the conductivity 
'l 

ases by only -1.5 pet. The larger inciease in conductivity observed in the 
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unmodifi'ed alloys is the result of a relatively greater structural change in the 

euteetic
o 
silicon- phase (i.e. transition from plate-like to spheroidial shape) 

upon solution treatment. 

ln fact, the effect of the complete solution treatment on the 

conduetivity of unmodified alloys is comparable to the effeet of modification 

on cast alloys. For example, modification of the AI-8 wt. pet. SI alloy ra~'s 

_the conduetlvity from 42.7 pet. lACS to(46.3 pet. lACS, i.e. ~m 8.4 pct increase, 

while a solution treatment of the same unmodlfled alloy Jncreases the 

conductivity from 42.7 pet. to 47.1 pet. lACS, correspondlng to a 10.5 pet. 

increase. M.(ltl"eover, the conduetivltles of the unmodlfied (47.1 pet. lACS) 

and the modlfled (47.3 pet. lACS) qlloys become very simllar at the end of the 

solution treatmenJ: slrl'lply because the microstruetural differences between 

the eutectic silicon phases disappear upon full solution treatment (Figures 

6.10 and 6.11). 

6.3.4 Effect of Magnesium 

( 

The effect of a magnesium addition on the percent conductivity 

changes during the solution treatmtnt is given in Fig~e 6.23. The shape of 

the curves does not change appreciably in the presente of magnesium, 

suggesting that the same metallurgical processes, as explained ln section 

6.3.1, occu.."in the AI-Si-Mg alloys when they are solution treated. One 

noticeable difference is that, the conductivity change, ÔOR, ln the 

magnesium-containing alloys reaches a constant value rapidly (I.e. after a 311 

treatment) compared to the bmary AI-SI alloys. ThiS Implies that the eutectic 

silicon,phase spheroldizes to a greater extent in t~e AI-SI-Mg alloys during 

the second stage of the solution treatment. Sim"ar results are glven ln 

Appendix III, obtained for the alloys c,?ntalning differen~ levels of silICon and 

mag,nesium . 
.. 

Flnally, as can be seen in Figure 6.22, the effeet of complete solution 

treatment on the conductivity of unmodified AI-SI-Mg (0.3 wt. pct.) alloys is 

more pronounced than on the unmodifled AI-Si euteetlC alloys. Forthe AI-Si­

Mg alloys, the changes in conduetlvity mcrease with itlcreasmg silICon 

1 • 
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concèntration and reach a maximum of 19 pet. at the eutectic composition 

\ (12.6 wt. pet. Si) whereas the cond,uctivity of the AI~Si alloys incr~ases py oflly 

, 0 pct. The greater increase in the conductivity of the AI-Si~Mg alloys may be 

due to the coarseni;)y effeet of magnesium on the eut~etic silico!,\ structure. 
as discussed in the previous chapter (section S., .3); h,ence a relatlvely greater 

degree of spheroidization occurs upon solution treatment resulting in larger 

conductivity changes. 

a . 
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CHAPTER 7 

. 
CONCLUSIONS AND FUTURE WORK . 

7.1 Conclusions 
1 

ln this work, ~electrical resistivity/conductivity behaviour of both 

solid solution and two-phase AI-Si and AI-Si-Mg alloys has been investigatec;f. 

in ord·er to identify Ith e reaso ns for the cha ng es in el ectri ca 1 

resistivity/conductivity resultmg from strontium additions to these alloys. 

Furthermore, the effect of eutectlC silicon in its various microstructural forms 

on the elèctrical resistivitylconductlvity has been determined. 
~ -

. The conclusions tha~\:an be drawn from the present study are as follows: 

A) Resistivity/conductlvity behavioJrof so/id solution alloys 

,. Silicon and magnesium in solld solution have significant effects on the 

resistivity of pure aluminum; the incre'ase ln reslstivity as a function of 

concentration being 0.79 and 0.58 pQcm/wt.pct. for silicon and 

magheslum, respectively. 

2. Strontium has neghgible,solld solubillty in aluminum and does not a/ter 

the solid solubility limits of'sllicon ~nd magneslu~ Therefore, it 'does 

not measurably change the resistivity of the AI-matnx of AI-SI and AI-Si-

3. 
Mg alloys. .'," 

The kinetlcs of silicon precipitation from a supersaturated aluminum 

solid solution have been stlldied using the Johnson-Mehl-Avrami 

Equation and experimentally .calculated Avrami constants have been 

compared wlth theoretical values. The results reveal that silicon 
J 

precipitation occurs on dislocation lines and is a diffusion controlled 

process. 

4. • The silICon precipitation processes in AI-SI and AI-Si-Sr alloys are 

isokinetic. However, strontium retards' the precipitation of silicon, 
• 

decrea~mg the growth rate of silicon particles. Thus, strontium can 

'" , 
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exert an indirect effect on the resistlvity/conductivity of heat tre~ted 
alloys. .. 

Strontium does not alter the kinetics of G.P. zone formation in AI-Si-Mg 

alloys. However, it does suppress Mg2Si precipitation during 

subsequent artificial aging of these alloys. 
\ 

B) Resistivity/conduçtlvity behavlour of two-phase alloys 

"" 1. When eutectic silicon appears in the microstructure, the conductivities 

of strontium-free and strontlum-contalning AI-Si alloys are differen\t. 

AI-Si-Sr a,lIoys have hlgher conductiviÙes than AI-Si alloys containih~ 
the,same level of Silicon. The conductivity difference increases as the 

SIlicon content is increased and reaches a maximum at the eutectic 

composition 

2. As th,e coarseness of the unmodlfied eutectic silicon Increases, the 

difference in conductlv.ity Increases Therefore, a slower cooling rate 

during solidifICation and the addition of magneslum to AI-Si alloys 

result ln larger conductlvity differences. 

-3. It was found that the difference in the conductlvltles of unmodified 

4. 

and modlfied alloys,is due to differences ln thé electron sca\tering at 

the interface between the aluminum matrlx and the silicon phase. The 

, modified alloys exhlbi\ higher conductivity, since the electron 

scattering from flber-matrix interfaces (i.e. modifled silicon phase) IS' 

less than from the plate-matrlx interfaces (i e. unmodified silicon 
~ , 

phase). 

Various structural forms and arrangements of the eutectic silicon phase 

pr-oduced by dlrectlonal solidification produce different effects on the 

resistivity of the AI-SI alloy Weil aligned silicon rods result in the 

lowest resistlvlty aldng the longitudinal aXIS, whereas silicon plates lead 

to the highest resistivity in the transverse direction. 

5. During the directlonal solidification of AI-Si eutectic alloys, increased 

growth rates provided a more random distribution of the eutectlC 

silicon, whlch Ylelded an increase ln the 10n9Jtudinal resistivlty and a 

decrease in the transverse reslstivity: 

.. 
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C) Solution treatment of two-phase alloys 
\ 

\ ~ 
1. During the solution treatment of two-phaf,e AI-Si and AI-Si-Mg al/oys, 

precipitation of silicon and Mg2Si, dissolut~on ofthese precipitates, and 

spheroidization of the eutectic silicon phase occur. The precipitation 

,') and sp~eroidization pro cesses increase conductivity while the 

dissolution process causes a decrease in condua;"ii:y. 

2. The unmrdified eutectrc silico~ phase undergoes a ,fore extensive q­

structural\ change upon solution treatment tha,n does t'le m~?ified 
silicon phase. Th~refore, a substantial increase in the conductivity of , 
the unmodified alloys iS,obsefved after complete solution treatment, 

whereas the conductlvity of the modijied alloys remains similar to the 

as-cast value. In addition, the magnitude of the increase in 

conductivity of the unmodified alloys Increases as the silICon and 

plagnesium contents increase. 

3. The conductlvity differences measured between as-cast unmodified 
;-

and modified al/oys tend to dlsappear upbn solution treatment 

beca'use the.r final eutectic silicon structures become s.mi/ar. 

4. T-he rate of the spheroidization and coarsening processes depend on 

the initiai (I.e. as-cast) structures of the eutectrc silicon. Spheroldlzation 

and coarsening occur substantiall~ faster fn modified alloys than in 

unmodified alloys due to the' presence of finer silicon fibers which 

provide an increased driving force for the process. 

, 
7.2' Future Work 

Based on the results of this work, the followtng areas for further work & 

are suggested: 

1. Studies of the effects of strontium on the kinetics of Mg2Si 

precipitation, and subsequently on the michanical properties of AI-SI­

Mg alloys, should be do ne smce the precipitation hardenrng behaviour 

... of these al/oys IS critically important in achieving the des.red 

mechanical propertles. Electrical conductivity/resistivrty can be used 



• 
2. 

'-

during these studies. In additi~n, TEM work should be carried out 

simultaneously to support the resistivity/conductivity results. 
The results of the more precis~ electricat ,resistivity measurements on 

unmodified and modified At-Si alloys at room temperature, 77K and 

'\. 4.2K can be used to develop a mathematical model of the effect of .,. 
silicon morphology on the resistivity of these two-phase a!loys. 

'3. Further wfrk on the electrical conductivity behavlour of commercial AI­

Si alloys should be conducted in order to establrsh the effects of 

tprocessing variables on conductivity differences measured ùpon . , 
modification of these alloys. A list of some variables, besides Si-

modification, which have a major influence on the cast AI-Si structure 

include: 

-grain refinement 

-cooting rate before and after solidificatio~ 

-the presence and amount of other al-Ioying elements such as Cu, 

Fe, Ti, Zn and Mn. 

4. Finally, the modifkation of one of the eutectic phases is not restricted 

only to the AI-Si system. Therefore, studies similar to the present one 

can be conducted on other eutectic systems in which the modification 

process occurs, such as cast iroF+, At-Mg2Si30, AI-AI2Ni, AI-FeAI3 and AI-
'C 

Ge28• 

\ 
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CHAPTER 8 , , 

\ 
IMPORTANCE OF THIS RESEARCH TO THE AI-Si FOUNDRY INDUSTRY 

As pointed out in section 1.Z;'better non·destructive testing methods 

are being implemented in the foundry industry to produce higher quality 

castings. The results of this work may be used directly to improve electrical 

conductivlty techniques, which can be employed as a non-destructive testing 

method for AI-Si castin~ alloys. In the following sections, several possible 

applications of electrical conductivity during the production of AI-Si cast 

parts will be given, together with suggestions for increasing the reliability of 

this test method. 

8.1 The Use of Conductivity to Monitor the Modification Potential ,of the 

Melt 

A method used to control the '!lelt quality has1àlre'ady been described 

in section 1.2.4 and in other articles125, 126. The results of the presen~ study 

î reveal three important parameters whlch-have to be closely controlled to 

ôbtain more reliable predictions of the degree of modification. 

\ 

i) SolidifICation rate of tHe test buttons: The same solidification rate 

must be, used for both unmodifled and modified samples, and the 

chosen rate should be slow enough to produce a coarse plate-like 

silicon phase in the unmodified button. It has been shown that the 

use of an insulated graphite mould provides satisfactory conditions 

for controlling the solidification rate 125 (see section 3.2). 

,ii) Cooling rate of the buttons after complete solidification::, It is 

suggested that the cooling rate of the samples should be 

accelera~ed by quenching or air cooling. This is Important.to 

minimize the effect of the modifier on precipitation processes 
·r 

which occur during the cooling period. In quenched samples, the 

difference that will be measured between the conductivities of the 

buttons at room temperature will be solely the result of 

modification of the eutectic silicon. ..~ 

o 
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iii) AII~y composition: Conductivity techriiques can be used for most of 

the AI-Si castin~lIoys. Howèver, for alloys containing high 

concefltrations of certain alloying elements (e.g. magnesium and 

copper), which exhibit high solid solubility in the AI-matrix" the 

measured conductlvity difference can be small ln the case of 

quenched and air cooled samples, even thoug~ full modification of 

the eutectic silrcon is achieved. The' reason IS that the bulk 

conductivity of these alloys is determined primarly, by the 

conductivity of the aluminum 'matrix, hence the effect of the 

eutectic silicon structure will be masked. 

8.2 The Use of Conductlvity to Characterize the Degree of Modification in 

Castings 

b This can be done by taking t:\Jnductivity measur~ments at several . . , 

locations on a castrng ;md then comparing these values to those taken from 

an unmodified test casting at locations which possess solidificat~on and . 
coolmg rates similar~to those ln the modified casting. It should be noted that 

different conductlvlty values will be obtained from dlfferent,locations on the 

"", same casting, depending on the section thickness. In general, heavier 

sections exhibit lower conductivlty than thinner sections, due to increased 

microstructural coarseness. 

8.3 The Use of Conductlvity to Monitor Heat Treatment of Castings 

. As shown in chapters 4 and 6, the variation in conductivity during 

solut~on treatment and subsequent aging treatment can yleld an insight into 

microstructural changes. Therefore, the cond~ctlvity method can be useful 

in predicting optimum heat treatment conditions, particularly treatment 

time and temperature. 

\ ..... 

, 
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~ . -
8.4 The Use of Resistivity to Characterize the Degree of Fiber Alignment in 

ln-situ Composites 
o 

~~ branching and misalignment are two commonlyobserved defects 

re 'stivities of dl solldified alloys are very sensitive to the degree of 

aJignment and branching ofthe silicon rods (see ~ection 5.3.2). Therefore, by 
v 1 

m~suring the electrical reSlStivity of a directionally aligned eut!!c~ic along 

~he longitudinal and transverse directions, and then comparing these values 

to ones obtained from a standard sample known to possess good fiber 

alignment with a minimum of branchmg, it may be possible to gain some 

information abou\ the microstnkture of the eute>c~ic. Sorne of, the 

commercially important AI-based eutectics, such as AI-AI3Ni, Ai-AICu and AJ-

AI3Fe, couid be characterized employing this technique. 

.. 1. 
" .. 
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STATEMENTOF ORIGINALITY 
, \ 

The following a~pects of the present work are s.0nsidered _ to be original 
contriQutions tp 1<nowledge: . 

1) The present work represents the first complete fundamental study of 
1 

'the eJectrkaJ resistivity/cenductivity. behaviour ol cast AI~Si and AI~Si· 
, Mg alloys with_respect to the microstructur'al changes-which occur du~ 

to strontium addition. 

rf • 

2) The solid solubility limit of strontium in pur~aluminum has' been 
• detèrmined for the first time by means of residual resistivity ratio (RRR) 

measurements. In addition, based on eleètrical conduétivity and RRR 

. data, it has been shown that strontium has no effe.ct on the solubili'fy of . , 
silicon and magnesium in aluminum . . . . ' --

3) This thesis contains the \irst detailed analysis of ~he kinetics of sili~~~ 
precipitation in single phase AI-Si and AI-Si-Sr alloys. The rate and 

./" 

Avrami constânts have been ,calculatect and found' to show good 
, . 

agreemênt with theoretical models. The effect of strontium on ttre 

precipitation process in AI-Si-Mg alloys has also been investigated and 

strontium has been shown to suppress Mg2Si precipitation during 

artificial aging. 
- 1 

, 

. 4) A rigorous analysis of the condu,ctivity differences between the 

modified and unmodified two-phase AI-Si and AI-Si~Mg alloys based on 

. structural differences in the eutectic silicon phase has been made. It 

h\s been sh~wn concluslvely that these di/ferences in conductivity 'are' 
\, .~ 

, \~, brought about by the changing morphology of the non-conducting 

1 eutectic silicon., Furthermore, the results of the 'electrical resistivity ~ 

measurements p<~rforméd on directionally solidified AI-Si alloys 
.' . 

represent a signiflCant contribution towards the understanding of how 

the various microstructural forms of the eutectic silicon affect 

:esistivity. . :. ' J 
! 
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. 5) .The parameters. that influence:th~ magnitude of the measured 

conductivity difference between unmodified and modified AI-Si and . ~ 

AI-Si-Mg a"oys have been determined. These' findings enable more 

efficient and accurate use of electrical conductivity techniques in the' 
. -

foundry industry as a non-destructive testing method. " 
.. l 

6) The solution treatment (T4) of two-phase AI-Si and AI-Si-Mg alloys in 

both modified °and unmodified 'forms has been followed by efectrical 

conductivity measurements and metallographic examinations. For the . 
first time three definite stages of the solution treatment of the alJoys 

, ~ 

have been identified corresponding to -precipitation, redissolution of 

silicor1and Mg2Si particles and coarsening of the eutec.tic sili~on phase. 
) ~ o! .,. , 
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ELECTRICAL CONDUCTIVITY DATA OBTAINED FROM 
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c Appendix lA. Conductivity of Single Phase AI-Si and AI-Si-Sr' 
Alloys During Aging at 340 Oc ' 

-
~Iloy 

Conductivitytt (pet. lACS) at Aging Time (h) 

Name , 
t 0 i- l 1i-' 2 3 4 ' 6 8 12 16 

" lA 64.3 64.2 64.2 64.3 64.2 64.2 64.3 64.3 64.3 64.2 64.4 
, 

2A 62.0 62.1 62.0 62.0' 62.1 62.0 62.1 62'.1" '62.1 62,1 62.3 
, 

3A 59.6 59.7 59.7 59.9 60.0 60.8 61.4 61.6 61 6 61.7 61.8 , 

4A 56.7 56.9 57.6 58.3 58.7 61.7 62.0 62'.0 62.0 62.0 62.0 

)' 5A 53.7 53.9 554 56.7 57.3 60.5 60.7 60.8 60.8 61.0 60.9 

6A 51.4 52.0 55.3 57.7 58.5 59.8 60.0 60.1 60.2 60.3 60.5 

7A 50.2 50.9 54.7 56~ 57.5 59.6 59'.8 59.8 60.0 60.0 60.2 
. ,1 

8A 50.0 50.9 '54.6 /56.8 57.8 59.5 59.7 59.8 599 60.0 59.7 . 
9A 49.2 50.7 55.6 58.1 58.7 59.6 59.8 59.9 60.0 60.1 60.2 

10A 47.7 50.6 56.7 58.5 59.1 59.3 59.6 59.7 59.9 60.0 60.0 

11A 46.8 51.6 57.4 58.6 59.0 59:1 '59.2 59.4 59.6 59.7 59.9 

1B 6,,4.6 64.6 64.6 64.6 64.6 64.5 64.5 64.6 64.6 64.6 64.4 

2B 62.7 62.7 62.8 62.8 62.9 62.8 62.8 62.9 62.8 62.8 62.8 

3B 60.4 60.6 60.6 60.7 60.7 60.8 60.9 61.5 61.6 61.7 61.5 

4B 56.7 56.8 57.0 57.2 57.3 59.1 60.3 60.9 61.0 61.1 60.9 

, 5B 54.3 54.5 55.2 56.3 56.8 59.6 60.2 60.4 60.5 60.7 60.7 

6B 51.7 52.0 
. 
53.7 55.7 56.4 59.5 59.8 60.0 60.1 60.2 60.2 

= 

\7B 50.4 50.9 55.7 58.5 58.3 59.2 59.5 59.S. 60.0 60.1 60.2 

8B 50.3 50.9 54.1 56.5 57.4 59.3 59.6 59.7 59.9 60.0 ,59.9 , 
9B 50.2 51.1 55.0 57.2 57.8 59.4 59.4 59.7 59.7 59.8 60.0 

lOB 47.8 49.0 55.6 57.9 58.4 lX 59.1 59.3 59.5 59.7 59.9 
.. 
11 B 47.0 50.8 57.0 58.4 58.7 8.8 59.1 59.2 59.3 59.S 59.7 

t See Table 3.4 for chemical composition 
tt Average of 'l'tlree conductivity measurements 

/ 



o 

... , . 

• f • 

Appendix lB. The ÈxperimentaJ n and k constfts for Single 
/ Phase AI-Si and A.-Si-Sr Alloys 

0 

Alloy Alloy n k (h -") n k (h - n) 
Name Name 

1A - - 18 - -, 
2A - ., 

- 28 - -
~ 3A 0.71 0.17 38 0.72 0.12 

4A 0.75 0.36 4B 0.70 0.28 

SA 0.79 048 SB 0.69 0.36 

6A 0.80 0.71 68 077 0.57 

7A 0.74 0.86 7B 0.75 -. 0.63 

8A 0.76 0.94 88 0.80 0.75 

9A 0.77 1.03 98 0.78 0.84 

10A' , 0.77 1.25 108 0.73 1.00 
~ 

11A 0.78 1.42 11B ~ 0.81 1.18 

.. 
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Appendix IC. ~nductivity of Furnace Cooled AI-Si-Mg 
and AI-Si-Mg-~r Alloys ,-

Alloy Namet (ond uctiVlt(t 
(pet. lACS 

Alloy Namet 

1M1 62.6 1M1B 

1M2 59.4 1M2B 

1M3 57.2 1M3B 

1M4 56.8 1M4ft=::;:, 

1M5 
. 56.6 1M5B . 

1M6 56.4 1M6B 

1M7 55.8 1M7B 

1M8 55.6 1M8B 
-

2M1 (I\, . 61.1 2M1B 
.- --

2M2 57.5 2M2B 

2M3 57.2 2M3B 

2M4 55.3 2M4B 

2M5 55.0 2M5B 
• 
2M6 54.8 2M6B 

3M1 57.5 . 3M1B 

3M2 58J 
, 

3M2B 

3M3 57 3M3B-

.. 3M4 56.3 3M4B 

3M5 55.2 3M5B 

3M6 f 54.1 3M6B 

t See Table 3.4 for che""ical composition 
tt Average of three measurements 

. , 

conductivittt 
(pet. lACS 

62.8 

59.7 

~ 56.7 

) 54.2 

53.7 

53.8 

53.8 

53.8 

61.0 -

57.6 

57.0 

55.4 

55.2 

55.0 

57.7 

5.7.7 

57.3 , 

56.1 

55.4 

54.1 

--
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Appendix IC. continued 

-'. 
Alloy Narhet Conductivit(t Alloy Namet Cond uctivitft 

(pet. lACS ' (pet. lACS 

4Ml 55.2 4M1B 55.7 

4M2 57.5 4M2,B 57,1 
....c. 

... 

4M3 57.4 ~ 4M3B 57.0 • 
4M4 55.6 4M4B 55] 

'4M5 55.1 4M5B 55.4 

4M6 53.~ 4M6B 53.3 

5M' 53.2 5M1B 53.4 . • .1 

5M2 56.6 5M2B 54.8 

'5M3 57.3 5M3B 57.1 

5M4 56.0 5M4B .. 
, 

56.1 

5MS " 55.7 5M5B 55.5 . -
5M6 54.1 .5M6B " 54.2 

\ \ 

, 
--

. , 

'0 
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Appendix JD. Conductivity of AI-Si-Mg and AI-Si-Mg-Sr Alloys During Aging at 220' 
- < • 

- , 

Alloy 
Conduetivityt (pet. lACS) at Aging lime (h) 

Name ~ 

0 i t 1 lt 2 3 4 5 6 12 24 36 
~ .. . 

C> 
lMl 62.4 62.4 ~ 62.4 62.4 62.3 62.4 62.4 62.4 62.4 62.3 62.4 62.4 , 
1M2 59.8 59.8 59.7 59.8 59.8 59.8 59.7 59.6 59.6 59.8 59.7 59.8 59.8 
1M3 . 56.8 56.8 56.9 56.9 56.8 56.8 56.7 56.5 56.8 57.0 56.9 56.8 56.8 
lM4 52.8 52.8 52.8 52.8 '52.7 52.7 ~2.6 52.6 52.6 53.0 53.0 52.8 52.7 

,:.~& 
r 

1M5 50.3 50.3 50.3 50.3 50.2 50.1 50.2 50.2 50.4 50.4 50.2 50.2 
lM6 49.6 49.6 49.5 49.6 49.6 q~1III 49.6 49.8 49.6 50.2 49.9 49.6 49.6 

-' 

lM7 48.9 48.9 48.8 ~48.9 48.8 48.8 48.8 48.9 49.0 49.0 48.8 48.8 48.8 

~l~ 48.5 48.5 48.5 48.5 48.5 48.5 48.6 48.6 48.7 48.8 48.7 48.5 48.8 
1lVI1B 62.2 62.2 62.1 62.1 62.2 62.2 62.2 62.1 62.1 62.1 62.1 62.1 62.1 
lM2B 60.0 600 60.0 60.0 60.0 60.0 59.9 59.9 60.0 60.0 60.1 60.1 60.1 
1M3B 56.6 56.6 56.7 56.7 56.7 56:7 56.5 56.4 56.5 56.8 56.7 56.7 iS6.7 
lM48 53.5 53.5 53.5 53.5 53.5 53.4 53.3 

." 

53.3 53.4 53.6 53.6 53.5 53.5 
1M5B 52.-1 52.2 52.2 52.2 52.2 52.2' 52.1 52.1 52.0 52.3 52.3 52.1 52.1 

,-

. 
~.l ~6 lM6B 49.7 49.7 49.6 49.6 49.4 49.4 49.S 49.9 49.8 

~:z 
49.6 

lM7B 48.8 48.8. 48.7 48.7 48.7 48.7 48.7 48.6 48.7 48.6 4 .8 48.7 48.7 ., 
V4ss !,M8B 48.6 48.6 48.5· 48.7 48.7 48.7 48.9 48.8 48.9 4~ 48.6 48.8 

t Average of three conduetivity measurements 

" c-
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>. Appendix ID. continued 

Alloy 
Conduetivityt (pet. lACS) at Aging Jime (h) 

Name " 

0 ,i- t 1 1t 
. 2 3 4 5 6 

" 

2M1 60.1 60.2 60.1 60.2 60.1 60.0 60.1 60.1 
1 

60.1 60 .. 1 
" , 

2M2 57.2 57.2 57.2 57.1 57.1 56.9 56.S 56.8 56.8 57.0 
'" 1 2M3 54.0 54.0 54.0 54.0 54.0. 54.0 53.9 53.8 53.6 53.8 

2* 51.2 51.2 51.1 51.0 50.9 50.9 50.9 50.9 50.5 50.5 
2M5 50.0 49.9 49.9 49.7 49.5 49.5 49.5 49.4 49.4 49.5 

2M6 47.5 47.5 47.5 47.3 47.2 47.1 47.1 47.1 47.1 47.1 

2MS 47.0 46.9 ~6.S 46.6, 46.4 46.4 46.4 46.4 46.4 46.4' 

2M1B 60.2 60.2 60.1 60.2 60.1 60.0 60.1 60.1 60.1 60.1 
" . 

2M28 57.4 57.5 57.5 57.4 57.4 57.5 57.3 57.4 57.4 57.4 

2M3B 54.3 54.2 54.2 54.1 54.0 53.9 53.8 53.9 53.9 53.9 

2M48 
--. 

51.1 50.9 50.S 50.8 51.4 51.4 51.4 ~.3 51.2 50.8 
~ 

2M5B' 50.3 50.2 50.0 .8 493 49.7 49.6 49.6' 49.8 49.6 

2M68 47.1 47.0 46.9 4 .7 46.6 46.4 '46.5 46.5 46.5 46.5 

2M8B 46.8 46.7 46.6 46.4 46~3 46.1 46.0 46.0 46.n At:. 1 

. 
Il' .' 

. 
t Average of three conductivity measurel!'ents 

\ , 

• 

.. 

12 24~ 

60.1 60.1 

57.9- '~7.1 
1 

54.0 ·54.1 

50.5 50.5 

49~5 49.4 

47.0 47.0 

46.4 46.4 

60.1 60.1 

57.4 57.4 

53.9 ~.a 
50.8 50.8 

4~ 
~ 

49:6 

~.5 46.3 

46.0 46.0 

t,. 

) 

~ 

36 : 

60.1 ' 

57.0 

53.S: 

50.6 
,: 

49:5 

47~0 1 

46.31 

60.1 

57.4 

53.9 

5~ .. 8 

49.6 

46.3 

46.0 

• 

0 

-ç 
Il 

" 
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IV 
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\ ". 1 C,onductivityt (pet. lACS) at Aging Ti~e (h) MIIOY , ~ ame 6 t i. 1 li 2 3 4 5 6 
~ 

3M1 57.-0 57.0 56.8 56.8 56.9 57.1 57.0 57.0 57.0 57.0 
3M2 54.3 54.3 54.4 54.3 54.3 54.3 54.0 53.6 53.7 53.8 

3 ML.- V50.8 50.7 50.6 50.3 50.2 50.2 50.1 50.0 49.8 50.0 
3M4 47.6 47.5 47.4 47.2 47.2 47.0 46.8 46.7 46.6 46.7 , 

~~ 3M5 44.8 44.7 44.5 44.3 44.1 44.0 43.9 43.9 43.9 
l ' 3M6 43.9 43.7 43.4 43.2 43.2 43.0 42.7 42.8 42.8 42.7 

~ 
3M8 41.6 41.5 41.4 41.2 41J 41.0 ~0.9, 40.8 40.8 40.8 

3M1B 57.2 - 57.2 57.0 57.1 57. i 57.1' 57.2' 57.2 57.2 57.1 
~ , 

3M2B 55.0 55.0 55.0 55.1 55.1 54.9 51t.8 54.9 54.9 54.9 
3M3B 51.7 51.6 51.5 51.1- 51.0 50.9 50.8 50.8 '~Ïs f-50-.8 
'3M4B 45.7 45.6 45.5 45.3 45.2, 45.1 44.9 44.8 4 .8 44.8 

3MSB 44.9 44.8 44.S 44.3 44.2 44.1 44JJi 44.0 43.9 44.0 
3M6B 42.2 41.8 41.3 41.1 40.9 40.8 40.9 40.8 40.8 40.8 
3M8B 41.8 41.4 41.2 41.0 40.8 40.8 40.7 40.7 40,7 40.7 

t Averageoofthree conductivit_y measurements 

• 

., 

. ~ 

12 24 

57.0 57.0 

56.9 54.0 

49.9 49.8 

46.6 46.7 

44.0 43.9 

42.7 42.7 
-, 

40.8 40.8 

57.1 57.1 

54.8 54.8 

50.7 50.8 

44.8 44.7 

44.0 44.0 

40.8 40.7 

40.7 40.7 

36 

51.0 

54.0 
-

49.8 

'46.6 

43.9 

42.7 

40.6 

57.1 

54.8 
~ 

50.8 

44.7 

44.0 

40.9 

40.7 

-" 
1 

! 
\ 

cf 

'" 

) 

.-

IV 
IV 
0"'1 



o 

r .. 

Q 

1-

-----

#--.,...r 

<la 

A'Ppendix ID. continue.d 

Allcy 
Conductivityt (I?ct. lACS) at Aging lime (h) . .' 

Name ~ -
0 t i 1 ' li 2 3 4 5 6 

t!il 

4M1 54.7 54.7 54.7 54.7 54.6 54.5 54.3 54.3 54.2' 54.3 

52.6 ~n 
[--

4M2. 52.6 52.6 52.5 ~ 52.3 52.0 52.0 52.0 

4M3 ~ 48.5 48.4 48.3 48.0 47.9 47.8 47.6 47.5 47.4 47.4 

4M4 45.3 45.2 45.1 44.6 44.7 44.6 44.4 44.2 44.3 44.2 . 
4M5 43.:2 43.0 42.9 42.7 42.5' 42.2' 42.3 42.3- 42.2 42.1 

4M6 41.1 41.0 40.8 ·40.7 40.5 40.3 40.2 40.3 40.3 40.2 

4M1S 55.0 55.0 55.0 54.9 54.7 54.7 54.7 54.8 54.7 54.8 

4M2B - 53.2 53.3 53.2 53.1 52:9 52.8 52.6 52.7 52.7 52.6 . 
4M3B 49.1 49.0 48.8 48.5 48.4 48.2 48.0 47.8 47.7 47.8 .. 
4tv14B 45.4 45.3 45.2 44.9 44.8 44.7 44.5 44.4 44.3 44.4 

4M5tP 43.4 4~ 43.0 42.8 42.9 42.7 42.1 42.6 42.6 42.6 , , 
'4M6B 41.4 41.3 41.2 41.0 40.9 40.6 40.6 40:5 40.4 40.5 

t Average of three conductivity measurements 

"­~""-..,,- \ 
.. 

~ 

1 
l... 

. 

12 24 
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54.3 54.3 

52.0 52.0 

47.4 47.4 

44.3 44.2 

42.1 42.1 

40.2 40.3 

54.7 54.7 

52.6 52.7 

47.8 47.8 

44~ 44.4 

42.6 42.6 

40.5 40.5 

36 

54.2 

52.0' 

47.5 

44.2' 

42.1 

40.2 

54.71 
1 

52.7 

47.8 

44.4 

42.6 

40.4 
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Appendix ID. continued 
~ 

Alloy 
Conduetivityt (pet. lACS) at Aging Time (hl 

Name 
0 t t 1 lt 2 3 4 5 6 

5M1 52.7 52.7 52.7 52.5 52.1 52.0 52.0 52.0 52.0 52.0 
5M2 50.4 50.4 50.4 50.3 50.2 50.0 49.9 49.8 49.6 49.5 

~ 

5M3 .,~6.8 46) 46.6 46.0 45.8 45.6 45.3 45.4 45.2 45.3 
5M4 43.3 43.2 43.1 42.7 42.5 42.4 42.3 42.1 42.1 42.2 

5M5 42.0 41.8 41.7 41.6 41.4 41.2 41.0 41.1 41.1 41.0 

5M6 40.9 40.9 40.8 40.7 40.8 40.6 40.3 40.3 40.3 40.4 

J 
5M7 

, 
40.{ 40.3 40.2 40.1 40.1 40.0 39.9 39.8 39.8 39.8 

5M1B 52.8 52.7 52.7 52.8 52.6 52.4 52.1 52.1 

~& 
52.3 

5M2B 49.8 49.8 49.9 49.7 49.5 49.1 48.9 48.9 4. '48.8 

5M3B 47.0 46.9 46.8 46.5 46.4 46.3 46.1 46.0 46.1 46.1, 

'5M4B 43~6 43.4 43.5 43.0 42.8 42.4 42.1 42.1 42.0 42.0 

5M5B 42.3 42.1 42.0 41.9 41.8 41.7 41.5 41.4 41.6 41.4 

5M6B 41:1 41.0 40.8 40.6 40.5 40.4 40.4 40.4 40.5 40.3 

5M7B 40.3 40.2 40.1 40.0 39.8 39.7 39.8 39.7 39.7 39.7 

t ':'verage of three conductivity measurements 

"1" ' , -------
" 

~~ 

/" 

~ 12 24 

52.2 52.2 

49.3 49.3 

45.3 45.3 

42.1 42.2 
J 

41.1 41.1 

40.3 40.3 

39.8 39.7 

52.2 52.2 

48.8 48.8 , 

46.0 46.0 

42.1 42.1 

41.2 41.5 

40.3 40.3 

39.7 39.7 

" 

36 

52.2 

49.3 

45.3 

42.1 

41.1 

40.4 

39.7 

52.2 

48.9 

46.1 

42.1 

41.4 

40.4 

39.7 

~ 

$ 

q 

...-> 

f 

1 0 

1 

(> 

N 
N 
00 



---------- -,-

" . 

o 

Alloy 
Name 

1M1 

1M2 

1M3 

1M4 

1M5 

1M6 

1M7 

1M8 

1M1B 

1M2B 

1M3B 

1M4B 

1M5B 
l' 

1M6B 

1M7B 
" 

1M8B 

2M1 

2M2 

2M3 

2M4 

2M5 

2M6 

,2M8 

Appendix lE. Conductivity of AI-Si-Mg and AI-Si-Mg-Sr 
Alloys Durmg Aging at 175°( 

Conductivityt (pet lACS) at Aging Time (h) 

2 3 4 6 8 10 12 14 16 
a 

62.4 62.4 62.3 62.3 62.3 62.3 62.3 62.2 62.3 .. 
59.6· 59.6 59.5 59.5 595 59.5 59'.5 59.5 59.6 . 
56.7 56.6 56.6 56.6 56.6 56.6 56.6 567 56.7 

52.7 526 52.6 52.6 52.7 52.8 52.7 52.7 52.7 

50.2 50.2 503 50.2 503 504 506 50.9 50.9 

49.8 5 Of 0 50.0 50 1 50.1 50.3 50.4 50 t) 508 

~8.9 49.0 49.2 49.4 49.6 49.7 49.9 50.0 50.0 

48.6 48.7 48.9 49.0 49.2 49.4 49.6 49.8 50.0 

62.2 62.2 62 1 62.3 62.2 62.2 62.2 622 622 

59.9 60.0 59.9 59.8 59.9 59.8 59.9 597 59.8 

56.5 56.5 56.4 56.4 564 56.4 56.5 56.6 56.6 

53.4 53.4 53.3 53.2 53.3. 53.3 53.4 534 534 

52.0 52.1 52.0 52.0 52.0 52.0 52.1 52.3 52.3 

4~_3 49.4 49.5 49.5 49.6 49.8 50.0 50.5 50.7 
)' 

,48.7 48.8 48.9 49.3 49.5 49.7 49.8 49.9 49.9 

48.8 48.8 48.9 49.0 49.3 49.6 49.8 49.9. 50.0 

60.1 60.1 60.0 60.0 60.0 60.2 60.2 60.2 60.1 

56.9 56.8 56.8 56.9 56.9 56.9 56.9 56.9 569 

53.8 53.7 53.7 53.7 537 537 53.9 54.3 545 . 
50.5 50.5 50.4 50.6 50.7 50.8 51.3 51 8 52.0 

49.5 49.5 49.8 50.2 50.4 50.6 51.0 51.2 51.2 

47.0 46.8 47.3 47.4 47.7 47.9 48.5 49.4 49.8 

46.1 46.1 46.5 46.9 474 47.8 48.2 49,0 4'3 

t Average of three conductivity measurements 
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18 

62.3 

59.6 

56.7 

52.8 

51 1 

51.0 

50.1 

50.0 

62.2 

59.8 

566 

53.4 

52.3 

50.8 

49.9 

50.0 

60.2 

56.9 

54.5 

52.3 

51.4 

50.2 

49.6 
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____ Appendix lE. continued' f> 

. 
Conductivityt (pet. 11S) àt Aging Time (h) , .., 

Alloy 
Name 

6 8 f 12 14 16 18 2 3 4 10 

2M1B 60.2 60.2 60.2 60.1 60.3 60.1 60.2 60.2 60.3 60.3 
1 

2M2B 57.4 57.3 57.4 57.~ 57.6 57.4 57.4 57.4 57.4 57.4 

2M3B 53.9 53.9 54.0 54.0 54.1 54.0 54.1 54.2 54.6 54.8 

2M4B 50.6 50.4 50.5 50.6 50.8 51.0 51.4 51.8 52.0 52.1 

2M5B 49.6 494 49.6 50.0 50.4 50.8 51.2 51.4 51.4 51.3 

2M6B 47.0 46.7 47.2 47.3 47.8 48.1 48.8 495 49.7 49.9 

2M8B 46.0 46.0 46.3 46.7 47.1 47.4 47.9 48.2 48.8 48.9 

3M1 57.0 57.0 57.0 56.9 '56.9 57.0 57.1 57.1 57.1 57.1 

3M2 53.6 53.3 53.4 53.5 53.5 53.5 53.7 53.8 53.8 53.8 

49.f 
" 

3M3 48.8 48.8 49.0 49.1 49.2 r49.9 50.7 51.0 51.4 
-

3M4 46.6 46.5 46.6 46.7 46.9 47.0 47.7 49.0 49:6 50.2 

3M5 43.7 43.9 44.1 44.8 45.4 '45.9 46.2 46.9 47.7 48.2 

3M6 42.6 42.4 43.0 43.4 44.2 44.8 45.4 46.0 46.3 46.8 

3M8 40.9 40.7 41.4 41.9 42.7 43.1 44.2 45.0 45.3 45.6 

'3M1B 57.~ 57.2 57.2 57.0 57.0 57.1 57.2 57.2 57.2 57.2 

3M2B 54.1 54.1 54.1 54.2 54.2 54.2 54.4 54.7 54 .. 7 54.7 

3M3B 50:6 50.4 50.4 50.5 50.7 50.7 51.4 52.1 52.3 52.6 

3M4B 45.8 45.8 46.0 46.2 46.8 46.9 47.7 49.0 49.5 50.0 

3M5B' 43.8 43.8 44.0 44.2 44.8 45.6 . 46.6 47.0 47.5 47.8 

3M6B 41.3 41.5 41.8 41.9 42.4 42.6 43.7 45.2 45.6 45.9 

3M8B 41.0 40.8 40.9 42.1 43.3 43.8 - 45.7 45.9 46.2 

Avera 9 e ol three conductlvlt measurements y , 

C' 



, Appendix lE. conttnued 

• Alloy 
Conduetivityt (pet. IACS~ a't Aging Time (h) 

Name 
2 3 4 6 8 TO 12 14 16 

4Ml 54.2 54.2 54.2 54.2 54.2 54.1 54.2 54.2 54.2 

4M2 51.8 51.8 51.9 52.0 52.0 52.0 52.0 52.1 52.1 

4M3 47.4 47.4 47.5 47.5 47.5 47.6 47.9 48.4 48.8 

4M4 44.2 44.0 44.5 44.5 45.0 45.5 46.0 46.6 47.1 

4M5 41.8 42.0 42.6 43.6 44.7 45.0 45.8 46.2 46.9 

4M6 40.5 40.8 41.3 42.0 43.1 43.6 44.5 46.2 46.8 

4M1B 55.0 55.0 55.0 54.9 . 54.7 54.9 55.0 55.0 55.0 . 
• 

4M2B 52.4 52.7 52.7 52.8 52.8 52.9 52.9 52.9 52.9 

4M3B 47.8 47.8 47.9 47.9 48.0 48.6 49.0 49.7 499 
Q 

4M4B 44.4 444 44.7 44.9 45.5 45.9 46.3 47.8 48.6 

4M5B 42.4 42.6 42.9 43.5 44.1 44.9 45.4 46.6 473 
. 

4M6B 40.2 40.0 40.7 41.2 41.8 42.9 43.5 44.4 44.8 

5M1 52.0 52.0 52.1 ~2.2 52.2 52.3 52.4 524 52.6 
',,-

5M2 49.0 49.3 49.4 49.4 49.4 49.4 495 49.7 500 

5M3 45.0 45.2 45.3 45.6 46.0 46.4 47.2 478 48.4 

5M4 41.8 42.0 42.4 43.3 45.3 45.5 46.2 47.2 47.8 
tp 

SM5 41.2 41.3 42.0 42.8 45.0 45.2 45.9 46.8 4'7.0 

5M6 40.2 40.4 41.1 41.7 42.9 43.6 44.7 45.2 45.6 

5M7 39.8 l-4g,.0 40.8 41.5 ,,42.4 43.3 44.2 44.8 45.4 

5M'B 52.1 52.2 52.2 52.2 52.4 52.5 52.7 52.7 \52.7 

5M2B 48.9 49.0 49.2 49.3 49.4 49.4 49.5 49.7 50.0 

5M3B 46.0 46.0 46.0 46.1 46.2 46.4 47.0 47.7 48.1 

5M4B 42.8 43.4 44.0 45.2 45.8 46.1 46.3 46.5 47 1 

5M5B 41.4 41.4 41.7 42.0 44.3 44.6 45.2 46.4 46.6 

5M6B '\\ 40.1 40.2 40.9 41.1 42.9 43.3 44.4 45.0 45.3 

5M7B 39.7 40.0 40.7 41.2 41.8 42.9 43.7 44.4 44.9 

t Average of three conductlvity measurements 

• "'-
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54.2 

52."1 

49.0 

47.6 

412 

47.0 

55.0 

52.9 

50.0 

49.1 

47.7 

45.2 

52.6 

50.2 

488 

48.0 

47.3 

45.8 

45-.6 

52.7 
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Table liA X-ray diffraction peak files. 

a) growth rate 0.2 cm/h 

DETECTED PEAKS FILE 

233 

~-SEf'-8G 

-----------------------------------------------_._----------------------
"PW1700 Auto~ated Powder DlffractoMeter Sy~t.M 1 

Llst~d II flle nalle 
Flh d te 
f<aw dat 
SaMpIe l ntlflcatlon 
He~5uremen date/tlMe 
Generator settln95 
C~ alphal.~ w:ave1ensths 
Step Sl::e, sample tUle 
Monochromator used 
[Il ver senee s 11 t 

AnalYS1S pro9r3m number 
Pe3k "'031"31 e ro3r'ge 
f<'9nge Ir. D spo3clr'9 
Peak posltlon crlterlon 
Cryst peak wldth range 
Mlnlm peak s19nlflC!nCe 
,.oh .. llnbel' o't peal's H. flle 
MaXIMuM lntenslty 

1 

3 

'" 5 
G 
? 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
19 
19 
20 
:!1 
~~ 
23 
24 
:!S 
26 
27 
:la 
:!9 
30 
31 
32 
33 
34 
3S 
3& 
37 
38 

10.8050 
:8.4075 
34.~S~S 
3b.7075 
38.4050 
38.5300 
44.6600 
44.80:l5 
47 .. :2150 
47.3775 
5&.08:l5 
5B.0675 
61. 9900 
G:l.3G:!5 
65.00:!5 
G5.:1100 
69.0300 
G9.:!350 
71.5300 
76.3050 
7B.1:!50 
78.3850 
82.3425 
B~.GO:!5 
87.9500 
94.87:5 
98.9900 
99.3300 

10&.6100 
106.98i5 
111.8400 
1l:.:!~50 
113.9075' 
llG.3800 
116.8050 
Ilb.8900r 
1:7.:!875 
,1:7.9300 

Tlp wldth 
(des) 

1.~8 
0.08 
O.l::! 
0.08 
0.1-4 
0.04 
0.10 
O.OG 
O.l::! 
O.OG 
0.::18 
o .1~ 
0.12 
O.OG 
0.10 
0.08 {; 
0.08 
0.08 
0.04 
0.:!4 
0.10 
0.10 
O.l:l 
0.10 
0.12 
o .l~ / 
0.08 
o .lu 
0.1 ::! 
0.1:1 
0.1: 
0.10 
0.::10 
O.l::! 
0.06 
o .lG 
O. :!4 
0.16 

D13.[lI 
9-SEP-SG 

II13.RD 
d13 

11:04 
.A 
1.54439 Ang 

a-SEP-BG 
40 ",V, :l0 
1. 540&0, 
O.O:!O de9, 
Yes 
AutoRlatlc 

O.~O~, ~S.OO s/d.9 

::10 r 
10.010 - 137.990 de9 

O.8:!513 - B.8~94 Ans 
Top of sruoothed data 
0.00 - 2.00 de';) 
0.75 
40 (Alph;al: ::lu, AlIlorphous: 0) 
~90S. cts, ~810.4 cps 

10. 
114. 
l~. 

~l. 
:905. 
107&. 
11 'G. 

388. 
7:!9. 
303. 

:l6. 
10. 
10. 
24. 

894. 
404. 
174. 

90. 
4G. 
16. 

630. 
:l7G. 
:310. 
14G. 

10. 
14. 
5G. 
:l&. 
7:. 
3:. • 

303. 
146. 

18. 
279. 
1::3. 

83. 
71-
37. 

3. 
3. 
3. 

'" . 4. 
4. 
4. 
.ot. 
G. 
G. 
::J. 
2. 
:. 
3. 
4. 
4. 
4. 
4. 
4. 
4. 
5. 
" .... 
5. 
C' .... 
4. 
::!. 
~. ., ... 
4. 
3. 
4. 

" . .. 
,~ ..J • 

G. . .... 
co .... 
4. .. .... 

8.181~ 
3.1393 
:l.344~ 
:2.44u~ 
::::.34:!O 
:2.3404 
:2.0274 
:.02G3 
1.9::135 
1.9::~0 
1.6386 
1.~872 
1. 49~8 
1.4878 
1.433(; 
1.43~1 
1.3~95 

1.3593 
1.31aO 
1. ::!469 
1 • :!::~4 
l • :!~:!O 
1.1701 
1. i700 
1.1094 
1 .0459 
1.0131 
1.0130 
0.9607 
0.9607 
o • 9300 
O. 9Z~9 
0.9190 
O.90G4 
0.9066 
0.9062 
O. eS97 
0.8594 

Il Imax 
(% ) 

0.3~ 
3.94 
O.S::! 
0.73 

100.00 
37.03 
40.50 
13.3G 
::15.09 
10.42 
0.90 
0.3~ 
0.35 
0.83 

30.77 
13.91 
6.00 
3.11 
1.59 
O.5~ 

:!1.69 
9.49 

10.66 t; 

5.04 
0.35 
0.47 
1. 94 
0.90 
:.49 
1.1 ~ 

10.4::1 
5.04 
0.64 
9.60 
4.40 

::1.43 
1. :la 

Type 
Al A: Ct 

x X 
X X 

X < X 
X 

x 
X 

o X 
X 

X 
X X 

St 

X 'X El t 
X X 
X 
X 

X 
x 

x 
X _ 
X X 
X 

x 

x 
X 
X 

x 

x 

x 
X 

x 

x 

X 

X 

x 

1.1:; 
1.ar. 
1.:0 
0.16 

2b.9:! 
1.~1 
8.:;1 
0.91 
8.91 
1.48 
3.89 
0.91 
0.83 
1.00 
8.S1 
3.02 
1.38 
0.81 
5.37 
1.6: 
6.76 
3.7: 
6.92 
3.63 
0.98 
0.98 
1.0:2 
1. 38 
1. 86 
1. :9 
~.6: 

~.4~ 

1.35 
5.37 
1. 41 
O.7G 

0.99 

1 
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Table liA ,continued 

b) growth rate 1.0 cm/h 

234 

DETECTED PEAI(S FILE 9-SEf'-8G 10: 40; 
---------------------------------------------------'------------------_:.... 
PW1700 AutoM~t.d Powder Dlffr~ctoM~ter Syste~ 1 

Lll'ted ~DI file r,4111tp 

Ra~ .. ta flle rlalne 
Sa~ie 1dentlflcltlon 
M'llureruent dateltl~e 
G.n.rator settln'3S 
Cu a 1 p h,a 1.: w 3 vell'" '3 t h s 
St,p 151:e, s:lmple tue 
Honochromator used 
[Ilverger,ce sllt 

"Aria l Y li lS pr 0'3 rllm number 
Pe.1<. .an'3h range 
R~nge ln D spic1ng 
Pel~, pOIllt1on cnterlon 
Cryst pell"- wldth rUlge 
Mlrllm pea~, s19nlflC'Hlce 
Nunll:oer of pell"-s HI flle 
MaXImum lntenslty 

II14.DI 
[114.RD 
dH 

9:34 
DIA 

9-SEF'-8G 
40 ~V, :!O 
1.~4060, 

0.0:0 des. 
'tes 
Automatlc 

1. 54439 An9 
0.50 s, ZS.OO s/deg 

(Speclruen len'3th: 1~.5 mD> 

:0 
10.010 - 137.990 deg 

0.8:513 - 8.8:94 An9 
Top of smoothed data 
0.00 - :.00 deg 
0.7~ 
35 (Alph~l: :4, AmorpholJs: 0> 

4984. cj,-s, 9968.7 cps 

Peal<. Back9 D SpllC 
(cts) (ct.) (Ang) 

II lma:: Type 
(l) Al A:! Ct 

---------------------------------------------------------------------~-

3 
'4 
~ 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
:JO 
:!1 
2:2 
:J3 
:!4 
2~ 
:lG' 
~? 
::!8 
::!C) 
30 
31 
3::! 
33 
34 

10.35:::5 
~8. 4000 
34.5~50 
3G.7:n; 
38.3S:!!'i 
-S8.5100 
41.4300 
44.6:75 
47.:!l00 
47.3GOO 
5G.0(;~5 
GO.99~:; 
G4.90:5 
64.99:50 
G5.:::0~5 
G9.0000 
69.23:!5 
16.2500 
7B.ll~:S 

79.3(;50 
82.3S00 
S:!.5850 
94.9~50 
98.98:50 

106.5750 
106.%:::5 
110.64:5 
'111.8::-:; 

113.8915 
114.4625 
11b.3:;:;0 
116.9400 
1:1.30:;0 
137.:450 

0.12 
0.08 
0.12 
0.12 
0.12 
0.04 
0.12 
O.:!O 
0.12 
O.OG 
0.:!4 
0.12 
0.08 
0.08 
O.OG 
0.10 
0.08 
O.lG 
0.1 :! 
0.10 
0.12 
0.08 
0.96 
0.1 : 
0.14 
O.l(; 
0.06 
0.1 : 
0.1 :l 
0.16 
0.40 
0.1-\ 
0.10 
0.:8 
0.14 

10. 
4:. 
42. 
42. 

4994. 
1875. 

10. 
1:!1-
980. 
454. 
10. 
10. 

~57. 
/ ~se. 

:!OJ. 
404. 
:!07. 

14. 
39:::. 
172. 
4:!0. 
193. 
10. 
10. 

. 119. 
53. 

~I1}-

l~ la:~ 

(
,, ~:', 

'1 -""'. 
, j 10. 

,,- 1 9S. 
9:. 
35. , 

H:. 

3. 
l. 
l. 
4. 
5. 
r .... 
5. 
4. 
6. 
G. 
3. ... w. 
4. 
4. 
4. 
4. 
4. 
4. 
4. 
4. 
r .... 
r .... 
:::. 
~. 
3 • 
3. 
4. 
4. 
4. 
4. 
4. 
4. 
4. 

S. 

S.~380 
3.1401 
2.3458 
2.4450 
:2.3433 
:!.3416 
::: .1777 
2.0288 
1.9:!37' 
1.9227 
1.G-i91 
1·U79 
1.4356 
1.4337 
1.433:! 
1.3600 
1.3593 
1.:477 
1.~:::2:; 
1.~2:!~ 
1.1703 
1.170: 
1.0448 
1. 0131 
0.9609 
0.%08 
0.93G7 
0.9301 
0.930::! 
0.9190 
0.9183 
O.906G 
0.90G4 
0.85% 

0.::!1 
0.85 
O.S~ 
0.85 

100.00 
37.G2 

0.Z1 
2.43 

19.66 
9.10 
0.21 
0.:1 
7.17 

10.80 
4.05 
8.11 
4.16 
0.:::9 
7.87 
3.44 
8.43 
3.8B 
0.::!1 
0.::!1 
:.38 
1.07 
O.::!l 
3.66 
1.74 
0.50 
0.:1 
3.71 
1.35 
0.70 
8.:7 

x X 
X X 

x X 
X 

X 
X X 
X X 
X 

X 
X X 
X X 
X 
X X 

X 
X 

X 
X X 
X 

.~ X 
X 

X 
X X 
X 
X 

X 
X 

x 

X 
X 

x 

x 

x 

X 

Bt 

0.79 
1.17 
3.0::: 
:::.04 

23.99 
3.98 
0.78 
8.51 

12.0:! 
1.0::: 
1.00 
:!.29 
1.26 
2.34 
1.0~ 
2.72 
1.:9 
1.02 
7.:::4 
2.40 
8.91 
Le2 
1.:!3 
0.93 
:.89 
1.2: 
1.:0 
3.i~ 

0.98 
0.78 

Ct 
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Table liA continued 
ç) growth rate 5.0 cm/h 

DETECTED PEAKS FILE 

235 

r 
9-SE.P-S6 11: 40 

------------------------------------------------------------------------
PW1700 Autom3ted Powder Dlttr~cto~~ter SysteM 1 

Ll$t~d DI flle na~e 
l<aw data flle na~e 
Sample ldentlflcatlon 
Me3surement date/tlme 
Gener3tor settln9S 
Cu alph31,: wavelen9ths 
Step sl::e, S3mple tlme 
Honochroruator used 
Illver'3ence sl1t 

1 

A~alys~' pro9r3ru nuruber 
Peak a .... '31e r :IrIS! 
f<ange ,'ln D sp3cln9 
Peak posltlon crlterlon 
Cryst pe~k wldth r3nge 
Hlnlm pe3k s19nlflcance 
Nuruber of peaks ln flle 
MaK1Mum lntenslty 

Pnk 
no 

Tlp wldth 
(de'3) 

DUO:[300,2JDI~.DI 
DUO:C300,2JD15.RD 
dIS 

9-SEP-B6 10:3B 
40 ~,V, ::!O 
1.54060, 
0.0:0 de9, 
Yes 

20 

mA 
1.54439 Ar,'3 

0.50 5, 

10.010 - 137.990 0.9 
0;e2~13 B.8:294 An9 
Top of smoothed dlt~ 
0.00 - :l.00 de9 
0.'75 r-
35 ( A 1 ph a 1': : 3 , Am 0 r ph 0 IJ" : 0 ) 

1429. ch, 29S?7 cp. 

BllC~'3 Il "pac I/lm~l: Typ. 
(ct,,) (Ar'9) <7.) Al A2 Dt 

-----------------------------------------------------------------------
1 20.2650 
2 ::8.3500 
:3 34.4925 
4 36.6950 
5 38.3550 
6 44.5875 
7 44.'7400 
8 \4'7.1750 
9 ~S.9B50 

10 57.8900 
11 61.9950 
12 64.9675 
13 65.1650 
14 66.8575 
15 67.4300 
IG 69.0025 
l? 76.2400 
18 78.1000 
19 78.3425 
:l0 8:.3050 
21 82.5700 
22 87.8775 
23 94.8025 
24 98.9000 
25 99. ::!875 
2G 105.1200 
::!? 10&.5850 
28 111.8025 
:!9 111.:325 
30 113.8800 
31 114.36'75 
3~ 116.3525 
33 116.8150 
34 1::!7. 3675 
35 137.20'75 

0.40 
0.20 
0.10 
0.24 
O.lG 
0.'14 
O.OG 
0.12 
0.10 
0.9G 
0.1: 
0.12 
o.oe 
0.06 
0.12 
0.20 
o.oe 
0.14 
0.12 
0.14 
0.10 
0.12 
0.:20 
0.10 
o .Hl 
0.32 
0.16 
0.14 
0.14 
0.1:! 
0.:!4 
0.10 
0.10 
0.40 

o -tO 

\ 

10. 
404. 

14. 
10. 

1429: 
81:!. 
3BB. 
lBS. 
11 :le 

10. 
10. 

55'7. 
~5G. 

14. 
10. 
~2. 
S~. 

557. 
:l6::!. 
100. 
56. 
50. 

61. .,., .. _. 
10. 
1'7. 

102. 
28. 
15. 

174. 
85. 
17. 

159. 

3. 4.3'78& 
4. 3.1456 
3.2.34'79 
3. :.4471 
3~ 2.3449 
~. ~.030G 
S. 2.0290 
4. 1.9250 
3. 1.6412 
2. 1.4383 
2. 1.4957 
3. 1.4343 
3. 1.4339 
3. 1.3983 
3. 1.3878 

_ 3. 1.3599 
4. 1.2478 
4. 1. 222? 
4. 1.22:!5 
4. 1.170G 
4. 1.1703 
2. 1.1101 
2. 1.0464 
2. 1.0139 
Z. 1.0133 
3. 0.9702 
3. 0.9608 
4. 0.9302 
4. 0.9302 
4. 0.9191 
4. 0.9188 
4. 0.9066 
4. 0.9065 
3. 0.959" 
6. 0.82'73 

0.7:l e. "'~X 
28 .~8 . X 

0.9G 
0.7: X 

100.00 X 
56. 8~ X 
2'7.16 
12.94 X 

7.86 
0.?2 
0.72 X 

38.99 X 
17.9:! 

1.01 X 
0..7:! X 
l.~~ X 
3.63 X 

38.98 X 
IB.37 

7.00 X 
3.94 
3.~3 X 
1.5~ X 
4.26 X 
1.5~ 
O.?~ X 
LIB X 

15.n X 
'7.14 
1.97 X 
1.OG 

11.19 X 

1.1B X 
11.11 

)( 

X 

X 
X 

X 
X 

x 

x 

x 
X 

x 

x 

x 
X 

x 

X 

x 
X 

Dt 

Dt 
lit 

Ot 

0.18 
21. ze 

O.S? 
0."9 

22.91 
12.30 
0.91 
3.12 
1.92 
0.9! 
0.76 
9.1 :l 
1.B::l 
2.14 
0.79 
1.35 
0.78 

13.49 
5.50 
5.~O 
1.62 
1.48 
1.1~ 
1.3~ 

'1.10 
o.n 
1.12 
6.46 
3.5!'i 
1.1::! 
0.83 

= 
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Table liA continued 
d) sand cast 
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.. 

DETECTED PEA~S FILE ~-SEP.-S6 13:30 
------------------------------------------------------------------------. , -

PWl?OO Auto •• ted Powder Dittraetometer System 1 

List.d·DI flle na •• 
f<aw data fil. r.au 
SampI. identltic3tlon 
He •• urement dvte/tlme 
G.n.r~tor settln~i 

DUO:[300,~JD16.DI 
DUO:t300,2JDI6.RD 
d16 .. 
9-SEP-86 Il: 38 

40 kV, ~O iliA 
1.54439 Ar.g Cu Ilphal,: wavelengths 

Step 51:e, , .. n'ph tl,ne 
HonochroN3tor used 

1.54060, 
0.020 de9, 
'l'tt Il 
Autom.atlc 

O.~O s, :~.OO s/de9 

Dl vlu"ger.ce SIl t 

Anl1yslti program number 
feak angle r~nge 
f<ln9. ln D ,p3cln9 
Peak posltlon crlterlon 
Cryst peak wldth range 
Hlnlm pelk slgnlflcance 
Numb.r of pelks ln flle 
Hal:1Munl.1r.ten51ty 

, 
20 
10.010 - 137.990 de9 

0.8:!~13 - 8.829~ Ang 
Top of smoothed data 
0.00 - 2.00 deg 
O.7:i 
31 (Alph~l: 23, Amorphous: 

81:!. ets, 1624.~ CP! 
0) 

lia> 

Angl. 'T1P wldth Peak Backg ~ spac Il lux Typ. 
nO (des) (des) (cts) (cts) (Ang) 

1 28.0675 
2 32.657:5 

,63 35.8475 
4 38.0700 
5 38.1775 
6 44 .3375 
7 44.4650 
8 46.9400 
9 :;4.1075 

10 :;~.7925 
11 64.7325 
1: 64.9~2~ 
13 6B.7575 
14 76.01~0 

1:5 ". 8niO 
16 78 .13:~ 
17 82.0~~0 
18 8:!.412~ 
19 87.6625 
20 94. C,800 
:n 98. 7~7S 
~: 99.1050 
23 106. 3BOO 
:H 111.6900 
:5 112.14S0 
~6 113.7050 
27 116.1950 
:l8 11 G. 6800 
:::9 1~1.6:50 
30 1:7.15::5 
31 137.19::S 

0.20 
0.40 
0.14 
O.OB 
0.12 
0.10 
O.OB 
0.10 ~ 
0.40 
0.32 
0.12 
0.12 
0.40 
0.1& 
0.16 
O.OB 
0.08 
0.16 
0.20 
0.24 
0.14 
0.08 
0.24 
0.12 . 
0.::0 
0.10 
O.l~ 

0.16 
0.06 
0.::4 
0.06 

151. 
10. 
10. 

697. 
Bl:!. 
697. 
480. 
142. 

10. 
7:! .-

1~4. 
66. 
1:!. 
35. 

396. 
:n9. 

79. 
29. 
36. 
16. 
76. 
44. 
14. 
83. 
36. 
30. 
S8. ..... _..J. 
17. 
13. 

::13. 

:l. 
3. 
3. 
s. 
5. 
6. 
6. 
r 
..J. 

3. 
:J. 
3. 
3. 
3. 
4. 
4. 
4. 
4. 
4. ., ... 
4. 
2. 
:J. 
3. 
4. 
4. 
4. ... 
,J. ... 
..J. 

4. 
4. 
6. 

3.1766 
2.739B 
2.~030 
2.3618 
2.3554 
2.0414 
2.0409 
1.9341 
1.6936 
1.G464 
1.4389 
1.4381 
lo3G4::! 
1.::510 
1.::257 
1.~~S3 
1.1735 
1.ln2 
1.11::3 
1.0475 
1.0148 
1.0147 
0.96:1 
0.9309 
0.9306 
O.CJ:lOO 
0.90704 
0.907: 
0.8823 
Ofi SGO : 
0.S:74 

(4) Al A2 Dt 

1B.63 
1. :lG 
1.26 

85.Bl 
100.00 
85.81 
59.0S 
17.43 

1.:!6 
8.90 

18.93 
8.08 
1.42_ 
4.29 

48.75 
26.97 
9.7S 
3.59 
4.43 
1.97 
9.32 
5.36 
1.69 

10.20 
4.43 
3.7:: 
7.11 
3.08 
::.07 
1. bO 

:6.::4 

x X 
X X 
X X 
X 
X X 
X 

X 
X X 
X X 
X X 
X 

X 
X X 

. X X 
X 

x 
X 

x 
X X 
X X 
X 

X 
X X 
X 

X 
X 

x 
X 

x 

x 

Ot 

Sigrt 

8.S1 
0.81 
1.15 
3.39 
6.03 

-6.03 
1.3~ 
2.34 
0.89 
8.51 
3.63 
0.95 
1.95 
0.85 

10.23 
1.05 
1.38 
0.87 
1.74 
1.4e 
3.::4 
()'91 
1.45 
1.95 
2.09 
0.95 
1.45 
0.89 
0.i8 
0."9 
0.93 

, 
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r 
0 

, Salllple: d13 FUe: D13.RD 09-SEP-86 09136 , 

X1e~ 
,~ s.e0, 

4.05 
.. 

3.20 
2.45 
1.e0 
1.25 (220)Si 
0.80 
0.45 

>t 0.20 ...., 
'en 0.05 
c 
Q) 

10.0 20.0 ...., 
C 

40.0 , 50.0 60.0 70.8 
H 5.00 

4.es 
3.20 
2:45 
1.80 
1.~ " 

0.80 
0.45 
0.20 
9.es 

Il n 
90~0 S0.0 100.8 110.0 120.8 130.8 140.0 

26° 

a) growth rate 0.2 cm/h 

Figure liA X-ray diffraction patterns. 

~!.- .. ' 

) , 

'0 

cr 
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Salllpl., d14 Fil.: D14.RD 0~SEP-é6 10 :40 

x104~--------------------------------------------~--------
1.00 
~.81 
0.64 
0.49 
0.36 
0.2:5 
0.16 
0.09 

. (220)5; 
'" 

~ 0.04 
'en c: 
Q) 

'fol 

oS 

0.01 

10.0 
1.00 
0.81 
0.64' 
0.49 

. 0.36 
0.2S 
0.16 
0.09 

20.0, 30.0 40.0 50.0 60.0 70.0 

0.04 
0:01 
~~~--~~ .. --~~~~~~~~~~ 

80.0 90.0 100.0 110.0 120.0 130.0 

290 

h) gtowth rate 1.0 cm!h 

.... ./ 

, " Figure liA \ca:ritinuect 

/ . 

, '. 
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Sa~pl.: dl~ Fil., PU0It3~~JD1~.RD 
x103~------------------------------------------------------
2.09 • 
1.62 
1.28 
0.98 
0.~2 
0.S0 
0.32 
0~1s 

0.08 
·0.0e 

, '\, 

(220)Si' 

~~~~~~~~~~~~~ 
20.0 

S0.0 

39.0 

100.0 110.0 

290 

c) growth rate 5.0 cm/h 

Figure liA continued 

~9.0 '60.0 , 70.0 

) 

120.0', 140.0 

• 
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09-SEP-86 13 :30 f S-"'P1 •• d16 Fil.: DU0:C300 .. 2lD16.RD 
x103~------------------------------p~t----------------~------
1.00 
8.81 
0.64 
0.49 
0.36 
0.2~ 

0.16 
0.09 
0.04 

(220)5i 

{} 

0.01 ~~M"'W4~_w. 

10.0 20.0 30.0 40.0 50.0 
1000 
0.S1 

- 0.64 
'-

0.49 
0.36 
0.e~ 

0.16 / 

0.09 
0,04 
0.01 

S0.8 90.0 1~0.0 U0.0 120.0 

290 ( 

d) sand cast 

Figure liA continued 
, > 

o 

60.9 70.0 

1'30.0 '140.0 

" 
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3 1 Salllel~: d16 Fil.: DU0:[300.2JDI6.DI 
)(19 
1.99 
9.99 
9.S9 
9.70 
9.60 
9.S0 
9.40 
0.30 

>- 9.29 
."!:: 0.10 
CI) 

c: 
Cl) ...., 
c: -

69.0 " 

20.0 40.0 _ 60.0 S0.0 

, 

100.0 

241 ·.... . 

09-SEP-86 1313t 

120.0 140.0 

Si 
27-1402 1:::: l 1 

40.0 1 
20.0 

~--~i~.~~i--~~~i--~--~'i--~---_'~i~---~--~ __ ~~'~i--~ 
20.0 40.0 , 

1 a9.0 
60.0 

60.0 S0.0 100.0 120.0 140.0 

Al ALUMINUM 
4- 787 , 100.0 1 1 

'~:::~---~---~~~i~I~--__ ~ ____ ~I~i~'--~---'~1 __ ~it~~ __ ~ __ ~l i 
20.~ .. 40.0 60.0 100.0 120.0 149.'0 

\ 
Figure liB Comparison of X-ray diffraction pattern of the sand cast sample 

with AI and Si standard ~-ray line patterns. ' . " 
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APPE~DIX 1/1 

ELECTRICAL CONDUCTIVITY DATA OBTAINEQ FROM 

TWO-PHASE ALLOYS DURiNG THE SOLUTION TREATMENT 
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• Appendix III 

Alloy Conductivity (pet. lACS) at Solution Treatment Time (h) 

Name 
t 0 t 1 - 1t 2 3 5 8 12 16 24 

'-

12A 49.8 54:0 56.8 57.5 54.7 51.0 49.3 48.5 49.3 49.5 50.2 

13A 45.2 51.5 53.3 53.8 52.0 48.8 48.1 47.3 47.4 48.0 48.4 

14A 44.0 48.4 52.3 52.9 51.9 48.6 47.4 47.,0 47.3 47.8 47.7 

\ 15A 41.7 46.4 50.8 51.3 50.3 47.9 46.7 45.3 46.4 47.2 46.9 

16A 40.8 43.6 47.3 47.8 47.4 45.8 45.9 44.3 45.7 45.7 456 

17A 39.2 40.0 40.6 40.1 40.4 40.6 41.4 ~2.0 43.3 43.2 43.2 

128 50.5 54.8 58.0 58.5 560 51.2 49.3 49.5 49.5 49.3 50.1 

138 47.4 51.7 52.9 54.6 53.3 48.2 47.3 46.9 47.1 47.2 47.4 

141J 46.6 51.0 53.4 53.6 52.8 48.2 47.2 47.0 47.0 47.3 47.3 

158 46.3 49.6 52.0 52.3 51 8 49.2 46.9 46.6 46.4 46.6 466 

168 44.2 46.0 49.6 50.0 49.6 46.9 46.0 45.6 45.8 457 45.4 

178 43.5 44.8 45.(;r' 45.3 45.2 45.0 45.3 44.S 44.0 44.1 44.2 

6M~ 47.5 53.6 54.5 55.8 54.3 49.0 47.0 47.1 47.3 47.4 47.3 

6M2 44.1 50.7 51.6 52.1 50.8 46.6 46.0 46.2 46.4 46.6 47.0 

6M3 40.3 46.3 48.1 47.4 464 43.8 43.7 44.1 44.5 446 447 

6M4 38.2 42.5 44.1 45.4 43.9 40.9 42.0 42.4 42.5 43.0 43.3 

~ 6M5 35.0 37.8 39.1 39.6 38.9 38.0 38.5 39.4 40.4 40.7 41.0 

6M6 32.7 33_~ 34.6 34.9 34.5 34.7 37.S 38.8 39.6 40.0 40.4 

6M18 47.8 55.8 ,sS.3 57.4 55.9 494 46.8 46.9 47.3 47.3 47.3 

6M28 44.1 56.7 56.9 57.8 56.4 50.7 49.4 48.2 48.9 49.0 48.7 

6M38 42.8 51.6 52.1 52.6 51.5 47.3 45.6 45.2 45.8 45.8 45.8 

6M48 42.5 47.3 48.0 48.7 47.5 44.5 43.5 42.4 44.0 43.7 44.0 

6M58 42.3 45.0 46.1 46.8 46.1 45.1 44.1 42.8 43.0 43.1 43.0 
t 

6M6J3 42.2 42.8 43.8 44.7 44.4 43.9 43.6 42.8 42.8 42.7 42.4 

t See Table 3.4 for chemical composition 

s 
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c Appe!,dix III. continued 
\.-

0 

Alloy Conductivity_(pct. lACS) a.t Solution Treatment Time (h) 
Name 

t 
.. , 

0 t 1 1t 2 3 5 S 12 16 24 
~ 

7M1 45.2 50.1 53.S 54.6 52.4 45.9 44.9 44.3 45.1 44'.9 45.0 

7M2 42.1 47.3 50.1 50.4 49.4 42.S 42.S 42.1 43.6 43.6 43.S 

7M3 3S.S 42.7 46.5 46.3 44.9 
'\ 
40.9 41.1 41.1 42.5 42.3 42.3 

7M4 35.7 3S.4 40.9 41.3 39.7 36.0 38.4 37.8 39.S 40.0 40.2 

7M5 33.6 35.2 36.a 37.S 36.0' 34.6 36.1 36.1 37.7 38.0 3S.0 

7M6 32.1 33.5 34.4 33.6 33.9 35.2 35.2 35.7 36.3 36.0 36.3 

7M18 45.5 51.6 54.0 54.1 52.7 45.2 45.2 44.S 45.0 45.0 45.0 

7M2B 42.6 47.8 51.5 51.9 50.9 43.S 44.0 42.4 43.4 43.6 43.6 

7~3B 41.3 45.3 47.5 48.0 46.4 41.7 41.S 41.S 42.2 41.9 42.3 

7M4B 40.4 43.7 45.8 46.6 44.8 40.2 41.1 40.3 40.7 41.1 41.0 

7M5B 40.2 41.7 43.0 44.4 42.8 40.0 40.4' 40.0 40.4 40.1 40.0 

7M-6B 40.0 40.7 42.0 40.6 39.4 39.S 39.2 39.5 39.2 39.5 39.2 

SM1 45.2 4S:8 48.9 49.1 50.0 45.6 45.1 45.1 M5.2 45.3 45.2 

8M2 41.6 45.6 46.0 46.4 46.6 42.S 42.3 42.4 f-43.1 43.2 43.0 

8M3 3S.6 42.0 42.5 42.S 43.0 40.4 40.0 40.4 40.S 41.0 40.S 

8M4 36.1 40.0 40.4 41.4 40.4 3S.7 37.6 3S.8 39.2 39.S 39.S l • 
f 

SMS 31.6 32.3 32.6 32.S 31.8 29.S 30.4 30.4 31.S 31.9 31.7 

~M6 30.1 32.4 32.6 32.S 31.3 31.7 32.1 32.2 33.7 33.5 33.6 

SM1B 45.S 51.0 51.2 52.5 52.0 47.2 46.6 46.4 46.3 46.4 46.4 

8M2B 43.7 4S.7- 48.6 48.6 4S.5 45.5 45.1 44.8 44.5- 44.4 44.6 

SM3B 40.3 43.7 43.6 44.0 43.8' 41.4 41.0 41.' 41.6 41.6 41.5 
-~. 

8M48 39.4 42.5 42.8' 43.0 43.3 41.0 40.S 41.0 40.R 40.9 40.S 

SM58 35.7 37.5 37.9 38.6 3S.5 36.4 36.S 37.0 37.S 37.5 37.5 

SM6B 33.6 33.8 33.7 34.4 34.5 33.6 34.2 34.1 34.7 34.6 34.6 

c t See Table 3.4 for chemical composition 
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APPENDIX IV 

< ' 
COMPARISON OF ELECTRICAL CONDUCTIVITY 

Q 

AND RESIDUAL RESISTIVITY DATA 
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"\ The measured room temperature eonductivity values (pet. lACS) are 

converted t:resistivit,es using the fOIlOW~' 9 relatlonship: , 

• 1 ) (IVA.1) 
P (Il Qcm) = 1 .2 

o (%IACS) 

(JI Figure 4.3 (see sectl n 4.3.1) is then replotted by replacing conductivity 

as resistivity in Figure IVA.1. The resistivity of both quenched and air cooled 

a{loys increases linearly with increasing silicon level up to 1.30 wt. pet. The 

linearity of the curve shows that room temperature reslstivity behaviour of 

AI-Si solid solution al/oys obeys Nordheim's Rule (see section 2.3.1). The rate 

of the increase of reslstivity calculated from the slope of the cur've IS 0.70 

llQcm per wt. pet. Si as obtained from the conductlvlty curve preserted in 

Figure 4.3. 
\\ 

Resistivity ofsolid solution alloys at.room temperature is given as: 

since Po,297K = P4 2K 

Thermal resisitivity at room.temperatl,Jre is then: 

Pth,297K= PT,297K- P4.2K 

and the ratio of Impunty and thermal resistivities bec~mes 
.. 1' 

= -----

/ 
P4.2K 

--~--=-----
PT,297K- P42K 

1 

where PT,mK 
--'-- =,RRR (residual resisti~ ratio) 
PUK 

(IVA.2) 

(IVA.3) 

(IVA.4) . . 

(IVA.5) 

ln Figure IVA.2, H)OO/(RRR,-1) is plotted against silicon concentratio:n. IJ 

also changes linearly,with Si level as does the room tempereture resistivit~ 
data presented in Figure IVA~ 1. This is clear eVldence of similar resistivity 

'behaviour of AI-Si solid s.~~ution alloys at room and low temperature (4.2K) 
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• as expected, eventhtrogh Figure 4.3 (éonductivity) and Figurè 4.4 (RRR) in . , . , 

chapter 4 indicate a. dlfference in behaviour (e.g. non-linear relation 

between RRR and Si concentration). 
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Figure IVA.1: Room temperature e!ectrical resistivity of At-Si and AI-Si-Sr solid solution alloys. 
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Figure IVA.2: In~erse residial resistivity ratio of AI-Si and AI-Si-Sr solid solution alloys. 
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