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ABSTRAC'P 

The modification of A356, Al-Si-Mg allOy has been studied 

using electrical resistivi ty. It is shown that an tplmodified 

alloy exhibits a higher resistivity than a modified alloy. 

aesistivity is directly related to the morphology of eutectic 

silicon and can therefore also be' used to follow the heat 

treatment of Al-Si-Mg alloys in which the eutectic silicon 

undergoes ripening and spheroidization. Res istt,:, i ty generally 

increases on solution treat1nent and decreases on subsequent 

aging. Modified alloys exhibit a greater increase in re-

sistivity on solution treatment than do unmodified alloys. 

Resistivity can also be used to study modification in 

A356 alloys with un'usually high Iron contents. Magnesium, 

\ 

however, has an Inherent modifying effect and: alloys wl th high 

Magnesium contents such as A357 show no variation in resistiv1.-

ty upon modification. 

Both a D.C. and a differential A.C. resistiv1.ty tech-

nique can be used. The former measures the potential drop 

across a bar through which a current of 40 Amps ls passed. 

The differentiai technique compares the voltage across a 

standard non-rnodified sample with the voltage across an un­
Q 

known sampie. The A.C. technique would he favoured in foundry 

practice sinee it is temperature independent and 1.s associated 

with very small instrumental errors. DifferentiaI measurement 
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requi.res the standard anQ sample bar to be of sirnilar porosity 

content and cHso to be of similar diarneter sinee euteetic 

segregation occurs towards the centre of bar sarnples. 
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~a technique de -la résistivité électrique a été utilisée 

dans l'étude de la modification des alliages Al-Si-Mg (A356). 

Il a été montré que l'alliage non modifié présente une résisti-

vité plus élévée que, -l'alliage modifié. La résistivité élec­

trique peut être directement reliée à la morphologie du silicium 

de l'eutectique. Cette technique trouve aussi une application 

dans l:'étude du traitement thermique des alliages Al-Si-Mg dans 

lesquels le silicium de l'eutectique subit une globularisation 

et une coalescence. Le traitement de mise en solution augmente 

la résistivité tandis que le traitement' de précipitation diminue 

la résisti.vité. AprÈ!s le traitement the~ique de mise en solu­

tion les alliages modifiés présentent une augmentation de la 

résistivi té électrique nettement supé'rieure à celle des alliages 

non modifiés. 

La résistivité a aussi ét~ utilisée dans l'étude des 
1 

alliages A356 contenant de fortes teneurs .en fer. Cependant, 

les alliages A357 , à haute teneur en magnésium, ne subissent 

qu'une très faible variation de la résistivité avec le degré 

de modification. Il a été montré que ces faibles changement~._. 

sont imputables au pouvoir modificateur du magnésium. 

ZZ Deux techniques de mesure de résisti vi té peuvent être 

employées t l'une utilise le courant continu, l'autre, différen­

tielle, utilise le courant alternatif. La premiêre mesure la 
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'diff~rence de potentiel a travers une barre dans laquelle on 

a fait passer un courant de 40 ampères. La méthode diffêren­

tielle compàre la diff~rence de potentiel dans un échantillon 

de référence, non modifié, avec la différence de potentiel dans 

un échantillon de mesure. La technique différentielle semble 

être dl une utilisation plus pratique en fonderie parcequ 1 elle ----... 
-= , 

est indépendante de la température ambiante et qu 1 elle n' intro-· 

duit que de faibles erreurs expérimentales. Cependant, la 

méthode du courant alternatif requiert des échantillons de 

référence et de mesure ayant une porosité identique afin dl éviter 

les incertitudes de mesure susceptibles d'être introduites par 

une ségrégation existant entre la surface et le centre de la 

barre. 
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1. INTRODUCTION 

1.1 Alumlnum-Slllcon-Magnesium Alloys 

The Al-7%Si-Mg alloys have excellent castablllty, good 

we~dabllity, pressure tightness and good corrosion resistance, 

and have therefare found applications in aircraft structures, 

alrcraft engine control~, aircraft fittings and pump parts, 

water-cooled cylinder bloc~s and nuclèar installations. These 

products are usually sand castings, permanent mold castings or 

investrnent castings ~f intricate design due ta the excellent 

castabi1ity of the a11oy. Castabi1i ty is a property dependant 

upon comp,osi. tion and freezing temperatures. The composition­

of the a110y is near the ~utectic composition (12.6% Si-Al) 

and therefore has a small freezing range and solidifies quick-

1y in ,the mold. Additionally the freezing temperatures are 

low enab1ing casting to be performed at 675 C to 790 C 

(figure 1). 

The specifie application of a 7%Sl-Al al10y ls related 

to its precise composition. The composition ranges of these 

a110ys incorporates the 356, A356, 357, and A357 alloys 

(Table I). It is important that the compositio~al limits are 

not exceeded in order to maintain superior properties; for 

example high copper or nickel çontents decrease ductility and 
, 

resistance te corrosion, and hlgh iron contents decrease 

strength and ductility. , 
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c. 

.' , 

Composi tion (wt. %) 

Element Alloy 

356 A356 357 A357 

. 
, Si 6.5 ~ 7~5 6.5 ~ 7.5 6.5 ~ 7.5 6.5 ~ 7.5 

, 

Mg 0.20 ~ 0.45 0.25 ~ 0.45 0.45 ~ 0.60 0.40 ~ 0.70 

Cu 0.25 max 0.20 max 0.05 max 0.20 max 

Mn 0.35 max 0.10 max 0.03 max 0.10 max 

Fe 0.60 max 0.20 max 0.15 max 0.20 max 1 

l , 

Zn 0.35 max 0.10 max 0.05 max 0.10 fax 1 

Ti 0.25 max 0.20 max 0.20 max 0.10 - 0.20 

Table 1(2): Composition ranges for the Al- 7% Si-Mg alloys 
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Another important consideration in the production of 

7%Si -Al a110y castings i5 heat treatment. 'l'hese al10ys are 

seldoro used in the as-ca~t condit~on, and the type of heat 

treatroent performed will greatly influence the properties of 

the final product. Generally, heat trea tment confers increased 

strength and hardness, obtained by a high temperature solution 

treatroent, fol1owed by a quench and natural aging. This se-

quence of processes produces T6 and T7 type temp~rs. Alloys 

in TG-type tempers generally have the highest strength possible 

without sacrifice bf other properties and characteristics, and 

alloys in T7-type tempers are stabilized by ""overaging"" which 

roeans that sorne degree of strength has been sacrificed to iro-
, 

prove one or more other characteristics such as dimensional 

stability. The temperature and time limits in the various 

stages of tempers T6 and T7 are shown in table II, and table III 

shows the mechanical properties of heat treated alloy 356 TG. 

The mass, thermal and electrical properties of a1loy 356 

are given in table IV. 

1.2 Modification 

1.2.1 General Discussion 

Modification is a wide1y used process which enhances the 

mechanical properti~s of Al-Si-r.lg a110ys he altering Ifhe mor­

phology of the eutectic silicon. An unmodified alloy (figur 

has an acicular eutectic structure where the silicon is in the 

form of large brittle plates. With a successful 

l 
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Purpose (and resu1tinq Temperature 'l'a. 
temper) C ~ .. 

" 

Sand Castings 1 
Solution treatment 535 to 540 12 

~-

, 
, 

Aging '1'6 150 to 155 2 to 
'1'7 225 to 230' 7 to 

( 

Permanent Mold Castinqs: 
Solution treatment 535 to 540 8 

, 

Aqing '1'6 150 to 155 3 to 

, 'l'able II(2): Beat treatments for separately cast test 
bars of alloys 356 and A356 

5 
9 

" 

5 

.j 

r 



~_4"'l_"I\'IIJ", .. n4.W"'1"'4_._"""''''''611!J1'''' •• ''';'' .. _,.,.' .......... 1 ... __ 4_'_._ ......... ________ """' __ ""'_--.....-.."' ___ -" -~~ ..... 

.. 

, . 

Property 

Tenaile strenqth 

Y1eld strenC)th 

Elonqation 

Kardness RB 

Shear strength 

Fatigue strength 

(rTom~ressive,yield 
1 oisson • s ratio 

~ lastic modulus: 
==I='V 

'[1 

/ 

} ~ 

.. 

strength 

Tension 

Shear 

Val.ue 

. 228 MPa 

~65 JlPa 

3.5_ 

70 

180 MPa 

60 MPa 

170 MPa 

0.33 

72.4 GPa 

27.2 GPa 

Table III (2 ) ': Mechanical propertJ.es of AJ56 T6 
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Property 

Denaity at '20 C 

Llquidus tempe rature 

Solidus temperature 

/ 

, 

COetficlent of thermal expansion 
20 - 100 C 

Specifie heat 

Latent heat of fusion 

Thermal' eondue~ivity at 25 C 

Electrica1 Conductivity 

Electrica1 Resis~ivity at 20 C 

7 

. 
Value 

, 

2.685 1 cm -3 

615 C 

555 C 

21.5 m -1 -1 
ID K 

963 J 1(9-1 K- l 

389 J(J 
/ -1 Kg 

151 -1 -1 "ID K 

39 lACS 

44.2 nO.m 
, 

Table IV (2 ) :' Ma •• , thermal and eleetrical propertie~ 
of alloy 356, T6, sand cast 
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2a; Unmodified O.OOOowt.% Sr 

(mag x 200) 

2bi Underrnodified 0.007 wt.% Sr \ 

Figure 2: Microstructures of A356 Alloy c- -

;: Ni 

~ 

• 1 

i' " 

"1 

, 
i, 

, . 
1 

,l, 

.1 



,.~ 

. ;;'·~~ ... .,.*m ;;&...,._-... ..t~~7_ ........... ~.y,._ .. \1.1 ... 

o 

. 

{ 
\ 

.. J' 
treatment the silicon assumes a fine fibrous morpholoqy 

(figure 26). This mod~fiéd, fibrous structure transmits 

cracks f~ short distances because individual strands of 
l' \. \ 

9 

Slli~~ ;;"~~·:fot 'extend over large areas in any one plane, as 

in the unmodified ca,e. The modified alloy therefore exhibits 

a'hiqher ductility a~d higher strength than the unmodified 

alloy. 

The process of modifieation~is performed by the addition 

0'1 a modifylng agent te the melt. The amount of agent used ls 

of prime importance for sueeessful modification sinee too 

lit't;le modifying agent will produee an undermodified alloy 

(figure 2b) with lamell.ar eutectie ~ilieon., whil.~ too muc'h 

modifyil'lg ageht wi.ll produee an ove~odif led structure con­

taining lntermetallies. Work by Closset and G~UZleski(3) 
using strontium as a modifying agent, showed that opt~um 

meehanleal properties are obtained in the strontium range from 

0.005 wt.% Sr to 0.015 wt.% Sr where the alloy i8 modifled 

o tfigure ,3) • An overmodifled 4lloy has poorer mechanical pro- ~ 
~erties eaused by the formation of Al-Si-Sr intermetallics. 

1.2.2 MOdifying Agents 

Strontium, sodipm .and antimony are the three Most well 
/ 

known mOd~fYing.~:1 Only strontium and sodium have found 

extensive commercial application. because antitpony produces a 

lamellar eutectie(4), the result of a ;efine~ent pDDeess 

rather than a mod~fication process. Bath strontium and sod~um 
./ 

" , 
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produce equivalent modified structures, but behave in a d1ffer-
• 

ent vay. Sodium has 900d dissolution characteristics, however 
1 

it has only a 11.mited effect ln time as it will disappear 

rapidlf by evaporation or oxidation dur1nq holding of the mol­

ten metal. Strontium, on the other hand, has poorer dissolu­

tion character1stics1 however, it does not evaporate from the 

mel t durinq holding and can he easily added via master alloys-

~iVing reduced oxidatlon problems. 

~.2.3 Theory of Modification 

The early theories(S) of modification all supposed that 

some poisoning action by the modifying agent .prevented the 

silicon crystals from growing ai the same rate as aluminum 

(or vice versa) 50 that the i.nterface advanced by sorne repeti-

tive nucleation proce 55. However, s ince modif ied forms of 

sili.con are now known to be continuous, more recent theories 

have concentrated on the shape of the eutectic solid-liquid 
1 

interface. 

TWo mai.n theories have been forwarded as to how the sodl-

um modifies the actual growth process: 

a) by surface adsorption which May poison the <Jrowth 

mechanisms of silicon. 

b) by altering the solid-solid or solid-liquid inter­

facial energies and consequently chanqing the sOlid-liquid 

profi,le. 

Thal1 and Chalmers (6) sugqested the theory of surface adsorp­

tion. They assumed that aluminum projects ahead of the silicon 
\ 
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(fiqure 4a), ànd as the so1id-liquid front progresses, the 

aluminum occludes the silicon (figure 4). During modification 

it ia supposed that sodium adsorption occurs at the Al-Si-liqü~d 

interfaces, reducing the surface energy and lncreasing the 

solid-liquid cOntact angle at these triple junctions, again 

leadinq to overgrowth until further nucleation occurs. 

The MOst accepted theory of modification based on work by 

Dav1es and West(7) suggests that the preferential adsorption 

of sodium on the sOlid-liquid interface changes the profile 

because the growth kinetics of the silicon are affected. Al­

though the authors are unable ta comment on the shape of the 

sOlid-liquid profile, they note that "the failure of silicon 

to develop faceted faces (evident in the modification of pri-

mary crystals} must mean that rapidly growing faces or active 

'qrowth sites are affected" (7) The need only for surface 

activity explains why the sodium or other elements are effeç-

tive at such low concentrations. It is not known why the 

alkali and alkaline earth metais should be effective modifyinq 

agents; one suggestion (7) is that they have the most polarized 

1 

atoms and lowest ionization potentials, which account for their 

retention on the electronegative elements such as silicon. 

Phosphorus 15 often present in Al-Si alloys and produces 

a eutectic refining effect changing the morphology of silicon 

from flakes to a granular forme It has an effect upon modifi­

cation since Crosiey and Mondolfo(8) proved that the growth 

process in the presence of phosphorus ls not hindered in the 
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same way as it i8 in modified alloys. They suggested that 

the active inqredient in the refining action is the compound 

AIP which acts as a heteroqeneous nucleating agent for silicon, 

and in the presence of sodium, forms a quaternary P-AI-Na-Si 

compound which does not act as a heterogeneous nucleating 

agent. 

In summary, the theories of modification suggest kinetic 

limitation' of silicon, either by the imposed growth rate and 

inability of the faceted material ta grow as quickly as the 

metal, or because the growth process ls susceptible to poison-

ing. 

1. 3 Heat Treatment of Al-Si-Mg Alloys 

1.3.1 Introduction 
-J 

The typical heat treatment of A356 alloys (2t (Table' II) ~n-
/ 

volves solution treatment at 535 to 540 C for 12 hours, follow-. 
ed by quenchinq and aging at 150 to 155 C for 2 ta 5 hours. 

The main purpose of solutlon treatment ls to dissolve alloying 

atoms in solution 50 tliat"~upon quenchinq, these atoms are held 

in solid solution. The final process of ag ing then allows 

\ these alloying elements ta form .finely dispersed precipitates 

~ whicn' lncrease the alloy strength and hardness. 

1.3.2 Solution Treatment 

There are four main processes that occur on solution 

treatment of A356 alloys: dissolution, sphero1dization, ripen­

inq, and homoqenization. Dissolution 18 primarily that of 

... ;q -- '1." 
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silicon and magnesium and they are held in solid solution 

when the a110y is quenched. Spheroidization is a diffusion" 

controlled process wi th the minimization of surface area act-

ing as the driving force. Diffusion of silicon from the sur-

face of partic1es with a high degree of curvature to adjacent 

surfaces with low de9'rees of curvature occurs, and as a result, 

particles become more spheroidal The plate-like eutectic sili­

con of unmodified alloys 15, obvlously able to undergo more 

ex\tensive spheroidization' than the already spheroida1-like 

eutectic silicon of the modified a11oys. 

The third process, ripening is aiso diffusion control1ed 

with the minimization of surface energy acting as the driving 

force. Ripening appears as a coarsening of the eutectic where 

silicon diffuses from smaller particles (relatively high sur-

face energy) ta larger partieles (lower surface energy). As a 

resu1t, smaller particles dissolve and the larger ones increase 

in size: The effects of ripening are more pronounced in modi-

Ued alloys ,because the distance between eutectic particl!3s is 

'r,elatively small allowing diffusion from one particl~ to an­

other to occur readily. The plates of unmodified alloys are 

wldely spaced and diffusion between them takes considerably 

more tirne. 

Hornogenization ls aiso diffusion controlled where solute 
. 

concentrations throughout the alloy become uniforme 

Since 5pheroidization, ripening and homogenization are 

diffusion control1èd th~y therefore occur to a greater extent 

upon solution treatment at 540 C than upon aging at 155 C. " 
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1.3 .. 3 ,A9ing 

Silicon and magnèsiwn are the two main elements held in 

solid SOlu\tion when the alloy is ~uenched. With subseq~ 

aqing a~ t,mperatures of 155 C the precipitation process can 

be represented as: 

Guinier Preston 
zones 

----~t intermediate 
precipitate 

--.... equilibrium phase 
. Mq2Si 

Mgisi forms as fine precipitates between the dendritic silicon 

particles, and there is a depletion of the average silicon and 

maqnesium concentration in the matrix. 

Figures 5 and 6 show the microstructures of as-cast and 

heat treated modified and urunodifi.ed alloys. In the modified 

a1loy, the fine f ibrous .eutectic underqoes coalescence upon 

heat treatment to give a coarser structure than in the as-cast 

condi tion. In the unmodified a11oy, the eutectié silicon 

plates become less anqular. The heat treated modified alloy 

exhibits super'ior mechanical properties than the as-cast mod1.­

fied alloys or the as-cast and heat treated urunodified alloys. 

Table V compares the mechanical properties of modified and non­

modified, heat treate~ Al-Si-Mg bars. 

1.4 The Effects of Increasing MagnesiUI:1 and Iron Contents on 
the Structure and Mechanical Properties of Al-Si-Mg Al1oY8 

Aluminum-silicon-maqnesium alloys are renowned for their 

extreme sensitivi ty to magnesium content, which could he at-

tributed to the 0.3 wt.% Mg solubility limit at the solut.ion 

treatment temperature. With increas1.nq maqnesium content, up 

1 
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(mag x 200) 

Sa: As-cast microstructure 

(mag x 200) 

Sb: Heat treated microstructure 

Figure 5: 

- .. 

Microstructure of an unmodified A356 
alloy, as-cast and heat treated (8 hours 
solution treatment at 540 C, and 12 hours 
aging at 155 C) 
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Property Onacd1f1ed Alloy(2) MOdif1ed' Alloy(3) 
-. 1 

-A 

Ult1mate tena1~e 
strenqth, (MPa) 230 285 

.' 

-

Yield strength 
(MPa) Q 165 2'Ô8 

, 

Elongation (pet) 3.5 12 
~ 

-

3l} 

, 

Ouality Index 447 
(0), (MPa) , 

~ 

Table v(2,'J): Compar1son of strontium modified alloys with 
unmodifie~ alloys. 80th alloys are sand cast 
and heat 'treated. The unmod1fied alloy 1s 
héat treated to the T6 des1gnation, and the 
modified alloy 1s $olution treated for 72 
hours at 540 C, naturally aged for 48 hours 
at rOOJll temperature and artificially aged for 
8 hours at 155 C 

..... _____________ _ .. .AL .. 
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to 0.3 wt.' Mg, the tensUe strenqtk of the a110y ls qraat1y 

inc:reased and lts d1,lcti1ity is decre~sed due to the 1.ncrease . 

of magnesium in solier solùtion' (figure 7) (9). At concentra­

tions greater than 0.3 wt.' Mg the tensi1e strength and per­

cent elonqation remain constant because Mg 2Si forms and there­

fore any further increase in magnesium has relatively little 

affect on the structure and composition of the aluminum matrix. 

At very hiqh maqnesium concentrations (0.65 wt.' Mg) the 

(3) • AiaPeMQ3si6 intermeta11ics have been found dispersed through-:-, 

out the micr<?st~cture- thus leadinq to inferior mechanical pro­

pert;ies. 

Beat treatment of Al-Si-Mg alloys with high magnesium con-

tents tends "to, increase the tensl1e properties due ,tc? the fine 

'( 10) 
re ... dispersion of Mg2Si during aging Unlike Al-Si-Mg alloys , 

, 
vith increasing magnesium contents, alloys with increasirig 

, . 
iron contents show a slight decrease in tensile strength to­

If(! 

Qether with a decrease in ductility(ll)"(figure 8). These 

effects can be attributed to the low solubility limit of iron 

in alumlnum, above which needles of AlSFeSi form, imparting 

brittle fracture characteristics and poor mechanical properties 

to the alloy. Heat treatment does not pro duce superior mech-

anical properties in the Al-Si-Mg alloj!: wi th a high iron con-

tent because the AlSFeSi need~es do not dissolve during the 

heat treatment process. 

( 
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1.5 Porosit;l 
, 

?orosity. 1s a weIl known, casting defect especial~y in 

aluminum castings where hydrogen porosi ty is a tnajor. problem. 

poros!ty, which has deleterious ~ffeèts on mechanical pro- • 

perties, occurs as an interna! gas phase or void:. It has 

\ been shown (12) th~t there is a tendency for the tenslle strength 

to decrease with increasinq amounts of porosity (fiqure 9). 

Porosity can he reduced by degassing thè melt 1It~th an 

inert gas before castin~. Work by Closset and Gruzleski-(ll) .-. 

has shown that the total amount of dis80lved hydroqen ,in an 

Al-Si-Mg- casting decreases w~th increase in volWQe of niti-ogen 

gas bubbled thr9ugh the melt and the density of the casting 
.) 

accordinqly increases. Although deqassing has the advantageou8 

effect of reducinq, porosity it also has the disadvantaqeous 

effect of causing 108s of the modifyinq aqent fram the malt, 

particularly when deqassinq ~s carried out with a. chlortne 

containing gas. 

1. 6 Monitoring the Modification Procas. in the FOUDciry 

It is desirable in foundry practice to be able to main­

tain close contr.oJ. over aIl aspects of ..,lt ch8llistry in order 
\ 

to guarantee casting quality. For lIOdification of alUllinua-

silicon a110ys, the morphology of the eutectic silicon' ia 80 

" 
sensitive to very saa.ll variation. in lBOdifyiDg agent, tbat 

'so.e control _thod aust be used to ensure tba.t .odif1catJ.on 

ia succe"-..., ~ The estent of .xtification cannot al vay. be 
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Figure .9(17):, 'Influence of'hydroqen Pbrosity 
on the tensile strenqth of 
sand cast '~rs of Al-S.O' Si 
alloy \ 
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'\ 

determined simply by usinq the amount of modifyinq agent 

introduced, since dissolution characteristics and 10s8 of the 

aqent vary from one mfüt to another. In addition, a ch_ieal ' 

analysis for the level of modifier present is often inadequate 

sinee modification depends on actual solidification rates ~ 

the casting as weIl as the amoun~ of phosphorus present. 

1.6.1 Metalloqraphy 

Metalloqraphy is the usual foundry control technique 

used ~ith modification.' It is a direct method with which to 

examine the structure of a zetal Lnvolving sam~linq, g;inding, 
\ 

polishinq, etchinq, and microscopie examination. Metalloqraphy 

has the di:sadvantaqes that it 1s expansive, and if performed 

durLnq the casting process, the sample solidification and 

'- exam:1.nation are time consuming resulting in melt holdinq costs. 

Additionally, metallography on the final product may entail 

destruction of expensive castings. 

'l'here has been a sïgnif icant des ire to develop a quick, 

simple, non-destructive ~ethod with which to control the modi­

fication proeess. Possible approaches that have been studied 

are thermal analysis and electrical resisttvity. 

1.6.2 Thermal Analysis 

Work by Closset et al (14,15) uses al thermal analysis " 

system (figure 10) eonsisting of a k-type ther.moeouple which 

records the temperature of a cooling Al-Si alloy. The analoq 

signal'thus obtained ls converted to a digital siqnal byan 

electronle board and stored on a floppy dise. The system 
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performs three types of analyses: simple thermal analysis, 

derived thermal analysis, and total heat of solidification 

analysis. 

Simple'thermal analysis can easily be interpreted graph-

ically using a plot of temperature versus time during the phase 

changes associated with solidification (figure Il). Strontium 

addition affects only the portion of the curves concerned with 

the eutectic and solidus transformation, causing a variation 

in 66 (the change in the difference between the eutectic growth 

temperature and the eutectic nucleation.temperature). A smal! 

strontium addition (O.0022wt.%)· producing an undermodified 

alloy results in an increase of 66 from 2.3 C to 4.3 C. At 

the higher strontium concentrations of the modified alloy, 

(0.0044 wt.% to 0.0079 wt.%) 68 decreases to 3.2 C and stabi-

lizes. With further lncrease in strontium level to 0.018 wt.%, 

69 drops sharpIy, a characteristic observed with overmodified 

alloys. 

Derlved thermal analysis can aiso be interpreted graphi-

cally using a plot of cooling rate versus time during sodlfi-

cation. Figure 12 shows the derived thermal analysis curves 

and corresponding simple thermal analysis curves for various 
,. 

levels of strontium. bThe derived curve has a liquidus under-

cooling peak, So, a binary Al-Si-Mg eutectic undercooling 

peak SI and a ternary eutectic AI-Mg2Si-Si inflection. With 

increasing strontium the peak SI gradually disappears and 

there ls no further change in the peak So, or ternary eutectic 

inflection. 

- --~, ---~~--, .' ~----------------------------------
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The third technique of thermal analysis involves the 
, ~ 

calculation of the heat of solidification evolved between the 

liquidus and the solidus temperatures, using experLmental 

measurements and applying Newtonian heat transfer. The results 

again can be plotted graphical1y (figure 13) for various levels 

of strontium. It can he seen that modification results in the 

disappearance of the eutectic undercooling peak SI and perhaps 

~ sorne sharpening of the ternary eutectic Al-M92Si-Si peak. The 
, 

total heat of solidification, QT t can be calculated and 18 

found to increase with increase in strontium concentration (or 

degree of modification) reaching a maxim~ for modified me1ts. 

Thermal analysis techniques enable evaluations to be 

made upon the degree of modification both qualitatively and 

quantitative1y. Qualitatively, the four main states of modi-

fication can be determined graphically, and quantitatively, 

values such as ~e, TE (the eutectic transformation temperature) 1 

TC (the nucleation temperature), the co01ing rate, and QT are 

characteristics which define modification. 
, 

1.6.3 Electrical Resistivity 

Electrical resistiv1ty 1s defined(16, as -a characteristic 

proportionality factor equal to the resistance of a centime ter 

cube of a substance ta the passage of an electric current per-

pendicular to two parallel faces- and ls a measure of the 

ability of an electric current, or the movement of electrons 

to flow through a material. The resistivi~y of a metal 19 the 

sum of the resistlvities caused by various defects1 



.,. ... 

l 
1 ;; 

32 

( 
550 700 Figure 13 

650 Unmodified alloy 
strontium content 

600 0.000 wt.% Sr 
1) Total heat of 

350 solidification 
~~---- -

So curve ,... 
en ~ '-' • 300 
C) 500 lJJ 
X 0::: 2) Simple thermal ....... 25 :::l 
...J ~ analysis curve < 450 < u 0::: ..., 200 lJJ 

a.. 
cJ 150 400 ffi 

t-

100 
350 

50 
., 

160 280 400 520 ~640 760 

TIME (5) 

550 700 l' Modifled allOY 
500 

650 
strontium content 
0.008 wt.% Sr 

f r": 

,1 
600 

550 Û 1) Total heat of Î ,... 
'-' solidification ~ en 1 • 300 1 C) 500 us curve 

x 0::: ....... 250 :::J , 
...J ~ " 2) Simple thegnal < 450 < u 200 0::: analysis -o6rve ..., 

LU 
Cl.. 

0 
150 400 % 

LU 
t-

100 350 t 

Î 
·1 

(1 40 160 280 400 520 640 760 

TIME CS> 

'1 



l C 

i 

1 
\ 

, " 

r 
i 

1 

( 

44 ) 

33 

(nQ .m) \ 

wh.re P ('1') - the r~istivity. at a partieu~ar t-.perature 

PT - the temperature-dependent res1.tivity 

~ - rea1ativity due ta tmpurity atoms 

(1) 

PE - res1ativity due ta eutectic phase (if present) 

PD - r.a1ativity due ta dislocation. and vacane1 •• 

and - the res1stivity due ta .catterinq by grain 

boundariea. / 

Alternatively, the reaist1vity of a _tal cap be expresaed 

-- as .. 

p - a (AIt) (nO.m) 

where R is the resiatance af a uniform canductar, t is its 

length, A ita cross section and p its reaistivity. 

(2) 

One simple ~thod of measuring resiativity .. ploya equa­

tion (2). A D~C. current (I) can be pasaed throuqh as_pIe 

and the potential drop" (V) between two fixed points recorded. 

The resistance R of the .. tal i8, then given by: 

R 
V 

- l 

The principle disadvantaqe of th1s technique i. that the final 

re.istivity aeasur...nt 1. the sua of the various resiativiti •• 

q1ven in equation Cl) and yield. no information about the effect 

of a single factor upon the total re.istiv1 ty. 

A d~fferential method, however, developed by Drew et al (17) 

i8 a cOlllparlaon technique and can _.ure chang •• in '°'1ndivldual 
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res1st1vity effects. The method uses a standard reference 

specimen (fiqure 14) and compares this with the sample under . 
examinat1on. In this way, . the effects of resistivity due to 

factors that are present in both the standard and the sample 

are eliminated. The technique uses an A.C. current which 

~ passes in series through the standard and the sample, and a·­

lock-1n'amplifier which measures the voltage ,d1fference «AV' 

between the two samples. The relative change in res1stiv1ty 

1s then equal to the relative change in voltage: 

~ 
ps 

... 

AV 
Vs 

wbere ps 1s the resist1vity of the standard ~ Vs 

age across the standar,d. 

" . 

.~ 
18 the volt--

Electrical resistivity has been u,sed in many metallurgical 

situations because of its sensitivity to microstructure. Early 

.work by' Schrôder(18, studied the yield phenomena in copper-
. (19' arsen1c alloys, and CUddy used electrical resistivity to 

study deformation and recovery of 1ron at low temperatures. 
, -.. 

Uses of electrical resistivity in metallurgy have included 

the temperature dependence of the resistivity of a metal vith 

dislocations(20)~ the study of the stability of intermed1ate 

preciPitates(2l' in an Al-4.07 wt.' Cu ailoy, and the studyof 

lattice defect~(22) ~ deformed irone 

Resistance ratios, the ratio of electrical resistance at ' 

rooa temperature to that at 4.2lt have been used(23) widel.y for 

* whare AV • AV standard - AV exper1JDental 

~~ __ ,Q • tpa 
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--rigure 14(17): Circuit design for differential 
resi8tivity measurement 
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assessing the ultra purity of a metal. The suitability of a 

metal for studies of i ts electronic structure is found w~ 

resistance ratios since an ~purity that lowers the res(sta:nce ' 

ratio also obscures the measurement of ~lectronic structure. 

With the knowledge of the s~nsitivity of resistiv~ty to 

struct~e, Oger, C10sset and Gruzleski(15) worked on e1ectrica1 
,t" ,!) a 

resistivity as a method with w~ich to monitor the modification of 

Al-Si-Mg alloys. Al-Si-Mg alloy bars of constant dïameter tD) and 
~ , 

various degrees of mo4ification (v~ious % Sr contents) were 
1 0 

cast and the resistivity measured by passing aD. C. current (1) 

through them. The voltage (V) in millivolts was recorded be­

tween two points separated by a constant distançe, t. 

The electrical re~istivity p was calculated using 

1rV0
2 

p = ru-

Figure 15 shows the electrical circuit used for these D.C. 

resistivity measurements. 

(4) 

Non-modified bars were found to have a hi.gher resi'stivity 

tpan modified'obars, with a resistivity difference of 10% be­

tween the two (figure 16) (24). T'he acicular silicon of the un- -
• < \ 

madified alloy was said ta have inte~ferred with current pass-

-age through the bar ta a greater extent than tn the case of the 

modified alloy with ~'fibrous eutectlc and therefore continuoue 

matrlx. 

It was alsa found(24) that samples cast from degass~d 

melts had a lower resistivity th an those from non-degassed 

• ~lts (figure 16); for, example the electrical resistivi~y 

1 
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Pigure 1S (15): Schematic of the apparatus used 
~ D.C. electrical resi.tivity 

" a.easur.-mt by Oqer, Clos set and 
Gruzlesk1 
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'" f' '",: " 

varJ.ed from 49 nO.m ta 44 nD.m for non deqasaed melts, and 

f~om 47 nD.m to 43 nn.m for deqassed melts. The difference 

in electrical resistivity was assumed to be due to hyarogen 

porosity. Upon sOl1dific?tion, the dissolved atomic ~ydr09en, 

in a melt will recomb:1fte to fom bubbles and eventually voids 

in the solidified metal. A non deqassed melt w111" contain more 
\ 

- dis sol ved hydroqen than a deqassed melt and therefore a castillg 

from a non ~deqassed melt will conta1n more voids' than a cast1ng 

from a degassed melt. It is the voids in the solid'lfied casting 
• 

that cause the electrical resistivity to increase because they 

increase impedence to electron flow. 

Beat t;eatment performed (15) on cast bars 1ndicated that 

coalescence of eutectic silicon durJ.ng: solution treatlllent pro­

duces a 3% increase in electrical resistivity, and that the 

aqinq treatment proa~ces a subsequent 5' decrease. The elec-
,/ 

trical resistivity therefore decreases by 2' after the complete, 

heat treatment cycle. 'l'he solution treatment t.i.ales for the~ 
\ 

experiments were varied and no change in electrical reaiatlvity 

was found. 

'l'he influence of c01llpOsition on re8iativlty (IS) va. a1so 

studied, (figure 17). The ,resulta show tbat maqnealU11l doea net 

slgnific4ntly affect the electrical r.alativlty and tbe autbor. 
.. 

stated tut the principle cauae of el.ec:tr1.cal resiativJ.ty c~. 
l ' 

i. the modification of the eutect1c aic1'Oatructure. 
1 • 

..1. 7 A1Ju of the Present Investigation 

Aa discuaHd previouly, electrical r_1.ttvJ.ty bas bMIl 

uaad(lS) in one inatance, to study the m41ficatJ.on o~ Al."S1-11g 

* .. ,l l A4!.J fi 4$, S " 

.. 
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a110y.; however, this work vas not extensive. It 1s ïcnoWn 

that modified alloysehave a lower resistivity than unmodified 
" 
al10ys and the reason has been speculatively attributed to a 

chanqe in the fOrll of the eutectic silicon from aoicuiar to 

fibrous. This work has also shown porosity to he a contribut-
'. 

1ng factor in tpe reslativity. Hovever, no evidence vas glven 

. as to whether porosity vaEied with strontium content and whet.her 

in fact the changes in resistivity vith variations in strontium 
1 

vere due to changes in.pOrosity_ The resistivity results'ob­

tained were scattered and no attempt was made to determine 

whether this seatter vas due ~,the apparatus or due to other 

,inherent factors. work(lO,lS) has lieen carried out on the 

effects of Magnesium and iron upon modification and rnechanieal 

properties, however no extensive electrical resistivity 

measurements have been made on these al1oys, and resistivity 

has not been used to examine modification or heat treatment of 

these al1oys. 
1 

This Btudy was therefore undertaken with the general ob­

jective of deve10ping the e1ectrica1 resistivity technique and 

of .tudy1nq ita feaaibi1ity' for uae in foundry situations_ 

Nore .pecifical1y, the fo11owing questions vere to be 

answered: 
, 

1. - Il the change in reBistivity between modified and unmodi-

fied A1-Si-Mq a110ys due to the chanqe in the form of 

the eutectic silicon or due to seme ether change such .. 

cOlapOsition of the a1uminum matr1x? 

44P:q • 4» 4_ 
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2. 

3. 

4. 

.' 
5. 

1 

.. 2 

To what deqree does resi,st1vity due to poro81ty affect the 

resistivlty measurements, and ls the resiativity of ~. 

Al-Si-Mq alloy due pr1marlly to porosity or microstructure'? 

Are the inaccuracies obseried in the resul ts by Clos_t 

and Gruzleski (15) due to poor apparatus or auapl.e varia-
\ 
tion, and doea differential el.ectrical resiativity yield 

more ACcurate reaults? 

Can electrical reaistivity techniques he used te atudy 

compositional influences at variou. level. of .xlification? 
o 

Can the electrical_resistivity teChnire ,be used to atudy 

heat treatment of, Al-Si-Mg al.l.oys at various levels o1! 

modification? 

- - --~--~- --------~-------- ------~----------
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2. EXPERIMENTAL PROCEDURES 

2.1 Parameters and Variables 

In order to study modification us'1ng e1"'ctrical res1stivl-
~'~ 

ty techniques, a number of A356 a110y bars vere cà~ with dif-

ferent strontium levels. Their D.C. resistivity vas then 

measuredo An alternative method using differential AoC. re-

s1stiv1ty was also employed to try to reduce the scat ter in 

results obtained with the D .Co technique. This differential 

method works on the principle that the standard bar and sampl.e 

are of the sarne dimensions, however due to machining tolerances 

th1s was not the case. Statistical analyses were, performed on 

the resul ts and only bars wi thin a specif ied diameter range 

were used. 

Three heat treatments differinq only in solution treatment 

t1.me were performed and resistivity measurements were taken 

after solution treatment and after complete heat treatment. 

The effects of solution treatment tirne were studied on the 

resistivity behaviour of both unmodified and modified bars • 

The above procedure was performed on three alloys: 

1, A356 (composition shown in table I) 

ii, A357 (A356 alloy containing 0.7 wt.' Mg) 

1ii, A356 containing 0.48 wt.% Fe. 

in order to find the effects o~ compositional changes on 

resistivity. Magnesium and iron were varied because they 

are common e1ernents iljl aluminum a110y5 with a relat1vely v1de 

range of permissible composition. 

• 

1 

L 



( 

o , 

c 

44 

In order to gain an !nsight into the scatter observed i.n 

"-- - -bo~h D.C. and A.C. ,resistivity results, a number of factors 

that affect resistivity were examined. These include both 

porosity and temperature. Bar diameter was found to affect 

the resisti vi ty and therefore exper iments were performed to 

investigate the change in the amount of eutectic present across 

the diameter of the bar. 

The silicon content in the aluminum phase was investigated 

in samples showing various degrees of modification in order to 

see if changes in the matrix composition could account for 

changes in resistivity. 

2.2 Statistical Analysis of Results 

The experimental data was analysed graphically and the 

curve with the hast fit through, the points was found. The 

analysis was pel\formed ti'sing a computer based statistical 

package programe an.~ the F-test. To simplify the sta tistical 

analysis explanation, the correlation between strontium content 

and D.C. resistivity is discussed. The F-test was performed 

on the data for six possible types of curve, that is, for six 

degrees of polynomial. Each polynomial was characterised by 

a particular F value (table VI). The second degree polynomial 

had the largest F value of 39.0 and was therefore considered 

to be the Most accurate graphical representation of the data 

(the second degree p~lynomial was the curve with the best fit 

through the points). 

, 
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Deqree of Polynomial F Value 

1 9.67 

. 
f 39.00 

Q , 

3 34.53 
( , 

4 25.57 

5 20.64-
-, 

6 18.50 
, 

ft 

Tab.!. VI: Stati.tical resul t. of the atrontiua 
content va. D.C. re.ist1v:llt.y 'data 
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In order to de termine the validity of the F value (39.0) 

for the second deqree polynomial, the F value is compared with 

F values in a 95% siqnificance table (table VII) (25). The 

horizontal and vertical axis of this table represent the number 

of deqrees of freedom -in the statistlcal analysis and these 

• degrees of frÈ!ledom can be found from the computer read out. 

In the case of the strontium content versus D.C. resistivity 

data, these degrees of freedom are 2 and 23 for the horizonta~ 

and vertical axes respectively. The deqrees of freedom are 

used to find the table F values for 95% significance level. 

The experimental F value, 39.0, 15 greater than the, F value , 
\ 

from tables, 3.42, which means that over 95% of the results' 

are signlficant. This 95% significance level 'a11ows no more 

than 5% of the resul ts to be accounted for in terms of experi­

mental error, and is therefore a satisfactory concept when 

dealinq vith exper~ental data. 

The F-test can he used to compare the qraphical representa­

tions of two sets of data. The set of data exhibitinq the 

hiqhest F value will. have the curve vi th the least amount of 

scatter between the points. 

2.3 Foundry Procedure and Sample Preparation 

2.3.1 The Pattern and Sand Mould 

," 

The casting procedure employed vas sand casting. The 

pattern vas designed to obtain four cyl.indrlcal bars 

----~--~·~U_~U~; __ ~A~'_;;; __ ------______ ----________________________ ----------------------~~~~---
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each approximatel.y 16 cm in l.enqtl'r and 2 cm in dlameter. 
"-' 

Figure 18 shows one of the castinq! vith the gating and 
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r1ser syst... attached. Four b~B were incorporated into 

each caatJ.ng in order to obta1n repeat sampies and in order 

to provide sufficient samples for various heat treatmentB. 

An oil bonde<! (Petro Bond) sil.ica sand vas used~ and 
-$ 

m,ixi.ng vas done in a standard sand mixer. An iron flask wu 

usee! to malte the mould. 

2.3.3 Melting and Strontium Addition 

The A356 all.oy vas melted in agas fired furnace in a 

silicon carbide crucible, (depth 22 cm, diameter 14 cm). The 

malt tempe rature vas monitored u8ing a chromel-alumel K t~ 

thermooouple. A calculated weiqht of strontium was eut frOID " 

an extruded 99\ pure strontium bar, wrapped in aluminum foil 

l) and introduced into the malt at temperatures between 730 C and 

750 C uainq ,a graphité! plunqer (figure 19). Dissolution··-took 

approxiJDately 15 minut.s. The final strontium contents of the 
1 

various melt!i ranqed fram 0.0 wt.~ Sr to 0.068- wt. 'Sr. De-

qassing vas perfor.d after every strontium and alloying addi­

tion by bubbling 1.75 litres per minute of Argon tlirough the 

_1t~ uainq a <j1'aphlte lance, for twenty ainutea. Spectr~ter 

sampl..s wera taun froID the _1 t uaing Cl ladl. and cast in a 
.... 

standard copper mold (figure 20r. Bach _lt vas final.ly poure4 

at teaperatur •• of 725 C to 730 c. 

", 

4'" ._ t t'_% lAS Pi 
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Fiqure l~: Graphite. plunger used for 
strontium additions 
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2.3.3 Al10f Additions 
1 

'!'he ~ alioyinq agenta usee! were _gnesiua and .troll. 

Caleulated wights of pure mag'nesiWll (99.9' pure) vere added 

to increase the 0.35 wt.' Mq content of the AJ56 alley, pro­

ducinq an Al57 alloy containinq 0.7 wt.' "q. The magne.iu. 

waa aMed in the fOrll of roda (figure 21) (diameter 5 _) to 

the aurface of the me1t at a temperature of 730 c. 

Iron1 additions vere also aad.e at 730 C in the form of 

coapressed povder pell.ets (f iqure 2l.) ~nta~q 25" ~lum1nua 

~er (100 mesh) and 75' iron powder (1-0-0- '.sh electtolytie 

99+ , pure, or 20.3 meah, qranular). No difference in disso­

lution behavioUX' vas found between the two different i.ron 

powders. Calcul.ated wei.qhta of pel.lets ~re used in order to 
." 

increase the 0.2 n.' pe content of the AJ56 alloy~ 0.48 vt. 

t Fe. 

2.3.4 Bar Preparation 

The risers and qatinq systems vere eut off the cast;1ngs 
~ ') 

leavinq the bars. Metanoqraphic samples vere taken from the 

ends of the bars. 'l'he bars vere then machined and sanded tg . 
. 

a smooth surface finish to produce a d~nsionally uniforll bar. 

2.3.5 Spectrochemical. Analsysis 

The spectrochemica1 samples caat in the copper lIIOuld were 

disc-1ike and measured approx1matel.y 1.5 cm in heiqht and .. cm 

in diameter. They were machined to obtain a fl.at smooth aur­

face for ~nalysis in a yacuum emission spectrometer (Baird-

. Atomic Spectrov&c 1000 Model No. DV2) equ:1pped vith a aicro-.. ~ 
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co.puter (Baird-Ataaic Spectrocup System Model No. SCB-14). 

-Aluminua-stront1um standards vere used to obtain calibration 

curves and the samples vere ana1ysed for the main elaments 

strontium, iron, magnesium and the impurities (copper, nickel, 

etc.). Results of these analyses are given in appendix 1. 

2.3.6 Metalloqraphy 

For meta1loqraphic ana1ysis transverse s11ces were eut 

from the 4 bars in each castinq ând mounted in a cold resin 

mount or a bakellte mount for pol1sh.1ng and grinding. Rough 

grinding was done uS1nq ~ standard 's~11con-à~b1de belt grinder 

and fine grind1ng vas done on a serles of grtnding wheels of 

grit 240, 320, 400 and 600 1n that order, using water as the 
,> 

flow med1um. Subsequent pol1shing vas performed on two po1ish-

" ing wheels u&ing metron po11shing cloth and alumina povder sus-

pended in water as the polishinq agent; 5 J,lm and 0.3 }.lm powder 

was used for rouqh and fine poli8h1nq respect1vely. After 

polishing, the samples vere cleaned in alcohol and drled. 'l'he 

A 356 alloy samples were not etched, wh1leo the A357 and A356 

(0.48 wt.' Fe) al~oy samples were etched ln 0.5' HF solution 

to darken the magnesium and iron intermetallics. 
-

Â Neophot microscope (Laco Model No. 21) was used to 
\.~~ 

examine the pol1shed samples at a maqnlfication of X200. ?'hi. 

magnificat10n proved ta he 8uff1clently hiqh to examine the 

.arpbology of the eutect1c yet 8ufflc1ently low ta enca.pa.. a 

repreaentativ. area of the eutectic and prt.ary pha .... 

. , 
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2.4 E1ectrical ae.istivity Meaaurement 

2.4.1 D.C. aesistivity Heasurement 
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The electrical circuit used in D.C. resistivity .... ur.­
ment (figure 22) consisted of a Repco generator capable of 

-
passing a 40 Amp current throuqh a bar usinq crocodile clips 

as electrica1 contacts. The bar was p1aced in a jiq (figure 23) 

consisting of two knife edqe contacts which ~ouched the bar 

10.03 cm apart. These two k.nife edges vere connected to a 

voltmeter. In order to obtain a representative resistiv1ty 

result the vo1tage vas read for three different -bar position. 

between the knife edt}es, using forward as weIl as reversed 

current. The resistivity vas ca1culated usinq the averaqe 

of the six vol. tage readinqs and an average of three bar dia­

meter readings,. (measured vith a micrometer screw gauge). 

2.4.2 A.C. Resistivity Measurement 
-

A.C. resistivity measurement, was done using an F-41 

si9llal generator (in combination vith a Riku8U1: bipolar power 

supp1y (Hodel No. POW 35-S) which pas.ed an A.C. current of 

1 Amp and frequency 135 Hz throuqh a standard bar (A) and 
'l 

sample bar (8) in series (figure 24). The ballast reaiator 

served as a _ans to reduce tI,le voltaqe in the circuit 80 t;b&t 

small voltage differences between A and B could he accurately -c!etected. The vol tm.eter va. u.ed to check the current per1o-

dJ.cally. The .tep-up transformer. increaHCl the voltaq. acro •• 

t:h8 bars 80 that the lÇ)Ck-in araplifier cou~d he WIed to read 

t:be voltaCJ. d:~fference.. Pigure 25 shows the A.C. electr1cal 

cJ.rcuit. 
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In all measureaenta the same unmodified, unheat-treated 

atandard vas uaed so that valid result compariaons could he 

made. 

SJ.nce the A.C. technJ.que i8 a comparison method it re­

quires the bars to be of the alme diameter. All bars vere 

therefote machined, however the unavoidable machininq tolerances 

gave bar diametera ranging from 15.17 mm to, 15.35 mm. This 

0.18 mm maximum bar diameter difference (I5D) tha~ could be 

exhibited between the standard and sample bars ~ou1d introduce 

an error on !:AV of :t 0.212 mV (Appendix 2) • In order to reduc:e 

this error, the bars vere grouped into three diameter ranges. 

Range A · 15.17 mm to 15.35 mm (150 - 0.18 mm) 1, , 

B • 15.22 mm to 15.31 mm (150 - 0.09 ma) • " 
c' ~ 15.25 mm to 1S.29 mm '(.150 - 0.04 mm) 

Three graphs vere produced of dV versus strontium content for 

the A356 alloy. The first used bars within range A (ll0 bars), 

the aecond used bars within range B (80 bars) and ~e thJ.rd 

uaed bars within rang'e C (52 bars). 

A1though range C exhJ.bits the greatest'accuracy in terme 

of diameter, the resJ.stlvity values wére only the average 
~ 

values of a small number of bars. Statisticsl analyses, 

i.e. F tests, were therefore performed on the three graphe to 

determine which gave the most accurate graphical representation 

of the data, that 18, whlch diametet range yielded the graph 

with the ~ea8t amount of scatter between the points. 

• Q ç J 4 4 )9 

1 
'1 
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2.5 The Factor. Affect~q aeai.tivity 

In order to gain an inaight into the 
\ 

,catter Ob .. rv~d 

in both D.C. and A~C. resistivity re.ulta, a number ot fac~or. 

that affect reaiativity were examined such aa tempera~ure and 

porosi~y. Dur1nq the course of experiments 1t waa found that 

resiat1v1ty was affectad by bar d1ameter. 'actors such as 

percent eutect1c that could vary wi th bar d1ameter ware thare­

fore atud1ed. The silicon content in the alUlllin\Dll phase wa. 

also investigated in bars havinq variou. deqrees of lDOdif1ca­

tion. 

2.5.1 T!!p!rature 

D.C. ~_. re~i.tivity meaaurements vere perfo~d on 

A356 bars at varioua tempe rature a f+ODl -~O C to' 24 C (room 

temperat~e). The resi.t1v1ty~j1qs vere placect in an insulated 
--

box (figure 26) on a meah stand under which was placeci dry J.ce. 

A T-type thermocouple (copper-constant1n) vas placed through 

the box wall and attached to one of the bars. aes1atJ.vity 

measurements vere recorded when the temperature was at a 

steady -10 C. The lid of the box vas then removed and the 

apparatus allowed to wara up. Further meaaurements vere taken 

at a C and 24 C. 'rhe standard uaed for the A.C. ·technique vas 

an ~ified A356 bar. 

2.5.2 Poroaity 

A denai ty technique va. used to ... aure the ..ount ,of 

poro.1ty in aach a_pIe bar. ThJ.s technique allow. the 'eval­

uation of poroaity in vol~ percent by ~t8Ol1 of _1:beor.~-

dlMA 4 ... g"~A"" ali 

J , 
1 .. 
f 
1 
4 
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Fiqur. 26; Apparatuà uaed to .... ur. reaJ.at1vtty at 
var10ua tewperaturea 
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cal.and exper1mental density. The exper~ental density was 

determined usinq Archtmedes' Principle where the mass of a 

bar in air was compared wi th the mass of the same bar in 

another medium of known density (e.g. water, which was.-used 

in this study). Figure 27 shows the density apparatus used in 

porosity measurement. A vetting agent of 0.01' teepol vas 

added to the distilled vater in which 'the samples vere weiqhed 

to minimize any error arising from entrapment of air bubbles 

on the sUrf ace of the sample. A thermometer moni tored the 

t~rature of the water so that accurate water density data 

could be used in the calculations. 

To en'sure accurate ~asuremehts, the density measurinq. 

,device vas calibrated by evaluating .the densities of pure 

alWll1.1ium, copper and tin and cèmparing the results with pub­

lished values. Table VIII shows that the measured densities 1-

aqreed to within 0.38' of the published values. 

The exper1mental density of the Al-Si-Mg bars vas calculated 

fram exper~ntal resul~s (AppendiX 3) and the theoretical 

density vas determined fram compositional bar data (Appendix 4). 

~owinq the experiaental and theoretical densitiea of the bars, 

the porosity in volume percent vas calculated (Appendix 3). 

2.5.3 Eutectic Segregation 

BxperiJDents were carrie,d out usinq a Zeiss interactive 

iaage analyais .y~teJa, :tUS l, ,ieai a~tomatic evaluation unit 
j • 

ta measur. the var1ation in ..,unt of eutectic 'frc* the Cèntre 

ta the out.ide of the sa.ple bU'. Four po.1 tions acroa. the 
t 
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Experimental Reporttl Difference bety.en 
Sample Density* Density 6) experimental and 

gm/cm3 qml cm 3 reported density 

• , 
Sn 7.29 7.28 0.38 , . . 

Cu 8.90 8.92 0.23'" 

Al 2.69 2.70 () 0.14 

* averaqe of 6 measurements- on one sample. 

Table VIII: Calibration of density apparatus 
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diameter of a metalloqraphic sample were chosen (fiqure 28): 

the oentre, 3. 75 mm from the çentre, 7.5 mm from the ~ centre, 

and the edqe. At each position three photoqraphs were taJten, 

maqnification X200, usinq a Neophot microscope (Leco Model 

r No. 2l.). "l'he amount of eutecti.c in each photoqraph vas _a-
b 

sux-ed by drawi.nq &round the eutectic areas vith a pen (ficnu:e 28) 

on the screen surface of the IBAS 1. The system then cal.c~lated 

the pèr~ent eutect1.c by area. At each pos1.t1.on across the 

aaJDple diameter the resul. ts of the three photoqraph. were 

" The above procedure vas performed on three saaplea , . 
, 

of different levels of lDOClificat1on, (UIUDOd1.f1ed, under.adified, 

and modified) • 

2.5.4 Solute Concentrati.ons 

Sections of the bars vere eut 2 1mB thiek and mounted in 

resin f6r qr1.ndinq and pol.iahinq (see 2.3.6 Meta11oqraphy). 
f , 

They were then carbon cO,ated and analysed usinq an electrœ 
"'!:>, .... 

microprobe (Cameca Comebax Microbeam ~ystem. Model. no. MBl) 

with a 15 KV vo1taqe and a 15 nA current. 

Analysis of silicon 'Was performed. Strontium analysis, 

however, vas not possible due to the unavail.abllity of low 

concentration strontium standards. The anal.yses could not be 

carried out in' the' mO.~if:ied eutectic pha.se becau.se the eutect:ie 

silicon was too finely dispers~d. They vere therefore carried 

out in the centre of alum:Lnum dendrites. Spot analyses were , 

performed in the centre of sampl.es with various strontium con­

tents in order' to study the variation of solute content wJ.th 

~flc:atlon. 
"r ;"l 

-, . 

. " 



;. c .. 

L' -'-"" , 1.....;:._~ __ .. _ .. _;_U_\ ._~ , Q 

• l~ .. 
28a: '!'he po.1t1oa8 of analys1. 

acro •• the d1ameter of the 
bar 

(mag x 200) 
28b: The eutectic areas outllned in pen 
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Fiq1.ire ~8: Determination- of the amount of 

ctecuc across the bar dJ.ameter , 1 
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2 _, Beat Treat8ent 

Bach of the four bars in .&eh castinq va. b .. t tr •• ted 10 

a different vay a. follovs1 

Bar 1. Aa-cast, no beat treatMnt. 

Bar 2. Solut1.on tr_etecS for 8 hourI et 540 C, quenche4, 

'-aCJlld at room telllperature for 24 hour., and .~ 

at 155 C for 12 hour •• 

Bar 3. Soluti.on treated for 24 bour. at 540 C, quen~, 

&CJed at rOOJD temperature for 24 hour., and aged 

at 155 C for 12 hours. 

Bar 4. 
, .. 

Solut1.on treated for 48 hours et 540 C, quenched, 

aged at roo. tempe~ature for 24 hour., and, aqed 

at 15'5 C for 12 hours. 
. 

For eonvenience the heat treatments on bars 2, 3 and 4 will be 

termed heat .treatments A, Band C correspondinq to 8, 24 and· 

48 hour solution treatments reapectively. 

Solution treatment was carri,d out in a Blue M Power 

amatie 80 Furnace (Madel No RG-1080 C) and aqinq in a Griffin­

Grundy F.urnace (Model No. 661530). In order to test the tem­

perature uniformity of' the furnaces, six thermocouples were 

pl.aced in various posit,ions in the furnaces, (Tables IX and X) • 

The greatest variati:on in temperature in both furnaces occurred 

between the back and fro,nt, therefore bars were placed central­

ly in the furnaces, standing vertically in a wire mesh jig 

(fiqure 29). A chromel- alumel K-type thermocouple was placed 

vertieall.y between the central bars in the jiq throuqhout the 

heat treatments. The bars in the jig were not allowed to touch 

ti 

r 
1 t ~ , 
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, 

Poa.1t1on .in furnace or..p.raturè C 

Top 544 . 

- Back 548 

'.'> 

Left .1cle 531 
1 

i 
" 

BottOia 538 
\ 
\ 

Front· , 530 1f 1 

1 

Rigbt aide " 536 . 
J 

Table IX: Temperature variations w1thin the Blue H 
Power OIDatic 80 Furnace (Model No RG-J080 C) 
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Po.lt10n iD furnace Teaperatur. C 

Jo 
"l'op 1.59 

"ct 1.60 

1 

t..ft .ide 1 153 1 

Botta. 1.55 
. 1 * 1 

Pront 1 149 1 
1 

1 
1 

lUqht 81de 154 

Table X: Temperature variations vithin the Gr1ffln­
~rundy Furnace (Model no. 661530) 
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in o~r ta allo.. air circulation and thar.fore unlfor:a beat-
, 

inq. S1aJ.1arly, on quencbinq the bara in the j1g, coo1inCJ vas 

rapid and UDlfo~. / 

D.C. and A.C. reaiatlvlty measur_nt. were made one hour 

atter solution tr •• t.ent at whic:h tiJae the bars had reachect 

1'00. temperature. Alter 24 hours rooa t-.perat.ure ag1.n9 the 

bars wera aqed at 155 C for another 24 hours, slowly coolad, 

and thelr r •• 1atlvlt1es meaaured a<Jain. The dlametera of th. 

bars wera .... sured throuqhout the course of the heat treat­

Mnts and no dimans10nal ebanCJe vas found. For thr A.Ç. 

rea1stivlty measurement.s, an ~1fied, nonheat tkeated A356 

bar vas uBad as the standard. Metallographle samples of the 

heat t.reated bars vere a1ao prepared. 
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3. USULTS 
,'" 

3.1 Blectrical 'Ra818tiv1tY 

3.1.1 D.C. Resistivitx 

73 

aa.i8tiv1ty vas evaluated by pa •• ing a current througb 

a bar and ID8&sUring the potential ditference betveen two fixed 

points Along the bar. The procedure vas carried out on bars 

of vario~8 degrees of modification and the resulta obtained 
" "" .. , 

(AppendiX st vere pre.ented a. graphs of D.C. rea1stivity 

versus stront1~ content. 

In . the- case of the A356 alloy (fi9ur~ 30), the resistlvity 

decreases by 4.07 n~.m from 44.67 nO.m to 40.60 nO.m with an 

increase in strontium concentration from 0:000 \#t.' Sr to 

0.044 wt.' Sr. The res1stivity then appears to increase vith 

strontium concentrations greater than 0.044 wt.' Sr, however 

it must 'tf noted that there are few points with which to derive 

this portion of the. curve . The corresponding microstructures 

(figure 311 show the alloy with 0.000 wt.% Sr (figure 31 a) to 

have an unmodified acicu1ar silicon structure, '0.007 wt.,% Sr 

gives an undermodified structure (figure 3lb) and 0~0l5 wt.% Sr 

exhibits a modified structure. The alloy with 0.069 wt. % Sr 1s 

overmodified. 

An increase in rnagnesium concentration to that of an A357 

alloy produces a partially modified alloy at concentrations of 

0.000 wt.% Sr (figure 32a). At strontium contents of 0.007 wt.% 
o 

Sr and higher, the microstructures are modified and overmodified 
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Figure 30: Variation of D.C. resistivity with L 
strontium content for A35p alloy 
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31a: Unmodified 0.000 rt.' Sr 

31.b: Undermodified 0;007 wt.% Sr 
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Figure 31: Microstructure of A356 a110y at 
various strontium contents 
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31e: Modified 0.015 vt.' Sr 

31d: Overinodified 0.069 wt.' Sr 
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32b: Modified 0.007 wt.% Sr 

Figure 32: Microstructure of A357 a~loy at various,-
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(figure 32b, c, d). The corresponding resistivi ty versuS stron­

. tium content plot (figure 33) indicates that the resistivity 
, 

decreases by on1y 0.21 nO.m from 43.75 nO.m te 43.54 nn.rn with 

an increàse ln strontium concentration from 0.000 wt. % Sr to 

0.044 wt.' Sr. All microstructures of A357 al10y contain 

Chinese script Mg2Si incorporated in the eutectic silicon. 

The correlation between D.C. resistivity and strontium 

content for A356 a110y with~gh iron content (0.48 wt.%) 

was evaluated (figure 34). The resistivity decreases by 

2.41 nO.m from 46.11 nO.m to 43.70 nO;m with aa increase in 

strontium concentr~tion from 0.000 wt. % Sr ~o 0.027 wt. % Sr. 

'l'he resistivity again appears to increase at strontium contents 

greater than 0.027 wt. % Sr, however this assumpti6n is based 

on only two data polnts. The corresponding microstructures 

," (figure 35) show the all.oy with 0.000 wt.% Sr (figure 35a) to 

have an unmodified structure; the alloy w~th 0.006 wt.% S~ to 

tbe undermodif1ed (figUre. 3Sb), and alloys Wi~h jtronti~ con-" 

.. 

tents of 0.027 wt.% Sr and higher, to he modifiéd and over- . /' 

rnodified respec,;tively, (figures 35c and 35d). Al.l· rnicro- /" . , 

structures'. of the A356 alloy containing 0.48 wt. % Fe have -

needl.e-l1ke Fe-Si-Al interrnetal.liçs dispersed thro~ghqut the 
.{; 

primary al.uminum and' eutect1c phases.' 0 

3.1.2 A.G. 'Resist1v'ity 
, 

The differential·A.C. resistivity teçhnique, eXplained 

in detai! in section 2.4.2 measures thè difference in vC?ltaqe" 
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32c: Modified 0.038 wt. % Sr 

32d: Overmodified 0.068 wt.% Sr 

Figure 32: Microstructures of A357 al.loy at 
various strontium contents 
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Figure 34: Variation of D.C. reslst~vüy w~th 
stront~urn content for alloy A356 
(0.48 wt. % Fe) 
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35a: Unmodified 0.000 wt.\ Sr 

(mag x 200) 

35b: Undermodified 0.006 wt.% Sr 

Microstructures'of A356 alloy containing 
0.48 wt.% Fe at various strontium contents. 
Long coarse needles are Fe-Si-Al inter­
metallics. continued •• 
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35c: Modified 0.027 wt.% Sr 
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(mag x 200) 

3Sd: Overmodified 0.061 wt.% Sr 
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t.V{mV), between a standard urunodified bar and a sample bar 

(experimental data, Appendix 6). Due to machining tolerances 

there were relatively large variations in d1ameter between the 

bars. Diameter ranges A,B and C were assigned to the bars and 

statistical "analyses were performed on the 6V versus strontium 

content data for each diameter range. F values, (see secti9n 

2.2 Statistical Analysis) were found in order to determ1ne 

which d1ameter range yielded the graph with the least scatter 

between the points, that is, wh1ch yielded the most accurate 
\,/ 

graphical representation of the data. AlI three sets of data 

for the three diameter ranges had experimental F values 

(Table Xr) greate_t; than table F values (Table VII). Diameter 

range B however, had the highest experimental F value and there­

fore yielded the most accurate graphical representation of the 

data. For this reason, all the subsequent A.C. resistiv1ty 

work was performed only on bars wi thin diameter range B -(-15.22 mm 

to 15. 31 mm). 

The variation of ÂV(mV) versus strontium content (wt.%) 

for alloy A356 was correlated graphically (~1gure 36). t.V 

increases by 1. 00 mV from -0 .13 mV to O. 87 mV w 1. th increase in 

strontium concentration from 0.000 wt.% Sr to 0.042 wt.% Sr. 

At strontium concentra tiens above 0.042 wt.' Sr â V appears to 

decrease, however as previously mentioned in the corr~Onding 

D.C. resistivity results, there are only a few data points at 

high strontium concentrations. The microqraphs (figure 31) 

show the degree of modification for the various strontium 

contents. 
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, F Values 

Diarneter Range 

A B C 

15.17 mm 15.22 mm 15.25 mm 
to te . to 

15.35 mm 15.31 mm 15.29 mm 

-
Experimental F 
value 21.00 36.00 31. 70 

, 

F value from 
tables 3.42 3.42 3.42 

Table XI: Results of statistical analyses on the ôV versus 
Sr wt.' data for the three bar diameter ranges 
usinq A356 a1loy 
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Figure 36: Variation of nV with strontium content 
for A356 alloy. (Bar diameter range B 
15.22 tolS.31mm) 
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The A357 alloy with the higher rnagnesium level again 

exhibits very different resistivity characteristics from the 

A356 alloy (figure 37). 6.V increases by only 0.18 rnV from 

0.16 mV to 0.34 rnV with an increase in strontium concentration 

from 0.000 wt.%ISr to 0.040 wt.% Sr. There 15 a slight de-

crease in 6.V with increasing strontium contents above 0.040 wt~% 

Sr. The micrographs in figure 32 show the microstructures of 

the A357 bars which were,used to obtain the data for figure 37 • 

. The high iron content alloy, A356 containing 0.48 wt. % Fe, 

figure 38, aga in shows similar resistivity characteristics to 

the A356 alloy", tlV increases by 0.34 mV from 0.17 l'JlV to 0.51mV 

with increasing strontium contents from 0.000 wt.% Sr to 

0.027 wt.% Sr, and there appears to be a slight decrease above 

0.04 wt.% Sr. The micrographs in figure 35 show the micro­

structures of A356 alloy containing 0.48 wt.% Fe. 

3.2 The Factors Affecting !esistivity 

3.2.1 Temperature 

D.C. and A.C. resistivity measurements were made on A356 

bars at various temperatures (see section 2.5.1). The D.C. 

results of unmodified, undermodifi~d, modified and overmodified 

bars (Table XII) show that D.C. resistivity increases linearly 

with temperature ,(figure 39) 1 the ternperature coefficient being 

0.1 nn.mK-1• This relationship is evident in bars exhibiting 

aIl degrees of modification and the temperature resistivity 

coefficient is identical to that for pure aluminum(27) • 

--------,-
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D.C. Resistivity 'values (nn.m) 

Temperature State of Modification 

.;'.;0 ;aM 

C , 
unmodified undemodified modified overmodified 

24 46.47 43.02 41. 72 42.51 , 

0 44.04 40.60 39.34 40.09 
(1 

-10 43.00 39.64 38.35 39.08 

Table XII ~ D.C. resistivity values of A356 bars at 
various temperatures 1 

• l 

l 

l 
j 



, , 

(. 

-. 
E 
c: 
c -
>-
f--

" > 
f-
(/) 

(/) 

w 
a:: 

( 

\ 

91 ' 

47 

• 
.. 

• 
~. 

• 
• 

~., • 
41 

~: 1 UNMODIFIED 
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TEMPERATURE (OC) 

Figure 39: Variation of D.C. resistivl.ty v;ith 
temperature for A356 aJloy. 
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The A.C. resistivity results (Table XIII) show that the' 

difference in voltage between the standard and sample remain 

constant (within the experimentai error) with change in temper-

ature. 

3 • 2.2 Porosi ty 

Porosity, evident in many of the castings, was quantified 

(Appendix 7) using the density technique explained it:'! section 
" 

2.5.2. The majority of the A356 alloy castings had a porosity 

levei between 0.00 vol.%'and 0.20 vol.%, however porosities 

up ta 0.99 vol. % were measured in a few of the bars. Average 

porosity and average resistivity values of the four bars from 

the" sarne casting were used to increase the accuracy of the 

results. Comparisons that were made were therefore between 

castings and not between single bars. Castings with similar 

strontium contents" were compared (Table XIV) and in every case 

but one, the casting with the highest resistivity exhibited 

the highest porosi ty • 

Porosity was aiso exarnined by radiography. Al though the 

individual pores were tao small ta be identified on the x-ray 
l , 

/ 
image (figure 40), the bars appeared homogeneous implying that 

the porosity was uniformly distributed in the casting. The 

porosity on the surfacé of the metallographic samples (figure 41) 

was also uniformly distributed. 

3.2.2 Eutectic Segregation 

During the course of experiments bar diameter was changed 

by machining and was found to affect D.C. resistivity markedly 

" 
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A.C. Resistivity Values, ~v (mV) 

State of Modification 
Temperature 

C unmodified undermodi f ied modified ove rmo di f ied 

24 -0.062 0.454 0.540 0.432 

0 -0.057 0.499 0.550 0.432 

10 -0.061 0.454 0.547 0.430 

Table XIII: ~V values from A.C. resistivity measurements at 
var10us temperatures, for a110y A356 

\ 

\ 

. 
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Strontium content of D.C. Resistivity. Porosity, average 
castinqs (wt. %) avèrage of 4 bars of 4 bars in a 

in a casting casting 
(nn.m) (vol. %) 

0.000 44.82 0.30 
0.000 44.79 0.09 

~.004 ~4.39 0.000 
, .005 44.77 0.100 

0.007 42.20 0.009 
0.006 44.55 0.990 

0.011 42.32 0.025 
0.010 42.50 0.101 

0.013 42.08 0.000 
0.013 42.12 0.019 

0.014 41.67 0.009 
0.015 41.96 0.097 

0.017 41.91 0.000 
0.015 41.96 0.097 

0.021 41.55 0.020 ' 
0.024 42.80 0.333 

0.025 ,,' 40.94 0.910 
0.024 42.80 0.333 

0.028 42.08 0.121 
0.029 42.12 0.265 

0.069 41.81 0.033 
0.069 42.15 0.445 

Table XIV: The influence of porosity on electrical resistivity 

( 
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Figure 40: X-ray images of the bars. 
The bars were found to be 
homogeneous. 
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Figure 41: Porosity on the surface of a 
metallographic sarnple 
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(Table XV). A decrease in bar diameter of approximately 

3.0 mm increases the resistivity by approximately 28%. Studie&-­

were therefor~ mâde into the change in the amount of eutectic 

across the diameter of a bar (section 2.5.3). A 10% increase 

in the amount of eutectic towa~ds the centre of the bar was 

found irrespective of whether the alloy was unmodified, under-

modified, or modified, (Table XVI and figure 42). 

3.2.4 Solute Concentrations . 
Microprobe analyses were performed in the centre of samp1es 

with various strontium contents in order to study the variation 

o~\ solute concentration with change in strontium level. The 

results, (Table XVII) graphica11y represented (figure 43), show 

that the silicon content in the primary aluminum matri~ does 
" 

not vary with strontium content or degree of modification. 

3.3 Heat Treatment 

3.3.1 Heat Trèatment of A356 Alloy 

Three different heat treatments A,B and C with solution 

treatments of 8, 24 and 48 hours respectively were performed 

on bars as explained in section 2.6. D.C. and A.C. resistivity 

measurements were taken on the bars after solution treatment 

and after complete heat treatment (solution treatment followed 

byaging), (Appendix 8). 

The average changes in D.C. resistivity upon solution 

treatment and aging for each type of heat treatment are given 

in table XVIII where each value is the average resistivity of 

l 
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Sarnp1e Diameter Resistivity Diameter Resistivity Resistivity 
1) mm (nn .m) 2) mm (nn .m) Difference , 

fA6- 2A 14.80 42.36 12.50 66.88 28.3 

A6-2B 16.60 41.23 12.50 66.27 27.3 
t 

l 

A6-2C 16.85 42.09 12.50 Ir 66.57 28.0 

fA6- 2O 15.15 42.36 12.50 66.57 28.2 
. 

Table XV: Variation of D.C. resistivity with rnachined 
sample diameter 

1 

l 
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. 
Volume Percent Eutectic 

Sample Radial distance from centre of bar (mm) 

Omm (centre) 3.75 mm 7.5 mm 9.45 (Edge) 

Un-
modified 43 39 34 34 

"" 

Under-
modified 42 40 39 36 

Modified 39 36 32 32 

Table XVI: Variation of percent eutectic present with 
radial distance fram the centre of a bar 

\ 
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Fiqure 42: Variation of the amount of eutectic 
with rad.ial distance from the centre 
of bars 

--------------------------



Percent Strontium Percent Silicon 
(by spectrometer ana1ysis) (by microprobe ana1ysis) , 

\ . 
0.000 1.55 

0.000 1. 72 
, 

0.101 1.42 
, 

0.013 1.55 

0.021 1.46 

0.028 1.40 

0.029 1.62 

0.044 1.41 
, 

0.069 1.43 

0.069 1.52 

Table XVII: Cbrrelation between'percentage silicon 
in the aluminum matrix with strontium 
content 

--------------------------------------------------------------
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F~gure 43: Variation of silicon content in the 
primary aluminurn matr1x wlth stron­
tium content 
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Average change in D.C. Resistivity (nn.m) 
Heat 
Treatment 

As a result of As a result of the 
solution treatment aging process only 

A (8 hours) 
solution treat) 3.15 -3.59 

B (24 hours) 
solution treat) .2.60 -2.69 

C (48 hours 
solution treat) 2.58 -1.57 

Table XVIII: The average change in D.C. resistivity as a 
result of solution treatment and as a result 
of aging for A356 alloy heat treatments A,B 
and C. 

) 
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26 A356 alloy bars containing varying amounts of strontium. 

The average increase in resistivity as a result of solution 

treatment (2.78 nn.m) in aIl cases is approximately the same 

as the average decrease in resistivity (2.62 nQ.m) as a result 

of subsequent aging. / 
Although no clear trend is observed between the increase 

in resistivity upon solution treatment and the type of heat 

treatment, the resistivity change upon aging i5 interesting. 

For heat treatment A the decrease in resistivity on aging is 

larger than the increase observed on sol~ion treatment. The 

resi5tivity of the completely heat treated (A) bar i5 there-

fore 0.44 nn.m lower than the original non~heat treated bar. 

By increasing the solution treatment time (heat treatment B) 

the decrease in resistivity is approxlmately the same as the 
~ 

increase on solution treatment. With heat treatment C, the 

decrease in resistivity on aging is less than the increase 
• 

observed in ,solution treatment resulting in the completely 

heat treated (C) bar hav~ng a 1.01 nn.m higher resistivity 
f 

than the original non-heat treated bar. 

Another approach is to consider the change in resistivity 

upon heat treatment as a function of strontium content. There 

is one obvious trend (Table ~IX): for aIl heat treatments, A, 
.) 

Band C, the modified bar shows a greater increase in resistivi-

ty than the unmodified bar, upon solution treatment. Addition-

ally, for unmodified bars," the decrease in resistivity upon 

aging is always greater than the pre ce ding increase upon 

....,.---~-_ ..... - ------ ~--~--~--- ~ ~-~--
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CHANGE IN RESISTIVITY AS A RESULT OF HEAT 
TREATMENT (nQ .m) 

Heat Treat- Heat Treat- Heat Treat-
ment A ment B ment C 

, 
A356 
ALLOY Solu- Solu- Solu-

tion tion tion 
Treat- Aging Treat- Aging Treat- Aging 
ment ment ment 
(8 hrs) (24 hrs) (4\ hrs) 

UNMODIFIED +0.80 -2.69 +2.07 -3.26 +1.02 -2.51 
,-

MODIFIED +3.65 -3.47 +3.63 -2.04 +2.29 -2.13 
- --

Table XIX: A comparison of the change~ in resistivity brought 
about by various solution treatments and aging 
treatments, between unmodified and modified A356 
alloys 

.. 
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solution treatment, and so heat treated modified bars exhibit 

h1gher resistivities than as-cast modified bars. To illustrat& 

the resistivity changes graphically, the resistivity data from 

heat treatment A was plotted against strontiwn content. The 

resistivity'data obtained after solution treatrnent (figure 44) 
'l 

for unmodifie4 alloys (0.000 wt.% Sr) shows a small increase 

in resistivity (0.8 nn.m) upon solution treatment, and with in-

creasing amounts of strontium, the change in resistivity gradu-

ally increases by 2.85 nn.m reaching a maximwn change of 3.65 

na.m at 0.042 wt. % Sr. The corresponding A.C. resistivity plot 

(figure 45) aga in shows that unmodified alloys exnibit the 
" smallest èhange in ~v (-0.26 rnV) upon solution treâtrnent, and 

that modified ail oys of 0.042 wt. % Sr exhibi t the largest change' 

in ~v (-0.81 mV) on solution treatment. 

The decrease in resistivity as a result of aging exhibits 

no correlation with the various heat treatments; however, as 

"ntioned previously, comp1etely heat treated modified bars 

exhibit a higher resistivity than as-càst modified bars, and 

heat treated unmodified "bars exhibit a lower resistivity, than 

the as-cast unmodified alloy. This is illustrated in figure 

46; modified bars exhibit a 0.18 nD.m increase in resistivity 

as a result 'of complete heat treatrnent, and unmodified bars 

exhibit a decrease of 0,19 nn.m as a resu1t of complete heat 
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Figure 44: 'The difference in D.C. resist~vity 
between as-cast and solution treated 
A356 bars of various strontium con­
tents 
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Figure 45: The dlfference in ôV between as­
cast and solut~on treated A356 
bars of various strontium contents 
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between as-cast and completely heat 
treated A356 bars of various stron­
tium contents 

------------,------.. _----------



110 

The A.C. data shows the same results as the D.C. data 

(figure 47). Unmodified bars exhibit an increase in ~v of 

0.38 mV as a result of complete heat treatment and modified 

bars exhibit a decrease in ~V of 0.37 mV. 

The microstructures of bath modified and unmodified 

samples after complete heat treatment are shown in figure 48. 

The microstructures are more or less identical for aIl three 

heat treatments and aIl show the heat treated modified eutectic 

to he more spheroidal than the unmodified heat treated eutectic. 

3.3.2 Heat Treatment of A357 and A356 (0.48 wt.% Fe) Alloys 
1 

AlI three heat treatInents, A, B, and C were performed on 

A357 alloys and A356 (0.48 wt.% Fe) alloys. D.C. and A.C. 

measurernents were taken after solution treatrnent and aging 

(Appendix 8) and the results analysed in two ways as with the 

A356 alloy: irrespective of strontium content and as a func-

tion of strontium content. 

The average changes in D.C. resistivity upon solution 

treatment and aging in the A357 alloy are given in table X X 

where each value is the average resistivity of 9 bars contain-

ing varying amounts of strontium. The one and only significant 

trend evident is the increase in resistivity on solution treat-

ment and the decrease in resistivity on subsequent aging. 

Similar results are found for the A356 (0.48 wt.% Fe) alloy 

(Table XXI) where there is an increase in resistivity on solu-

tion treatment, and in two of the three cases there is a de-

crea se in resistivity upon aging. 
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Unmodified 
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Figure 48a: Metallographie samples of unmodified 
and lUodified bars subject to complete 
heat treatInent A 
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(mag :x 200) 

Unmodifiecl 

(mag :x 200) 

Modified 

Figure 48b: Metallographie samples of unmodified 
and modif ied bars subj ect to heat 
treatment B 
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Figure 48c: Metallographie sàmples of un­
modified and modified bars sub­
jeet to heat treatment C 
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Average Change in D.C. Resistivity (nS"2.m) 

Heat 

Treatment As a result of As a result of aging 
solution treatment only 

A + 4.49 - 4.26 

B + 3.06 - 2.97 

C + 4.23 - 0.65 

Table XX: The average change in D.C. resistivity as a 
result of solution treatment and as a result 
of aging for A357 alloy. 
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Heat 

Treatment 

A 

B 

C 

Table XXI: 
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~yerage Change in D.C. Resistivity (nrl .m) 

lAs a result of As a result of 
solution treatment only 

+ 2.72 - 3.20 

+ 1.90 - 2.43 

+ 1.82 + 0.21 

The average change in D.C. resistivity as 
a result of solut~on treatment and as a 
resul t of ag~ng for A356 alloy containing 
o . 48 wt. % Fe. 

aging 
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Un~ike the A356 alloy, heat treatment data of the A357 

and A356 (0.48 wt. % Fe) alloys could not he analysed as a 

function of strontium content. Statistical analysis of the 

heat treatment vs. strontium content data (Appendix 9) sug­

gested that data could not be graphically represented in a 

, sa tisf actory way, po ssibly beca use tao few da ta po ints were 

employed. There were 9 for the A357 alloy and 10 for the 

A356 (O.48wt.%Fe) alloy while 26 data pointswere used in 

the analysis of the A356 alloy results. 
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4. DISCUSSION 

4.1 E!perimental Inaccuracies C 

A large part of experimental result analysis involves the 

calculation of experirnental. inaccuracies. Inaccuracies can 

be in an absolute forrn, for exampl.e ± x nn.rn or t x rnV, or 

they can be in the form of a percentage. The percentage values 

indicate the relative importance of inaccuracies upon the re-

sistivity versus strontium content relationship, and can be 

used in D.C. and A.C. technique comparis.ons. The percent age 

inaccuracies were calculated on the basis that the total drop 

in resistivity (4.07 nn.m) and the total. increase in !J.V (l..OOmV) 

upon modi.fication could be represented as 100%. Thus, for 

example, a tO. 2 nn.m inaccuracy is equivalent ta an inaccuracy 

of :i:5.0%, and similarly a :i:0.05mV inaccuracy is al.so equi-

valent to an inaccuracy of ± 5.0 % • 

4.1.1 Instrumental Inaccurac~s 

The resistivity result from D.C. measurement includes the 

instrumental inaccuracies of the voltmeter, ammeter, micrometer 

screw gauge and vernier gauge giving a total instrumental in-

accuracy of ± 0.20 nn.m or ± 4.9l.% (Appendix 10). Although 

the !J.V value of the A.C. technique apparently includes onl.y 

the accuracy of the voltmeter, other factors such as the accu­

racy of the constant current setting, and of the constant volt­

age setting across tIre standa;-d bar, and the accuracy of the 

lock-in amplif i.er must be taken, into account. The total 

J. -_ .. _--------,.;.......~-----,_._------ ---"----- ._-- -- ---,. 



( 

\ 

( 

, ' 

119 

instrumen tal inaccuracy of the AC appara tus is :: 2.0 x 10-5 mV 

or ± 0.002 % (Appendix 10). 
\ 

... 
4.,.1.2 Inaccuracies Due to Inherent Differences between Similar • 

Bars 

In order to obtain a representative resistivity or b.V 

value for a typical bar at a particular strontium level, the 
, 

resistivity or t"V values of the four bars from one casting 

were averaged. Standard deviations of the four bars in e~ach 

casting were obtained and used to compute a standard error of 

-Jo 0.80 nn.m (± 19.65%) and ± O.l&LmV (18.90%), (Appendix Il). 

This large variation or inaccuracy in resistivi ty between 
~ 

similar bars is probably due to the differences in porosity be-

tween the bars (section 4.3.2). 

4.1.3 Dimensional Inaccuracies , 

The above inaccurac ies are based upon the f act tha t four 

bars are used to obtain the average resistivity and t"V values, 

and that the environmenta1 conditions of all measurements are 

the sarne. A~' additional parameter however must be taken i'flto 

account when considering tJ.V inaccuracies. The A.C. technique 

is a comparison technique and requires the standard bar and 
'., 

'sample bar to be identical in al1 respects except witl;l respect 

to the morphology of the eutectic silicon. The measured vol t­

age difference between the two bars is theoretica1ly, due only 

to the difference .in f01f of eutectic silicon. Practically, 

however, the bars were not dimensionally identical. The ma-

chining tolerances produced bars ranging in diameter from 

-------_ .... __ ._-_.-

, 
-.; 

1 

! 

L 



.. 

l , 

...... t 0 j 

120 

15.11mm to 15.35 mm, that is, a maximum diameter difference 

(6 D) of 0.18 mm. In the extreme case where, for example the 

standard bar is 15.17 mm in diameter, and the sample bar is 

15. 35 mm in diameter, the maximum error on tN (ôV) induced by 

ôD a10ne is ± 0.21.2 mVor 21.2% (Appendix 2). It shou1d be 

noted tha t this extreme case 'Would rare1y occur, and the 

majority of measurements were ta ken using bars with 00 1ess 

than 0.18 mm giving a oV less than 21. 2%. In order to reduce 

the large inaccu:r;acy due to varying bar diameter, the bars 

were grouped into three diameter ranges, ,A, B, and C, with ôD , 

"ili1ues of 0.18 mm, 0.09 mm and 0.04 mm respecti ve1y ~ The 
\" 
corresponding inaccuracies are then 21.2%, 10.6% and 4.7% z::e-

specti ve1y . 

Each set of data, that is, bars of range A, Band C were 

ana1ysed separate1y as a function of strontium content and 

statistica1 tests showed range B to gi ve the least amount of 

scatter in the results (section 3.1.2), Although the diameter 

r~nge with the ... srnallest ô D wou1d be expected to give the great­

est accuracy, the t; V values of this range are only the average 

values of a small number of bars, Al! A. C. tests were there-

fore performed using bars within the diameter range B, 15.31 mm 

to 15.22 mm. 

4.1.4 Total Inaccuracies of D.C. and A.C. Techniques 

The inaccuracy' of the D.C. technique consists of: 

instrumental inaccuracies: ± 0.20 nO.rn or ± 4.91% 

\ '. , 
.L 
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and 
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inherent differences between 

similar bars: 

giving a total inaccuracy of 

± 0.80 n~.m or ± 19.65% 

± 1. 00 nn.m or ± 24.56% 

The inaccuracy of the A.C. technique comprises of: 

instrumenta'l inaccuracies: ± 2.00xlO- 5 rnVor ± 0.OQ2% 

inherent differences be­

tween bars: 

and 

+ 0.189 mV or ± 18.90% 

dimensional inaccuracies: ± ,0.106 mV or ± 10.60% 

giving a total inaccuracy of: ± 0.296 mV or ± 29.60% 

4.2 D.C. and A.C.r) Resistivity 

4 . 2 • l A35 6 Alloy 
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The variation in D.C. resistivity with strontium content 

(figure 30) shows the expected trend that the acicular eutectic 

silicon imparts a greater resistivity to the A356 alloy than to 

the rnodified alloy which ~ontains a fine fibrous eutectic. The 

dro~ in resistivity of 4.07 n Uom between 0.000 wt. % Sr and 

0.44 wt. % Sr is greater than the standard D.C. resistivity 

error of '% 1.00 n nom, and can therefore be conside~ed signifi­

canto Although the microstructures show modification to be 

complete at 0.015 wt. % Sr, the resistivity corttinues to de-

crea se with increasing strontium content up to 0.044 wt. % Sr. 

This could either be due to a subtle continuation of the modi­

~g process, or the shape of th~ graph at strontium levels 
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above 0.015 wt. % Sr cou1d be considered questlonahle since it 

ls only based on a few scattered data points. ,More experi-

mental work is needed to determine the variation in resistivity 

with strontium content at high strontium leveIs, however it can 

be concludèd from present data that D.C. resistivity can he 

used to distinguish modified A356 alloys from unmodifled A356 

alloys, provided that the two alloys are identical in every 

other respect, and that the environmental conditions in which 

the two are measured are the same. 

The corresponding'A.C. results (figure 36) show an expect-

ed lncrease in ~V with increasing strontium content, since the 

difference in voltage hetween a standard unmodified bar and a 

modified sample is larger than the difference between a stand-

ard unmodified bar and a similar unrnodified samp1e. The in-

crea se in ~V of 1.0 mV i5 greater than the s~andard A.C. error 

± 0.296 mV and can therefore be considered significant. The 

D.C. and A.C. graphs (figures 30 and 36) can be-d~rectly re-

1ated. One is obviously the inverse of the other with the D.C • 

graPh reaching a minimum resistivity at 0.044 ~. % Sr, and the 

A.C. graph reaching a maxinum ~v at 0.044 wt. % Sr. The form 
1 

of the A.C. graph at high stronti~ contents i5 again question-

able; howeve=, it can be concluded that the A.C. technique is 

a satisfactory method with which to distinguish a modified 

a110y from an unmodified alloy. 

L 
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4.2.2 A357 Alloy 

The variation of D.C. resistivity with strontium content 

for the A357 alloy containing a high magnesiurn content (figure 

33) is very different from the variation for the A356' alloy 

(figure 30). Magnesium has a rnodifying effect on A356 alloys 

and hence the 0.000 wt. % Sr alloy exhibits a partially modi­

fied structure (figure 32a). There is therefore no great 

change in eutectic morphology with increasing strontium con­

tent, and accordingly there is no great variation in resistivi­

ty. The slight decrease of 0.25 n n.m at t~e low strontium 

contents could weIl be due to the change in eutectic rnorphology 

from partially rnodified to cornpletely modifiedi however, with 

consideration of experirnental inaccuracies of ± 1.00 nO.m, the 

small drop in resistivity appears to be insignificant. In con­

clusion, D.C. resistivity cannot be used te measure modifica­

tion in A357 alleys. From the rnicrographs (figure 32b) modi­

fication is complete at a 10wer strontium content (0.007 wt.% 

Sr) than for the A356 alloy (0.015 wt. % Sr). This is due to 

the modifying effect of magnesium. The A357 alloy aiso differs 

from the A356 alloy with respect ta the resistivity value of 

the modif~ed alloy. The resistivity of the modified A~57 alloy 

ls h~gher (43.50 nn.m) than that of the A356 a110y (40.75 na.m) 

due to the presence of Mg
2
Si Chinese script within the eutectic 

silicon phase. 
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The A.C. results for the A357 alloy (figure 37) are aga in 

an inverse form of the D.C. results (figure 30). There is a 

slight increase in t,V (0.20 rnV) at low strontium concentrations 

which lies within the inaccuracy range of :f: 0.296 mV., and the 

A357 modified alloys exhibit a lower t,V value (0.35 rnV) than 

the modified A356 alloy (0.9 mV). Similar conclusions can be 

drawn that the A.C. technique, like the D.C.' technique, cannot 

be used to control modification of A357 alloys. 

4.2.3 A356 Alloy Containing 0.48 wt. % Fe 

Iron does not have the modifying effect of magnesi~m. The 

variation of D.C. resistivity with strontium content for the 

A356 alloy with a high iron content (0.48 wt. % Fe, figure 34), 

is similar to that of the A356 alloy (0.20 wt. % Fe, figur~ 30). 

There is a significant decrease of 2.41 n Q.m between the un-
I 

modified and modified alloy, implying that D.C. resistivity can 

be used to monitor modification of A356 alloys containing high 

iron concentrations: 

The corresponding A.C. results (figure 38) show a signifi-

cant increase in resistivity of 0.35 mV between unmodified and 

modified alloys, and therefore the A.C. technique can aiso be 

used to monitor modification in A356 alloys with high iron 

contents. 

4.3 Factors Affecting Resistivity 

Resistlvity ls dependent upon many variables and in order 

to control these during resistivity measurement, it was 

1. 
j 



( 

125 

necessary to investigate each factor separately. Temperature 

was varied and its effects upon resistivity found. The effects 

of porosity and eutectic segregation were also analysed. 

4.3.1 Temperature 

The variation of D.C. resistivity with temperature is 

linear over the temperature range -lOC to 24C (figure 39). The 
'-1 temperature coefficient of resistivity, 0.1 nn.m K , i5 the 

same as that for pure aluminum because the Al-Si-Mg alloy ls pri-

marily composed of an aluminum matrix. The presence of eutectic 

silicon causes no change in resistivity coefficient, but it 

does increase the absqJute resistivity. This absolute resisti-

vit Y varies with the morphology of eut~ctic silicon (figure 39). 

Unmodified alloys have the highest resistivities, undermedified 

alloys have lower resistivities and the modified and over-

modified alloy~ exhibit the lowest resistivities. 

Temperature fluctuations are especially important in D.C. 

resistivity measurement. For example, an increase in tempera-

ture of only SC will cause the resistivity to increase by 

0.5 n~Lm. When dealing with a 4.07 n n.m resistivity rang~ 

(the difference in resistivity between an unmodified and modi-

fied bar) any small temperature fluctuations will result in 

significant ?hanges in resistivity. AlI samples te be compared 

using the D.C. resistivity technique must be measured at the 

sarne temperature. Temperature is a very difficult parameter to 

control in foundry conditions, therefore the tempe rature in-

dependént differential technique was studied. The difference 

----------------- ---- ------~---'"--- -- --
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in voltage between an unmodified bar and a sam le 

measured over the temperature range ,10C to 24C~ 
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bat was 
\ 

The \absolute 
\ 

resistivity of each bar changed with temperature, however, due 

to their identical thermal coefficients, the difference in re-

sistivity between the two bars remained constant, (table XIII). 

The resistivity of sample bars containing various leVe\5 of 

strontium was measur~ The unmodified sample eXhibite~he 

smallest consta~~ va\ues as expected, and the modified ~ar 
exhibited the Iargest co~ /W value. 

In s ary, resistivity is considerably tempe rature de-

pendent t erefore the temperature independent A.C. technique 

would be favoured over the D.C. technique in foundry practice. 

4.3.2 Porosity 

H drogen porosity is a weIl known defect in aluminum 

castin s. Although al! melts were deqassed for the same time 

period, the castings showed various porosity contents ranging 

from 0.00 vol % to 0.99 vol l. Average porosity and average 

resistivity values of four bars from the same casting were 

used to increase the aécuracy of the results. Comparisons 

that "'were made were therefore between castings and not between 

individual bars. No two castings of identical strontium con-

tents were obtained due to the unpredictable dissolution be-

haviour of strontium, and 50 castings with similar strontium 

contents were compared, (table XIV). In aIl comparisons but 

one, the casting with the highest resistivity exhibited the 

highest porosity content. The two unmodified castings were the 

\ 
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exception, with the highest resistivity occurring in the cast­

ing with lowest porosity. Strontium is krOwn to increasé 

hydrogen pick up in melts, and therefore has sorne effect upon 

porosity. 

In summary, an increase in porosity will cause an increase 

in resistivity. In arder to quantitatively analyse porosity, 

the standard deviations of porosity for the four bars in each 

casting were obtained and used to compute a standard error of 
~ 

± 0.110 vol % porosity for each porosity result (Appendix Il). 

In other words, four bars, identical in every respect, can vary 

in porosity content by ± 0.110 vol % porosity. The errors 

computed in section 4.1 show that the inaccuracies due to in-

herent differences between identica1 bars are 19.55% for the 

D.C. technique and 18.9% for the A.C. technique. Since porosity 

was the on1y parameter found to vary between idé~tica1 bars, it 

can be assumed that the inherent differences betw~en identical 
\ -

bars are due to porosity differences. The variatiO\ of ± 0.110 

vol % porosity therefore produces ± 19.55% and ± 18.90% in-

accuracies ln the D.C. and A.C. results respectively. In­

accuracies due to poroslty are very large when compared with 

total inaccuracies of ± 24.63% and ± 29.6% of the D.C. and A.C. 

techniques. The scatter of resu1ts in the D.C. and A.C. versus 

strontium content curves can therefore be attributed largely to 

porosity variations. 

1 
5 . 
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4.3.3 Eutectic Segregation 

During the course of the work, sample bar diameter was 

changed by machining and was found to affect D.C. resist~vity. 

Microscopie examination revealed the presence of more eutectic 

in the centre of bars and hence experiments were conducted to 

measure the amount of eutectlc across the sample bar diameter. 

A 10% lncrease in the amount of eutectic towards the centre of 

the bar was found and could certainly account for the increase 

in resistivity with decreasing bar diameter. 

This variation is caused by normal segregation where the 

first solid phase to freeze during solidification (primary 

aluminum) 15 depleted in silicon. The liquid ahead of the 

solid-liquid interface which proceeds toward the centre of the 

bar i5 consequently enriched in silicon content. 'Thus the 

centre which is the la st part of the bar to solidify, has a 
1 

J 
higher silicon content than the rest of the bar and therefore 

contains a greater proportion of eutectic. The variation 15 

the sarne for unmodified, undermodified and modified bars be-

cause the change in silicon content across the bar only affects 

the amount of eutectic and not the eutectic morphology. 

4.4 Heat Treatment 

4.4.1 Introduction 

The total inaccuracies of the D.C. and A.C. techniques 

were:l: 1.00 nO.m and :1: 0.296 mV respectively and were calculated 

taking into account instrumental inaccuracy, variation in 

resistivity between bars of the same strontium content, and in 

.. 
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the case of the A.C. technique, also taking into account the 

effects of machining tolerances. These inaccuracies were based 

on the premise that' the resistivity values for the D.C. tech-

nique were an average of the resistivity of four bars, and the 

~v values were an average of ~V values for two, three or four 

bars. (This variation in number of values for the average 

stems from the use of bars withln range B diameter limits, 

section 2.4.2). 

The heat treatment results, however, were those of single 

bars. No average values could be used because each of the bars 

obtained fromone casting was heat treated differently. It is 

therefore valid to assum~ that the inaccuracies in the heat 

treatment results are at least ± 1.00 nn.m and ± 0.296 mV and 

could weIl be greater th an these values. 

4.4.2 Heat Treatment and Resistivity 

Three heat treatments, A, Band C were performed on bars 

as explained in section 2.6. The resistivity values of aIl 

26 A356 bars after solution treatment and after complete heat 

treatment were averaged (table XVIII), and it was found that , 

the bars exhibited an average increase in resistivity on solu-

tion treatment of 2.78 nn.m and an average decrease in resisti-

vit Y on subsequent aging of 2.62 nn.m. These are significant 

changes since the standard D.C. error is ± 1.00 nn.m. 

The increase in resistivity on ~olution treatment is main-

ly due to the effect of ripening and dissolution. The ripening 

process increases the reslstivity of the alloy because lt is a 
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eutectic coarsening process. Dissolution produces a solid 

solution wh±ch after quenching contains relatively high con­

tents of silicon and magnesium. The atomic lattices of the 

solid solution are distorted to accomodate the excess silicon 

and Magnesium atoms, and therefore impart a high resistivity 

on the alloy. 

Spheroidization does in fact decrease resistivity because 

it changes plates and needles ,to spheroidal particles. An aci­

eular eutectie is weIl known'to give an alloy a higher resisti­

vit Y than a spheroidal eutectic. 

Homogenization would aiso be expected to decrease resisti­

vit Y to a small extent beeause the aluminum matrix becomes more 

uniform, as the solute concentrations become uniforme 

In conclusion, it can be postulated that the increase in 

resistivity due to solution treatment oecurs because the re­

sistivity effects of ripening and dissolution are greater than 

those of spheroidization and homogenization. 

The decrease in resistivity on aging can possibly be 

attributed to the depletion of the silicon and Magnesium con­

centrations in the matrix, however more extensive experimentai 

work is necessary to substantiate this. It is thought that the 

depletion of solute content in the lattice allows the distorted 

lattice to become more uniform, and that a uniform lattice will 

impart a low resistivity to the alloy. 

Ripening and spheroidization have different effects upen 

modified and unmodified structures and therefore studies were 
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performed to examine heat treatment as a function of strontium 

content. 

For aIl types of heat treatment the.modified alloy showed 

a greater increase in resistivity than the unmodified alloy up­

on solution treatment (table XIX). In every case, these differ­

ences were greater than the standard DeC. resistivity error of 

+ 1.00 n Il.m. Ripening, an effect which increases res'istivity' 

occurs more readily in modified alloys than in unmodified 

alloys'due to the small interparticle distances in rnodified 

alloys. Spheroidization, however, an effect which decreases 

resistivity occurs to a lesser extent in modified alloys. In 

con~lusion, the resistivity of modified alloys increases great­

ly on solution treatment due to extensive ripening and little 

spheroidization, while the resistivity of unmodified alloys in­

creases slightly due to sorne ripening and much spheroidization. 

Upon aging, aIl samples exhibit a decrease in resistivity 

and there is every indication that the decrease was approximate­

ly the sarne for aIl bars, irrespective of previous solution 

treatment ttme or state of modification. AlI bars were subject 

to the same aging treatment and aIl exhibited the sarne decrease 

on aging (table XIX) within the D.C. standard range of error 

(which is at least ± 1. 00 n Q.m) • 

Throughout the work no significant trend cou Id be found be­

tween type of heat treatment and resistivity values and the 

micrographs of aIl modified and aIl unmodified alloys after 

J 
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complete heat treatrnent were very much the same. Recent 

work(28) suggests that dissolution, ripening and spheroidizing 

processes occur within the first few hours of solution treat-

ment and therefore no significant resistivity differences 

would be expected when comparing bars subjected to 8, 24 and 
) 

48 hours of solution treatment. 

4.5 Comparison between D.C. and A.C. Resistivity Techniques 

The D.C. resistivity of a ca~t ''Al-Si-Mg alloy is the sum of 

the resistivities due to eutectic morphology, dissolved impuri-

ty atoms, dislocations, vacancies, grain boundaries and porosi-

ty and yields no information about the effect of a single 

factor upon the total resistivity. The differential A.C. tech-

nique however, i5 a comparison technique and can measure 

changes in'individual resistivity effects. The method uses a 

standard reference specimen and compares this with the sample 

under examination. In thi~ way, the effects of resistivity due 

to factors that are present in both the standard and the sample , 

are eliminated. 

Although porosity was present in bath standard and sample 

bars, it was not present in equal amounts. The effect of re-

sistivity due to porosity was therefore partially eliminated 

using the A.C. technique where only the difference in porasity 

between the standard and sample affected the results. 

Although porosity produces sorne inaccuracy in the results, 

the difference in resistivity due to porosity variations as 

measured in the A.C. technique is certainly less than the 
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absolute resistivity due to porosity measured in the D.C. 

technique. The inaccuracies due to porosity were c1iculated 

as 19.55% for the D.C. , technique and 18.90% for the A.C. tech-

nique, (Appendix Il). 

Instrument errors of the A.C. technique were 1ess than 

those or'the D.C. technique. This is to be expected since the 

direct 6V values of the A.C. technique are not calculated from 

other paramete~ which themse1ves exhibit inaccuraciè~. 
1 

1 

Considering sole1y the ina~curacies due to porosity and 

instrumental errors, it can be seen that the A.C. technique is 

more favourable, exhibiting 19% inaccuracy as compared with the 

24.6% inaccuracy of the D.C. technique. 

An additional factor however that had to be considered in 
'N 

the experimental work was the machining tolerahces of the bars. / 

These had no effect on D.C. resistivity but a 10.6% effect on 

A.C. results. The experirnenta1 resu1ts therefor~ showed a 

24.6% inaccuracy in D.C. data and a 29.6% inaccuracy in A.C. 

data. Although the D.C. experirnental 9ata had the srna11er 

inaccuracies the A.C. techniq~e wou1d certain1y be favoured in 

foundry practice over the D.C. technique if bar machining 

tolerances could be eliminated. 

f} 
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s. SUMMARY 

Both D.C. and A.C. resistivity techniques are satisfactory 

non-destructive techniques that can distinguish an unmodified 

A356 alloy from a modified A356 alloy and the results of both 

techniques can be directly related, where one 15 the inverse of 

the other. The work conducted on A357 alloys and A356 alloys 

containing 0.48 wt. % Fe, was limited, and further data points 

should be obtained ta reach more satisfactory conclusions. 

The trends that were observed, however, do correspond ta the 

mi~rostructures and do suggest that modlf~cation can also he 

monitored in A356 alloys with 0.48% Fe contents. Magnesium, 

on the other hand, was found to have a modifying effect upon 

Al-Si-Mg alloys, and modification of A357 alloys cannot be 

studied using resistiv~ty technlques. 

Both D.C. and A.C. techniques apparent1y produced.the same 

r" amount of scatter in the results lmp1ylng that the scatter was 

due to sorne inherent variatlons in the castings and not resisti-

vit Y measurement techn~que. There is sufficient evidence to 

assume that the inherent variations ln the castings were due to 

porosity, and produced inaccuracles of approximate1y 19% in the 

results. If the resist~vity techniques are to be ~proved it iB 

imperative that the porosity of aIl castings must either be 

eliminated or kept constant. 

Another factor to be considered if improvements are to be 

made 15 sample bar dlameter. Fir5tly the presence of eutectic 
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segregation suggests that aU bars must be cast to the same 

diame~er, and secondly the sensitivity of the A. C. technique to 

variations in machined bar diameter suggests that bars must not 

be machined. Ideally, a mold should" be developped which pro-

duces bars of constant diameter and good surface finish. The 

A. C. technique would then certa~nly be favoured in foundry 

practicei it has a low instrumental error and i5 insensitive 

to local temperature fluctuations. 

Res~stivity techniques can also be used in the heat treat-

ment study of Al-Si-Mg alloys. The resistivity of bars in-

creases on solution treatment and decreases on subsequent age-

ing. Modified aaoys show a greater increase in re~istivity .. 
upon solution treatment than unmodified alloys. The actual 

reasons for this are unclear at present but no doubt involve 

the processes of dissolution, spheroidization ripening and 

homogenisation. 

• 
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6. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORX 

In undertaking this wark, the general obj~ctive was ta 

study the re5istivrity technique in order ta discaver if it 

could be used in the foundry ta monitor modification of 

Al-Si-Mg alloys. More specifically, the fallowing questions 

were to be answered: 

1. 15 the change in resistivity between modified and un-

modified Al-Si-Mg alloys due ta the change in the forro of the 

eutectic silicon or due to sorne other change such as composi-

tion of the a1uminum matrix? 

2. Ta what degree does resistivity due to porosity affect 
. 

the resistivity measurements? 

3. Are the inaccuracies observed in the results by Closset 
rl • ~ 

and Gruzleski (15) (figure 16) due to poor apparatu5 or sample 

variation, and does differential electrical resistivity yield' 

more accurate results? 

4. Can electrical tesistivi ty techniques be used ta 

study compositional influences at various levels of modifica-

tien? 

5. Can the electrical resistivity technique be used to 

study heat· treatment of Al-Si-Mg alloys at vazrious levels of 

modification? 

From the experimental results and discussions presented 

in the preced~ng chapters i t ~s possible to use electrical re-

sistîvity to monitor modification of Al-Si-Mg alloys. In 

general, the foilowing conclusions can be made: 
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1. There is every indication that the change in resistivi-

ty upon modification is due to changes in eutectic morphology; , 
1 

results show that there is no change in silicon content in the 

aluminum matrix upon modification. 

2. porosity increases the resistivity of Al-Si-Mg alloys 

and if the resistivities of bars are to be accurately compared 

then the porosity content of the bars must be the same. 

3. The scatter in D.C. resistivity results is not due to 

poor instrumentation but due to sample variations. These sample 

variations are largely due to porosi ty and are therefore also 

observed in the differential A.C. technique. 

4. DifferentiaI resistivity techniques will yield more 

accurate results than D.C. techniques provided that bars are 

produced with identical diameters. 

5. The different1al resistiv1ty technique would be 

favoured in foundry practice primarily because it is tempera-

ture independent. 

6. Both D.C. and A.C. resistlVl.ty techniques can be 

used to study compositional lnfluences at various levels of 

modificatl.on. The results from these studl.es indicate that 

resistl.vity can successfully monitor modlficatl.on in A356 alloys 

and A356 (0.48 wt. % Fe), however, l.t cannot successfully moni-

tor modification ~n A357 alloys with higher magnesium contents. 

" 7.' Both D.C. and A.C. reSl.st1Vl.ty techniques can be- used 

to study the heat treatment of AI-S1-Mg alloys at varl.OUS levels 

- -- -- ------------_._--~-----
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of modification. Results have shown an increase in resistivity 

on solution treatment and a decrease on subsequent aging. Addi-

tionally, modified alloys exhibit a greater increase in resisti­

~~ solution treatment than unmodified alloys. 

The aù~r suggests further work based on th~ results of this 

thesis: 

1. The improvement of the resistivity techniques.for use 

in the foundry; 

a) A method must be developed by ~hich the porosity 

of cast samples can be monitored, in order to pro-

duce bars of constant porosity level. 

b) A mold should be developed that can produce bars 

with identical diameters and smooth surface 

finishes. 

c) Studies of resistivity and modification should 

be performed on aIl Al-Si-Mg foundry alloys in 
1 

order to ident~fy the alloys that are sensitive 

to resistivity techniques. 

2. The use of reslstivity to monitor heat treatment in 

situ; 

a) Studies of the variation in resistivity dur~ng 

heat treatment could be performed ta gain an in-

sight ~nto the microstructural changes that occur 

upon heat treatment. 

b) In situ resistivity data cou Id be used to predict 

optimum heat treatment conditions. 
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( 

c) Molds of different diameters could be developed 

in order to study the effects of cooling rate on 

heat treatment. 

\ 

l, 

( 
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APPENDICES 

In troduct ion 

The exper ~mental data for each sample bar are given where 

each sample 1s 1dentified by uS1ng its sample number as follows: 

VX-YZ 

(1) V denotes the type of Al-S1-Hg a110y usedi A (A356 

> alloy) i B (A357 a11oy); C (A356 a110y containing 

o . 4 8 wt. % Fe). 

(li) X denotes the number of the experiment 1n whlch 

two castings were poured. 

(il1) y denotes the casting number with1n the particular 

experiment; 1 (first casting to be poured); 2 (second 

casting to be poured, usually having a h1gher stron­

tium content than the first). 

(iv) Z denotes the bar location w1thin the casting 

( figure 49) . 

When reference 1s made to a particular casting rather than 

a particular bar, the cast1ng ls identified as VX-Y. 

" 



( 

Figure 49: An Al-Si-Mg alloy casting showing 
the location 'Of bars A,B,C and D. 

,----------, - --- -'- ------- -
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APPENDIX 1 

Sp!ctrochemical Analyses of the Castings 

, Casting Element (wt. %) 
NWDber 

Si Fe Cu Mn Mg 

lù-l 7.076 0.061 0.008 0.000 0.366 

Al-2 7.088 0.055 o. 008 0.000 0.345 

A2-1 7.038 0.058 0.008 0.000 0.361 

A2-2 7.105 0.066 O. 015 0.000 0.370 

A3-1 7.485 0.069 0.007 0.008 0.372 

A3-2 7.144 0.074 0.007 0.006 0.382 

A4-1 7.333 0.069 0.006 0.004 0.369 

A4-2 7.202 0.072 0.007 0.009 '0.381 

A5-1 7.209 0.056 0.006 0.009 0.355 

A5-2 7.454 0.063 0.006 0.009 0.350 

A6-l 7.385 0.059 0.007 0.011 0.364 

A7-1 - 7.538 0.069 0.007 0.011 0.357 

A8-1 7.332 0.066 0.007 0.012 0.375 

A8-2 7.423 0.071 0.007 0.011 0.350 

A9-1 6.913 0.061 0.008 0.021 0.356 

A9-2 6.908 0.062 0.0.08 0.021 0.335 

AI0-l 7.037 0.058 0.007 0.021 0.340 

AlO-2 6.937 0.073 0.008 0.021 0.360 

All-l 6.993 0.064 0.008 0.022 0.359 

A11-2 6.987 0.075 0.008 0.022 0.331 

A12-1 l.035 0.062 0.007 0.022 0.373 

A12-2 , 6.972 0.065 o~ 007 0.021 0.370 

A13-1 7.266 0.050 0.007 0.021 0.360 

A13-2 6.197 0.065 0.007 0.021 0.362 

A14-1 6.990 0.074 O. 000. 0.003 0.323 

A14-2 6.575 0.081 0.000 0.000 0.306 

#. 

( continued. 

1 
,1 
• 
" 
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Spectrochemical Analysis of Castings (cont'd) 

Casting Element (wt. %) 
Number 

Cr Ni Zn- Ti Sr 

Al-l 0.000 0.024 0.000 0.060 0.000 

Al-2 0.000 0.026 0.000 0.059 0.015 

A2-1 0.000 0.025 0.000 0.060 0.002 
1 , 

A2-2 0.000 0.022 0.037 0.061 0.006 

A3-l 0.000 0.020 0.015 0.064 0.000 

A3-2 0.000 0.022 0.095 O. 059 0.005 

A4-1 0.000 0.023 0.000 0.063 0.003 , , ., , 
A4-2 0.000 0.022 0.000 0 .. 063 0.008 

A5-l 0.000 0.021 O. 000 0.061 0.007 

AS-2 0.000 0.021 0.000 O. 059 0.013 

A6-1 O. 000 0.019 0.000 0.059 0.004 
, , 

A7-1 0.000 0.019 0.000 0.061 0.014 i 
i 
1 

AB-l 0.000 0.019 0.000 0.060 0.017 

AB-2 0.000 0.019 0.000 O. 061 . 0.013 

A9-1 O. 006 0.012 0.028 0.063 0.011 
, 

A9-2 0.006 0.012 °t 028 0.063 0.069. , 
AI0-l 0.006 0.012 0.028 0.065 0.012 '. \ 

j 

AIO-2 0.006 0.012 0.028 0.064 0.069 C' 

All-1 0.007 0.012 0.049 0.063 0.010 

foll-2 0.007 0.012 0.056 0.062 0.028 

A12-1 0.007 0.012 0.029 0.064 0.024 

A12-2 0.006 O. 012 0.029 0.063 0.029 i 

A13-1 0.005 0.008 0.028 0.068 0.021 i 
; 

A13-2 0.005 0.008 0.028 0.069 0.025 

A14-1 0.002 0.001 0.011 0.065 0.044 
',1 

A14-2 0.001 0.001 0.010 0.061 0.058 

. 
N.B. The compositional balance is a1uminum • continued. 

• 
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Spectrochemical. Analysis of Castings (cont'd) 
< 

Casting Element (wt. l) 
Number 

Si Fe Cu Mn Mg 

Bl-l 7.097 0.056 0.007 0.023 0.759 

Bl-2 7.172 0.062 0.007 0.023 0.783 

B2-1 7.077 0.057 0.007 0.023 0.766 

B3-1 7.338 0.056 0.007 0.023 0.783 

B3-2 7.158 0.055 0.007 0.023 0.756 

B4-1 6.482 0.070 0.000 0.000 0.653 

B4-2 - 6.678 0.074 0.000 0.001 0.665 

135-1 8.143 0.089 0.000 0.007 0.682 

B5-2 8.654 0.091 0.000 0.009 0.724 

C1-1 7.681 0.456 0.000 0~007 0'.348 

C1-2 7.826 0.477 0.000 0.006 0.347 

C2-1 7.762 0.514 0.000 0.007 0.348 

C2-2 7.850 0.526 0.000 0.007 0.349 

C3,:,,1 7.319 0.434 0.009 0.011 0.335 

C3-2 7.101 0.456 0.011:9 0.010 0.320 

C4-1 6.789 0.464 0.000 0".009 0.309 
1 

- 1 

C4-2 7.002 0.480 0.000 0.010 0.319 

C5-1 7.305 0.478 0.000 0.011 0.337 

CS-2 7.447 0.493 , 0.000 o. 013 0.334 

continued. 



1.9 

, 
1 
1 

( 

Spectrochemical Analysis of Castings (cont' d) 

cadinq Element (wt • %J 
Number 

Cr Ni Zn Ti Sr 

j 81-1 0.007 0.012 0.027 0.068 O. 000 

B1-2 0.007 0.012 0.027 p.068 O. 014 

~2-1 0.Q07 o. 012 0.027 0.068 o. 007 

B3-l 0.007 0.012 0.027 0.068 O. 023 

B3-2 0.007 0.012 0.027 0.068 0.037 

84-1 0.002 0.001 0.011 , 0.062 0.000 

84-2 0.002 0.002 0.012 0.062 0.020 

85-1 0.006 0.003 0.000 0.063 0.044 

85-2 0.006 0.003 0.000 0.064 0.068 

\::1-1 0.005 0.002 O. 000 0.063 0.000 

Cl-2 0.010 0.002 0.000 0.062 0.015 

C2-1 0.000 0.002 0.000 0.063 0.014 

C2-2 0.004 0.002 0.000 0.062 0.022 ! 
c3-1 0.001 0.002 0.011 0.064 0.006 l 

1 C3-2 0.001 0.002: 0.011 0.063 0.011 

C4-1 0.055 0.002 0.000 0.063 0.016 t 

C4-2'-... 0.052 0.002 0.000 0.064 0.017 1 
C5-1 0.034 0.002 0.000 0.065 0.061 

1 CS-2 0.046 0.002 0.000 0.067 0.086 
;, 

N.B. The compositlonal balance ls alum~num. 

( 

"\, 
~. 

-------~b __ ~--------------------------------~----------------------
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APPENDIX 2 

C&lculati.on of Errors i.n ~ V due te Machining Tolerances 

Onavoidable machining to1erances gave bar aiameters ranq-

LDq from 15.17 mm to 15.35 mm, that is, a maximum diameter 

difference between bars of 0.18 mm. The error incurred on AV 

can then be calculated as follows: 

5V 
V ... 2c5D 

D 

wbere cSV • error induced on AV 

V • voltage across standard bar ... 9.0 mV 

6D ... maximum diameter difference between bars 

o = average bar diameter = 15.26 mm 

For bars inc1uded in diameter range A, the maximum difference 

in diameter between bars is 0.18 mm gLving an error on AV of 

± 0.212 mV. 

For bars Lnc1uded .in diàmeter range B, the maximum difference 

in bar d1ameter between bars is 0.09 mm giving an error on AV 

of 1: 0.106 rnV. 

Por bars included in diameter range C, the maximum difference 

in bar d1ameter between bars 15 0.04 mm giving an error on AV 

of + 0.047 mV. 
) 

~.-----,,~._.--,-,------------------------~------------------------------



\ 

( 

• 

APPENDIX 3 

Illustration of the Density Technique for Quantitative 
Determination of Porosity 

151 

Step 1: Calculatè the experimental density - use weight of 

sample in air and in water. 

Experimental 
Density 

Mass in Air 
Mass in Air - Mass ln Water 

x Density of Water 

The density of water was taken from published values (29) • 

Step 2: Ca1culate theoretical density (Appendix 4) 
" 

Step 3: Ca1culate amount of porosity. 

.. Porosity, vol. % = TheoreticalDensitY-Experimenta1Density 
Theoretical Densi ty 

x 100% 

f 
--------~b~%-.'Y~._.-.----~--------------------------------------------------------.----------- -,---
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APPENDIX 4 

Saœple Calculation of Theoretical Density(30) 

Alloy Composition: 7.076% Si, 0.061% Fe, 0.008% Cu, 0.3661 Kg, 

0.024% Ni, 0.060% Ti, balance Al. 

Assume a 100 gm sample and calculate the mass and volume of 

each species in the alloy. 

Element l/Density, Amount Present, Volume, 
3 3 cm/gm gm cm 

Si 0.429 7.076 3.035 

Fe 0.127 0.061 0.008 

Cu 0.112 0.008 0.001 

Mg 0.575 0.366 0.210 

Ni 0.112 0.024 0.003 

Ti 0.220 0.060 0.013 

Al 0.371 92.405 34.282 

Total 100.000 37.552 

J 

Theoretical Density Total Amount Present, gm = 3 Total Volume, cm 

100 gm/cm3 - 37.552 = 2.663 

, 
; 

1 
~ , , . 

L 
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SUlple 

Al-LA 

Al-lB 

A1-1C 

Al-1D 

Al-2A 

Al-2B 

Al-2C 

Al-2D 

A2-lA 

A2-lB 

A2-lC 

A2-1D 

A2-2A 

A2-2B 

A2-,2C 

A2-2D 

D.C. 

153 

D.C. Resistivity Averaqe D.C. Res1st1v1ty 
(nO.m) (nO.m) 

~ 

44.39 

45.38 

44.68 

41.90 

42.40 

41.71 

41.72 

41.99 

43.39 

42.80 

42.34 

43.08 

45.01 

44.43 

44.08 

44.84 

•• ,82 

41.96 ) 

;~ 

42.90 

44.59 

" 
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D.C. Resistivity Data (cont.' 

Semple D.C. Resistivity Average D.C. Resistivity 
(nn.m) (nn .m) 

A3-lA 46.47 

A3-IB 46.10 

A3-le 45.73 44.79 

A3-ID 44.85 \' 

A3-2A 44.56 

A3-2B 44.44 

A3-2e 43. ~4 
44.21 

A3-2D' 43.88 

A4-1A 45.14 

A4-1B 44.27 
44.66 

A4-le 44.31 

A4-ID 44.90 

A4-2A 44.28 

A4-2B 43.28 

A4-2C 43.53 43.73 

A4-2D 43.84 

AS-lA 43,. ~2 

AS-lB 42.79 

A5-1e 42.62 42.14 

A5-ID 42.31 

AS-2A 42.34 

AS-2B 41.88 

AS-2e 41.93 42.12 

AS-2D 42.34 
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D.C. Resistivity Data lcont. ) 

\. Sample D.C. Resistivity Average D.C. Resistivity 
(na .m) (nl1.m) 

A6-lA 44.16 
A6-lB 44.51 

44.50 
A6-1C 44.8'4 
A6-ID 47.93 

A7-IA 41. 72 
A7-1B 41.48 
A7-lC 41.59 41".67 

A7-lD 41.89 

AS-lA 4:.l.40 

A8-lB 41. 48 
41.91 

AS-lC 41.99 
AS-ID 41. 77 

:.. 

A8-2A 42.34 
AS-2B 4l.BO 
AS-2C 41. 70 42. OS 

A8-2D 42.48 

A9-1A 42.82 
A9-lB 42.05 
A9-1C 41. 97 42.32 

A9-lD 42.46 

A9-2A 41.S4 
"-

A9-2B 42.16 
A9-2C 42.13 42.22 

( A9-2D 42.75 
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D.C. Resis ti v l. ty Data (cont. ) 

Sample D.C. Resisti vi ty Average D.C. Resistiv1ty 
(nO .m) (ni1 • m) 

AIO-IA 42.45 

AIO-IB 41. 71 42.09 
AIO-le 41. 70 

AIO-ID 42.51 

AIO-2A 42.51 

A10-2B 41.14 

AlO-2e 41. 77 42.10 
') 

AlO-2D 42.96 

AlI-lA 43.02 

AlI-lB 42.33 42.50 
All-le 41. 75 
AlI-ID 42.91 

All-2A 42.51 

A11-2B 41.54 

All-2e 41. 91 42.08 

A11-2D 42.34 

Al2-lA 43.14 

A12-lB 41.35 

AI2-le 42.22 42.60 

A12-lD 43.71 

AI2-2A \ 42.74 

A12-2B 41. 77 

A12-2e 42.27 42.12 

A12-2D 41.71 
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D.C. Res1stivity Data (cont. ) 

Suple D.C. Resistivity Average D.C. Res1stivity 
(nn .m) (nSl .m) 

Al3-lA 41.26 _ 

Al3-lB 40.46 40.91 
A13-le 40.38 

Al3-ID 41.54 

~ A13-2A 41.66 

Al3-2B 40.38 

A13-2e 40.24 40.94 

A13-2n 41.47 
, 
1 

A14-1A 41.83 1 
41.41 ! ' 

A14-1B 40.85 

A14-1e 40.84 0 
, 

A14-1D 42.11 

A14-2A 42.16 

Al4-2B 40.59 

A14-2e -40.57 41.31 

A14-2D 42.94 

\ BI-lA 44.68 

al-lB 43.53 

BI-le 44.05 44.18 .. -
BI-ID 44.45 

~ 

Bl-2A 43.99 

(~-2B 42.84 

Bl-2e 42.84 43.40 

Bl-2D 43.94 
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D .C. Resistivi ty Data (cont.) 

Sample D.C. Resistivity Average D.C. Resis~iv1ty 
(nO .m) (nO .m) 

B5-2A 43.93 
B5-2B 43.35 43.64-
B5-2C 43.12 
B5-2D 44.16 

~ 

Cl-lA 47.19 
Cl-lB 46.41 46.74 
Cl-le 46.21 
Cl-1D 

, 
47.17 

" 

Cl-2A 4-5.03 
Cl-2B 43.76 -44,.26" 
Cl-2e 43.87 
Cl-2D 44.39 

~ 
. .., 

C2-lA 45.66 
C2-1Q 43.85 

44.47 
C2-le 43.82 
C2-1D 44.58 ,.p 

~ _. 

C2-2A 44.22 .' C2-2B 43.52 
C2-2C 42.95 43.41 , . 
C2-2D 42.94 

}C3-lA 44.62 
C3-1B 44.08 
Cl-1C 43.36 44.10 

( C3-1D 44.34 

1 

J 

1 • _ .. L -- ~ --- -~- . 
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APPENDIX 6 

t A.C. Resistivity Qata 

A. Bars Within Diameter Range A i15.l7 nun to 15.35 nun) 
(inclu'des aIl 130 bars) 

Sampie AV (mV) AV average (mV) 

AJ,-lB -0.395 

Al ":' le 0.036 -0.321 
Al-ID -0.603 

Al-2A 0.485 

Al-2B 0;650 

Al-2e 0.500 -0.387 

Al-2D -0.086 

A2-1A 0.305 

A2-1B 0.393 

A2-le 0.324 0.328 

A2-1D 0.29Q .. 

A2-2A -o. Q59 

A2-2B 0.183 .-
A2-2e ,"" 0.244 0.075 

A2-2D -0.068 

A3-1A -o. 7~2 
A3-1B -0.062 

A3-le -0.164 0.502. 

A3-1D -0.988 .. 
1 

., 
o 

cont1nued •• 

.. 

J ! 
; 

••. ~~-~ -"" ..... Q .... _".,..,.----~---------------------_._------
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A.C. Resisti.vity Data (diameter range A cont.) 

Sample 

A3-2A 
A3-2B 

A3-2e 
A3-2D 

A4-lA 

A4-IB 

A4-le 
A4-ID 

A4-2A 

A4-2B 

A4-2e 
A4-2D 

AS-lA 

AS-lB 
AS-le 
AS-ID 

AS-2A 
AS-2B 
AS-2e 

AS-2D 

" 

.;> A6-IA 

A6-lB 

A6-le 

A6-ID 
, , .( 

, . 

, 
-~-----tr..,.. ...... - ~---_ .. _--
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A.C. Resi.sUvi.ty Data (diameter range A cont. ) 

Sampte 6V{mV) t:.V averaqe (aV) 

A7-lA 0.548 

r A7-1B 0.713 
0.597 

A7-le 0.667 

A7-1D 0.461 40J • 

, 

A8-lA 0.497" 

A8-lB 0.629 
0 .. 591 ,. 

A8-le 0.674 
~ 

AS-lD 0.564 

A8-2A 0.499 

A8-2B 0.677 
0.572 

A8-2e 0.657 

A8-2D 0.456 

~ 

A9-lA 0.458 

A9-l~ 0.593 , 
0.532 

A9-le 0.458 , 
A9-lD 0.617 

" 
.... A9-2A 0.206 , 

• ~ 

Ag-2B 0.560 
, 

0.298 
A9-2C 0.418 

A9-2D 0.008 "' 

A,IO-lA 0.433 

A,IO-lB 0.543 0.463 . 
AIO-le 0.580 If 

( AIO::-ID 0.296 ) 

continued •. 

• 
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A.C. Resistivity Data. (diameter ranqe A cont.) 

Sample llV(mV) AV average (m'V) 

~ 
( 

AlO-lA 0.324 

AlO-2B 0.680 " 0.512 
AlO-2e 0.605 

AIO-2D 0.439 

·AlI-lA 0 .. 454 

All-IB 0.604 0 .... 90 
All-le 0.467 • 

4 All-lD 0.435 

, 

All-2A \ 0 .432 
~ 

All-2B .~ 732 ( ,,~ 
0.621 

All-2e 0.820 

All-2D 0.501 

A12-lA 0.304 
04z0t-.. ~ • • Al2-lB o .~7i 

A12-le 0.593 
0.480 

Al2-1D 
" 

·0.352 
1° . 
! 

A12-2A 0.416 ) 
, 
! 

A12-2B 0.666 \ 
A12-2e 0.571 

0.582 1 
Al2-2D 0.673 

Al3-1A 0.746 

A13-1B 0.983 

A1l-1e 1.025 
0.881 

( , A13-1D il 0.770 

continued •• 
1 \ 
1 

1 
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( 

A.C. ae.18tiv1t~ Data (diaaeter ra.n!Ie A cont.) 
~" 

Sample t1V(mV) t1V averaqe (aV) 

Al3-2A 0.702 

Al3-2B 0.910 
0.973 

Al3-2C 0.881 -" ' 

Al3-2D .0.698 ' 

Al4-lA 0.605 

A14-I.B 0.828 ., 

Al4-I.C 0.895 0.740 
\ 

Al4-I.D 0.630 

Al4-2A 0.691 

"0 Al4-2B 0.968 

AlA-2C 0.908 0.858 

A14-2D 0.736 

<1 

( 

L 
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A.C. Resist1vity Data /' 

B. Bars Within Diameter Range B nS.22 mm to 15.31 aD) 
(Lnc1udes 80 bars) 

Samp1e t1V(mV) 6V average (IIV) 

Al-2A 0.485 

Al-2B 0.650 
0.387 

Al-2e 0.500 

Al-2D ' -0.086 

A2-lA 0.305 

A2-1B 0.393 
0.329 

A2-1D 0.290 
J' • 

A2-2A -0.059 -0.059 

A3-1A -0.792 
l\. 

A3-1B -0.062 -0.339 

A3'-le -0.164 

A3-2A 0.056 

A3-2B 0.089 0.057 

A3-2D 0.008 

• (-~ , 
A4-1A -0.100 '-1 
A4-1B -0.017 

-0.013 
~ 

A4-1e 0.042 

A4-1D 0.023 

A4-2A 0.074 0.155 
A4-2B 0.235 

\ continued .. 
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( 

A.C. aea1at1v1ty Data (d1ameter range B cont.) 

Saaple AV(mV) ÂV aver;aqe (aV) 

AS-lA 0.352 

AS-IC 0.438 0.396 

AS-ID 0.397 
" .. . 

AS-2A 0.499 

AS-2B 0.651 0.567 
AS-2C 0.589 

AS-2D 0.527 

A6-lA ,-0.086 
, 

A6-1B 0.062 -0.238 
f 

A6-1C -0.122 

A6-ID -0.805 

A7-1A 0,.548 

A7-1B 0.713 0.643 
A7-le 0.667 

A8-lA 0.497 

A8-lB 0.629 

A8-le 0.674 
0.591 

AS-lD 0.564 

AS-2A 0.499 

a8-2e 0.657 

A8-2D 0.456 
0.537 

A9-lA 0.458 

A9-lB 0.593 

A9-lD 0.617 
0.556 

continued •• 



\ 

Samp1e 

A9-2B 

Ag-2e 

AlO-lA 

AlO-lB 

AlO-le 

AlO-lD 

AlO-2A 

AlO-2B 

AlO-2e 

AlO-2D 

AlI-lA 

AlI-ID 

All-2A 

All-2B 

All-2e 

A12-lA 

Al2-le 

Al2-lD 

Al2-2A 

A12-2B 

A12-2D 

A13-lA 

A13-lC 

AB-ID 

168 

A.C. Res1.ativity Data (diameter range B cont.) 

6V(mV) 

0.560 

0.;'418 

0.433 

0.543 

0.580 

0.296 

0.324 

0.680 

0.605 

0.439 

0.454 

0.435 

0.432 

0.732 

0.501 

0.304 

0,,593 
l , 

0.352 

0.416 

0.666 

0.673 

0.746 

1. 025 

0.770 

( 
\ 

ô,V average (mV) 

0.489 

0.463 " 

0.512 

0.445 

0.555 

0.416 

0.585 

0.847 

continued •• 
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( 

A.C. Rea18t1v1ty Data (diameter range B cont.) 

Samp~e ~V(mV) !J.V average (mV) 
" 

A13-2A 0.702 

A13-2B 0.910 
0.798 

AU-2e 0.881 

Al3-2b 0.698 

Al4-lA 0.605 

A14';'lB 0.828 
0.740 

AH-le 0.895 

AH-lD 0.630 

AH-2A 0.691 

Al4-2e 0.908 
0.778 

Al4-2D 0.736 

..... 
/~ 

-----~--_. '----, 
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A.C. Resistivity Data (Cont.) 

C. Bars Within Diarneter Range C (15.25 mm to 15.29 mm) 
(includes 52 bars). ~ 

Samp1e liV (rnV) t:.V average (mV) 

Al-2A 0.485 

Al-2B 0.650 0.350 

Al-2D -0.086 

A2-lA 0.305 0.305 

A3-1A -0.792 
-0.427 

A3-1B -0.062 

4t.. 

A4-1A -0.100 

A4-le 0.042 -0.012 , 

A4-1D 0.023 

u 

A4-2A 0.074 

A4-2B 0.235 0.155 

AS-lA 0.352 
0.395 

AS-le 0.438 

AS-2A 0.499 

AS-2B 0.651 0.567 

AS-2e 0.589 

AS-2D 0.527 

'A6-lA -0.086 ... 
A6-lB -0.062 

-0.238 
A6-le -0.122 

A6-ID -0.805 
continued •• 
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A.C. Res1stivi ty Data (diameter range C cont. ) 

Samp1e ClV(mV) ClV average (mV) 

A7-1A 0.548 

A7-1B 0.713 0.643 

A7-1C 0.667 

A8-1A 0.497 

AB-lB 0.629 0.563 

AB-iD 0.564 
.4 

A8-2A 0.499 0.478 
AB-2D 0.456 

A9-1A 0.458 

0.593 
\ 0.526 

A9-1B 

" A9-2C 0.418 .(). HB 

J 
/, 

A10-1A 0.433 , 
f 

AIO-1B 0.543 0.424 

AIO-1D 0.296 

AIO-2A 0.324 

AIO-2B 0.680 1)512 
AIO-2C 0.605 

AIO-2n . 0.439 '. 

AlI-lA 0'.454 

0.435 
0.445 

AlI-ln 

All-2B 0.732 
( 0.501 

0.617 
AlI-zn 

cont1nued •• 
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) ~ 

A.C. Resistivity Data (diameter range C cont.) 

Sample t.V'~V) fjV average (mV) 
~~-

A12-IC 0.593 0.473 
Al2-lD 0.352 , 

A12-2B \" 0.666 0.670 
A12-2D 0.673 

AI3":'IA 0.746 

AI3-ID 0.770 ~ 0.758 

A13-2A 0.702 0.702 

Al4-lB 0.828 

AI4-ID 0.630 0.729 
ù 

A14-2C 0.908 

A14-2D 0.736 . 0.822 



l " 

'f 

1. 73 

.\ APPEND~ 7 

EXE!rimental Porosltl: Data 

Sample % Porosity 
4t' 
Average '"' Porosity , 

Al-lA 0.19 

Al.-IB 0.38 
0.30 

Al.-IC 0.38 

AI-1D 0.26 

Al.-2A 0.18 

Al.-2B 0.00 
0.00 

Al.-2e 0.21 

Al-2D ,0.00 

A2-lA 0.15 
." .... 

A2-1B 0.11 

A2-1C 0.11 0.14 

A2-1D 0.18 
" 

A2-2A 0.97 

A2-2B 0.86 

A2-2e 1. Ol. 0.99 

A2-2D 1~12 

A3-1A 0.11 

A3-1B 0.18 

A3-1C 0.03 0.09 

A3-1D 0.03 

( 
continued •. 

-,,-,_.------ --- - -- ----------- ----~--- . 
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-.... -----

porosity Data (cont. ) 

Suple ~, , Porosity Average , Poros:1ty 

AJ-2A O. 00 

A3-2B 0".11 0.10 
A3-2C 0.11 

" 
". A3-2D - 0.18 

A4-lA 0.27 

A4-1B 0.37 0.37 -, 
A4-1C 0.49 

A4-1D 0.3(1 

A4-2A - O.lS 

A4-2B 0.4S 
0.26 

A4-2C 0.45 
" ... A4-2D 0.00 ~ 

AS-lA 0.00 

AS-lB 0.04, 
" 0.01 ~ 

AS-IC 0.00 

AS-ID 0.00 , , 
J 

A5-2A 0.00 '(' 

AS-2B 0.00 , 

AS-2C 0.08 0.02 
1 

AS-2D 0.00 

A6-IA 0.00 

A6-1B 0.00 

A6-le O. 00 0.00 

( A6-ID o. 00 

continued •• , 

\ 
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j 
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( .-, 

PQl:osity Data- (cont.) 

Samplè , Porosity Average %~ Porosity 

A7-lA 0.00 
\ \ 

A7-1B 0.00 
0.01 

A7-1C 0.04 

A7-1D 0.00 

A8-1 0.00 

A8-1 0~90 

A8-1 fj -,,---P o. 00 0 .. 00 

A8-1 0.00 

1\,8-2 0.00 \ 
A8-2 . 0.00 

A8-2 0.00 0.00 ' 

1. 
A8-2 0.00 

A9-1 0.10 

A9-1 0.00 

A9-1 0.00 0.03· 

A9-1 0.00 .. 

A9-2 0.13 

A9-2 0.00 

A9-2 0.00 00/ 
0.00 A9-2 

AIO-l 0.09 

AlO-l 0.60 

AlO-l 0.00 0'.03 , 
• AIO-l 0.05 ..... ( 

continued .• 

- _. -' --- ----.,----'------------------
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( \ . 

Poros1 tI: Data (cont. ) 
J$ 
~ 
~ 

Sample , Porosi.ty Averaqe • Poro81.ty '1 

t 
AlO-2 0.67 i 
AlO-2 0.22 ~ 

0 .. 45 :z 
AlO-2 0.22 

l' 
":} 
, 

AlO-2 0.67 

, 
AlI-lA 0.08 

. 
AlI-lB 0.11 0.10 
AlI-le 0.11 

AlI-ID 0.11 
~ 

~1-2A 0.22 
i 
i 

ll-2B 0.08 0.12 c 

All-2e 0.00 
,J 

All-2D 0.19 

A12-lA 0.44 

A12-lB 0.26 

A12-IC 0.22 0.33 

f A12-ID 0.41 1 

A12-2A 0.35 

AI2-2B 0.15 

AI2-2C 0.45 
0.27 

AI2-2D 0.11 

AI3-lA 0.00 

AI3-lB 0.00 

A13-1C 0.00 0.02 

A13-1D 0.06 C-\ 
conti.nued ... 

-
., 1 
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J . 1.77 

Poroaity Data ~ (cont. ) 

Saap1e , Porosity Averaqe , Poros:Lty , 

1 All-2A 0.04 

A13-2B 0.00 0.01 
AIl-2e 0.00 

All-2D 0.00 

AJA-lA 1.01 

Al4-IB 0.71 
0.86 

A14-IC 0.78 

Al4-1D 0.93 

A14-2A 0.67 
f 

Al4-2B 0.30 

Al4-2C 0.15 0.39 

Al4-2D 0.45 

BI-lA 0.18 

BI-lB 0.18 

BI-le 0.15 0.16 

BI-ID 0.10 

Bl-2A 0.19 

Bl-2B 0.30 

Bl-2e 0.J.9 0.29 

Bl-2D 0.45 
?r_ 

B2-1A 0.21 , 

B2-IB 0.10 

B2-IC O. O~ 
0.12 

~ B2-1D 0.00 :l 
,; .. 

continued •. ~ 'i 
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C 
q 

porosit~ Data (cont. ) 
i 

• 
Sampl~ % Poros.ity Average ~ porosity 

Cl-lA 0.76 

CI-lB 0.50 0.60 " Cl-le 0.64 

Cl-ID 0.50 

CI-2A 0.53 

CI-2B 0.34 
0.40 

Cl-2C 0.26 

CI-2D 0.48 

C2-lA 0.00 

C2~1B 0.41 
0.35 

C2-le 0.27 

C2-lD 0.37 

C2-2A 0.36 

C2-2B 0.06 
0.20 

C2-2e 0.06 

C2-2D 0.32 

C3-IA 0.33 

C3-IB 0.19 
0.28 

C3-IC 0.30 

C3-ID 0.30 

C3-2A 0.13 

C3-2B 0.58 
0.49 

C3-2C 0.47 

C3-2D 0.77 

continued •• 
~ 
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Porosity Data (cont. ) 

Samplc Z, Porosity Average % Porosity 

C4-1A 1.33 

C4-1B 1.22 1.25 
C4-1C 1.22 

C4-1D 1.25 

C4-2A 1.30 

C4-2B 1.15 0.19 
C4-2C 1.08 

C4-2D 1.22 

CS-lA 0.86 

CS-lB 0.45 0.71 
CS-1C 0.38 

CS-2D 1.16 

CS-2A 0.86 

CS-2B 0.60 0.69, 
CS-2e 0.52 

CS-2D 0.78 
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/ 

APPENDIX 8 

Heat Trcatment Data 

Three al:loys were heat treated, A356 alloy" A357 alloy 

and A356 alloy containing 0.48 wt. % Fe. D.C. and A.C. re­

sistivity measurements werc taken after solution treatment and 

after aging ';Then the bars had attained room temperature. 
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, Heat Treatment Data -A356 Alloy 

Heat Treatment A (8 hours solution treatment) 

Sarnple Resistivity after Resisti vi ty after 
Solution Trêatment aging 

(nfl .m) (nfl .m) 

AL-lB 44.13 41.46 

Al-2B 44.90 42.40 

A2-1B 43.48 41.44 

A2-2B 46.28 43.50 

A3-1B 46.79 43.36 

A3-2B 45.35 43.08 

A4-1B 47. '68 43.14 
A4-2B 44.87 42.37 

AS-lB 44.63 42.79 

AS-2B 44.16 41.86 

A6-1B 45.65 43.36 

A7-1B 44.73 42.18 

A8-lB 44.45 41.48 

A8-2B 44,57 42.26 

A9-1B 44.56 42.50 

A9-2B 43.99 41.93 

AIO-IB 43.54 41.71 

AlO-2a 44.34 42.74 

Al1-1B 44.63 43.02 

All-2B 43.59 42.45 

Al2-1B 43.88 42.27 

Al2-2B 44 .. 05 42.68 

A13-lB 44.37 42.30 

A13-2B 44.51 42 .. 67 

A14-18 44.01 42 .. 45 

A14-2B 44.51 42.90 

r 

\ 
, , 
~ . 

\ 
.~ 

"' 

~ 
~ 
1j 
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Heat Treatment Data - A356 Alloy 

Heat Treatmcnt A (8 hours solution treatment) 

Samplc AV after solution tJ.V after 
treatment aging 

(mV) (mV) 

Al-lB -0.124 0.463 

AI-2B -0.124 0.383 

A2-1B 0.122 0.497 

A2-2B -0.203 0.368 

A3-1B -0.487 0.287 

A3-2B -0.203 0.169 

A4-1B -0.235 0.202 

A4-2B -0.034 0.406 

AS-lB 0.017 0.427 
/ 

A5-2B 0.101 0.521 

A6..tlB -0.229 0.278 

A7-1B 0.000 0.420 

A8-lB 0:019 , 0.639 

A8-2B 0.144. 0.569 

A9,,:,lB 0.070 0.453 

A9-2B 0.112 0.531 
1 

AIO-IB 0.241 0.655 

AIO-2B 0.031 0.467 

All-1B 0.044 0.489 

AH-2B 0.207 0.528 , 

aI2-1B 0.200 0.604 

.lU2-2B 0.077 0.451 

Al3-1B 0.147 0.689 . 
Al3-2B 0.021 0.504 

AH-lB 0.124 0.520 

Al4-2B 0.128 0.492 



Sarnple 

AI-lC 
AI-2C 

A2-IC 

A2-2C 

A3-1C 

A3-2C 
A4-1C' 

A4-2e 

AS-le 

AS-2e 

AG-le 

A7-2C 

AS-lC 
AB-2e 
A9-lC 

A9-2e 

A10-1C 
A10-2C 

AU-IC 

All-2e 
A12-le 

AU-2e 

A13-lC 

Al3-2e 

AH-IC 

AH-2C 

184 

Beat Treatrnent Data - A356 Alloy 

Beat Treatment B (24 hours solution treatment) 

Resistivity after Rcsistivity after 
Solution Treatrnent Aging 

(nn .ro) (nn .m) 

46.07 43.76 
46.71 41.72 
45.95 42.12 
47.08 42.93 
47.20 43.99 
47.85 42.56 
47.05 43.16 
46.01 42.18 
44.90 41.94 
45.16 41.97 
45. S3 43.48 
43.42 41.82 
46.12 42.90 
45.14 42.62 
45.58 43.04 
44.85 42.79 
44.45 42.16 
46.19 43.14 
44.69 41.98 
44.45 41.91 
44.51 42.68 
45.49 42.73 
44.74 42.44 

45.01 42.28 
43.36 41.53 
44.45 42.40 



SarnplG 

"' 

AI-lC 

AI-2C 

A2-lC 

A2-2C 

A3-lC 

A3-2C ' 

A4-lC 

A4-2C 

AS-lC 

AS-2C 

A6-1e 

A7-lC 

AB-le 

A8-2e 

A9-1e 

A9-2e 

AlO-lC 
, 

AIO-2e 

AII-lC 

AII-2e 

AI2-lC 

A12-2C 

Al3-le 

Al3-2e 

A14-1e 

A14-2e 

" \ , 
\ 

" 

Heat Treatment Data - A3S6 AlloX 
• 

Heat Treatpent B (24 hours solutlon treatmentl 

ôV after solution r:,if \after 
treatment aging 

(mV) (mVI 

0.208 

0.317 

NO RESULTS 0.321 

0.345 

0.108 

0.487 

0.212 

0.355 

0.490 

0.503 

0.080 

0.543 

0.415 

0.392 

0.459 

0.362 

0.528 

0.287 

0.317 

0.543 

0.414 

0.337 

0.486 

0.374 

0.595 

0.388 
,< 

185 
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Heat Treatment Oata - A356 AlioX 

Heat Treatment C (48 hours solution treatment) 

Samp1e Resistivity after Rosistivity aftcr 
Solution Treatment aging 

(nn .m) (nn .m) 

, 
Al-ID 45.36 42.50 

Al-2D 45.87 43.59 

A2-1D 45.60 43.31 

A2-2D 45.29 42.57 

A3-1D 44.76 41.85 

A3-20 43.19 41.60 

A4-lD 44.67 42.40 

A4-2D 45.20 42.71 

AS-ID 44.36 41.86 

A5-2D 45.07 41.88 

A6-10 49.30 46.10 

A7-1D 43.70 40.99 

AS-ID 41.99 40.40 

A8-2D 44.53 42.2S 

A9-ID 43.82 41.32 

A9-2D 44.06 43.16 

AI0-10 44.79 42.97 

A10-20 44.34 41.82 

AlI-ID 44'.51 42.45 

A11-20 43.25 41.92 

A12-10 43.48 41.88 

A12-20 45.13 41.94 

A13-lD 44.96 41.54 '. A13-20 " 45.14 42.62 

A14-10 45.07 42.79 

A14-20 43.99 41.71 
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Heat Treatment Data -1\356 Al10y 

Heat Treatment C (48 hours solution trea trnent) 

Sample RGsistivi ty after Resistivity after 
Solution Treatment aging 

(n\1.m) (nn .m) 

. Al-ID -1.237 -0.549 

Al-2D -0.230 0.392 

A2-ID -0.104 0.437 

A2-2D -0.154 0.39 

A3-1D -0.9'96 -0.333 

A3-2D -0.343 0.679 

A4-1D 0.151 0.544 

A4-2D -0.204 0.306 

A5-1D 0.061 0.592 

AS-2D -0.059 0.595 

A6-1D -0.938 0 

-0.193 

A7~lD 0.215 0.663 

A8-1D 0.575 0.933 

A8-2D 0.128 0.543 

A9-1D 0.191 0.681 

A9-2D -0.353 0.024 

A10-1D -0.014 0.460 
, 

AIO-2D 0.213 0.626 ", 

A11-1D 0.050 0.518 

Al1-2D 0.322 0',658 

A12-1D 0.324 0.722 

A12-2D 0.012 0.590 

A13-2D -0.014 0.787 

AU-ID -0.009 0.505 

Al4-2D -0.041 0.476 

Al4-1D 0.223 0.587 

( 
~ 



Sample 

B1-1B 

Bl-2B 

B2-1B 

B3-1B 

B3-213 

B4-1B 

B4-2B 

BS-IB 

B5-2B 

Cl-lB 

Cl-2B 

C2-1B 

C2-2B 

C3-lB 

C3-2B 

C4-lB 

C4-2B 

CS-lB 

C5-2B 

Iieat Treatment Data of A3S7 Al10y and 

A356 (0.48 vTt. % Fe) A110y 

188 

Heat Treatment A (8 hours solution treatmentl 

Resistivity after 
Solution Treatnlcmt 

(nfl.m). 

47.20 

47.85 

47.47 

48.53 

47.47 

48.09 

48.33 

46.13 

4'8.41 

48.93 

46.07 

45.61 

47.71 

46.62 

46.01 

47.94 

47.00 

46.53 

47.71 

Resistivity after 
aging 
(nO.m) 

43.08 

44.40 

42.22 \ 

43.81 

43.82 

43.96 

43.73 

42.71 

43.36 

45.72 

43.30 

42.84 

43.52 

43.62 

43.48 

44.71 

43.82 

43.34 

43.75 

" 0",' 

, 



Sample 

Bl-1B 

BI-2B , 

B2-1B 

Bl-1B 

B3-2B 

< , B4-lB 
B4-2B 

BS-lB 

Bs-2B 

Cl-lB 

CI-2B 

C2-1B 

C2-2B 

C3-1B 

Cl-2B 

C4-1B 
C4-2B 

CS-lB 

Cs-2B 

Beat Treatment Data of Al57 Alloy 

and Al56 (0'.48 wt.% Fe) Alloy 

Beat Treatment A (8 hours solution treatment) 

\ 

AV after soluti,on 
treatment 

(mV) 

-0.l30 

-0.408 
-0.361 

-0.751 
-0.423 

-0.483 

-0.555 

-0.145 

-0.456 

-0.547 

-0.057 

-0.045 

-0.281 

-0.230 

-0.106 

-0.547 
-0.399 

-0.335 

-0.193 

6.V after 
aginq 

(mV) 

0.241 

0.181 

0.440 
0.067 

0.261 
0.184 

0.191 

0.362 

0.239 

-0.171 
0.351 

0.423 

0.295 

0.284 

0.328 

-0.003 
0.084 

0.331 

0.351 
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'C 
Beat Treatment Data of A357 Alloy 

and A356 (0.48 wt.% Fe) Alloy 

Heat Treatmen t B (24 hours solution treatJnent) 

, 
Sample Resistivity after Resistivity after 

Solution treatment aging 
(nl1.m) (nl1.m) 

.. '. 
BI-le 47.26 44.10 ~ 

Bl-2e 47.72 44.05 ., 
B2-le 43.99 42.40 '1< 

'f 
B3-le 47.67 42.88 .t 

4 
B3-2e 47.34 44.82 ,f 

B4-le 45.83 43.31 i 
1 

a4-2e 47.18 43.99 ~ 

aS-le 47.78 44.57 , 
aS-2e 44.68 42.62 

" 
Cl-le 47.58 44.39 j el-2e 46.65 43.88 

C2-le 45.65 43.82 j 
, 

C2-2e 46.19 43.18 

C3-le 45.41 42.68 

C3-2e 45.26 43.41 

C4-:-1C 46.13 43.87 

C4-2C 46.67 44.60 

CS-le 44.84 42.57 

CS-2e 45.14 42.85 



Beat Treatment Data of A357 AIloy 

and A356 (0.48 wt. % Fe) Alloy 

'\ 
Beat Treatment B (24 hours solution treatment) 

Sample 

BI-le 
Bl-2e 

B2-le 

B3-le 
B3-2e 
B4-le 

B4-2C 
B5-le 

B5-2C 

Cl-le 

Cl-le 

C2-lC 
C2-2e 

C3-le 

C3-2e 

C4-1e 

C4-2e 

CS-le 

CS-2e 

ÂV after solution 
treatment 

(mV) 

-0.609 

-0.598 

0.115 

-0.657 

-0.543 

-0.150 

-0.394 

-0.619 

0.024 

-0.616 

-0.304 

-0.187 

-0.165 

-0.lS6 

-0.045 

-0.383 

-0.359 

0.032 

-0.113 

ÂV after 
aqing 

(mV) 

0.075 

0.195 

0.546 

0.340 

0.054 

0.338 

0.154 

0.067 

0.460 

0.022 

0.281 

0.258 

0.372 

0.344 

0.417 

0.126 

0.104 

0.417 

0.405 
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Beat Treatment Data of A357 Alloy 

and A356 (0.48 wt.%,Fe) Alloy 

..... ~,. 

Heat Treatment C (48 hou=s solution trcatrnent) 

Sample ~v aftcr solution !::.V after 
treaw.ent aging 

(rnV) (mV) 

Bl-I0 48.61 46.56 '1 

Bl-20 
;, 

48.26 46.89 'f 
" 

B2-10 48.44 47.52 

B3-1D 48.35 -16.30 

B3-2D 48.09 46.27 

B4-1D 48.54 47.40 

B4-2D 46.50 45.81 

BS-ID 48.00 45.95 

B5-2D 49.26 47.66 

Cl-ID 48.22 46.53 

Cl-2D 45.31 44.39 

C2-1D 46.86 45.95 

C2-2D 45.90 45.22 

C3-1D 45.26 45.26 

C3-2D 46.33 45.19 

C4-1D 47.17 46.25 

C4-2D 46.70 46.01 

CS-ID 46.51 45.33 

CS-2n 45.98 45.75 



Heat Treatm~nt Data of A357 Ailoy 

and A356 (0.48 wt.% Fe) Alloy 

Heat Trcatment C (48 hours solution trent~cnt) 

Sample 

BI-ID 

Bl-20 

B2-1D 

B3-lD 

B3-2D 

B4-lD 

84-20 

E5-1D 

E5-2D 

Cl-ID 

Cl-2D 

C2-1D 

C2-2D 

C3-1D 

C3-2D 

C4-1D 

C4-2D 

CS-ID 

CS-ZD 

------------------

t;V 

,-

<lfter !:;olut~on 
trlJ.:l.tmont 

(mV) 

-1.135 

-0.816 

-1.021 

-0.899 

-0.826 

-0.102, 

-0.629 

-1.222 

-1.173 

-1. 711 

-0.286 

-0160a 

-0.462 

-0.308 

-0.580 

-0.559 

-0.615 

-0.676 

-0.457 

t:.YT aftcr 
.::ging 

(mV) 

-1. 20 

-0.883 

-0.950 

-0.707 

-0.718 

-0.992 

-0.682 

-0.659 

-1.390 

-1. 403 

-0.115 

-0.365 

-0.214 

-0.174 

-0.273 

---0.376 

-0.367 

-0.350 

-0.415 
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APPENDIX 9 

Results of Statistical Analysis of Heat Treatment Data 

lieat trcatment measurern~mt~ wcre taken after solution 

trcaL~ent anà aftcr aging. One part Qf the result analysis 
} 

involved the :3tudy of the changes in resistivity that oeeur 

upon heat trcatm~nt as a function of strontium content. For 
t 

each alloy and for cach hcat treatment two relationship5 ~;cre 

cJ~;:unined : 

i) The difference in reolstivlty bctween an as-çast 

and a solution treatcd bar versus strontium content 

ii) The difference in resistivity between an as-cast 

and an aged bar versus strontium content 

The data was statistically analysed (section 2.2) and gr~phs 

plotted of the two relationships. Eaeh relationship was 

" characterized by a specifie F value. If this F value was 

higher than the table F values (table VII) then the graphs 

were satisfactory representations of the data. 



Rcsu1ts of Statistical Analysis of Heat Treatment Data 

A356 Alloy 

Statistical F values 

195 

Hcat Difference in D.C. resistivity bctHeen an as-cast 

Treatment bar and a hcat treated bar (X) vs. strontium 
content 

X ::: solution treated bar X = corop1etely haat 
trcated bar 

A Il.61 (3.42) 32.50 (3.42) 

B 3.38 (3.42) 18~16, (3.-12) 

C 1.29 (3.42) 2.31 (3.42) 

The corresponding table F values for 95% significancc level are 
. 

shown in brackets baside the experimenta1 F values. , 
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Resulta of Statistica1 Analxsis of Heat Treatrncnt Data 

A357 Allay 

~ Statistical F valuca 

Hcat Difference in D.C. rcsistivlty between an as-

Trcatmcnt cast bar and a hcat treated bar (X) vs. 
strontium content. 

X = solution treated bar X = complete1y h~at 
1 

treated bar 

A 6.19 (6.39) 0.52 (6.39) 

B 28.95 (9.01) 3.36 (5.41) 
, 

C 2.11 (5.14) 2.36 (5.41) 

The corresponding table F values for 95% significance level 

are ohown in brackets beside the experimental F values. 

-
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Results of Statistical Ahnlysis of Hent Trcatment Data 

A356 Alloy containing 0.48 wt.% Fe 

Statistical F values 

Heat Difference in D.C. resistivity between an Ü.c-, cast bar and a heat treated bar (X) vs. Trcatment strontium content. 
, 

X = solution treated bar X :::; completely hoat 
treated bar 

ll. 2.59 (5.19) 4.19 (4.74) 

B 3.89 (4.74 ) 12.34 (4.76) 

C 1.34, {.4.76} 2.72 (4.76) 

The corresponding table F values for 95% "significance level 

are shawn in brackets baside the experimental F values. 

, 
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APPENDIX 10 

Calculation of Instrument Inaccuracies for the D.C. and A.C. 

Techni'lues 

l. D.C. Tcchnigue 
, 

l'.ccuracy of voltm:::;t:er .. - +0.03 of reading 

Accuracy of Ammeter ~ +0.4 of reading 

Accuracy of vernier gauge = +0.0005% of reading 

Accuracy of micrometer screw gaugc = +0.03 % of reading 

Total error in resistivity reading 

:: (:t0.03%) + <:t0.40%) + (:t0.0005%) + 2(±O,~03%) 

= +0.491% of reading. 

Taking the resistivity reading as the lowest resistivity 

measurement - 40.91 n n.m 

+0.491 % of 40.91 n .m:= +0.20 nn.m 

Instrumental Inaccuracy of D.C. technique = tO.lO n n..rn 

2. A.C. Technigue 

Accuracy of voltmeter = +0.03% of reading in mV 

Accuracy of 1 :t0 • l % of reading in current zetting :: mV 

Accuracy of voltage zetting = +0.01% of reading in-mV 

Accuracy of lock-in amplifier =: :t0 • 01 % of reading in mV 



Total error in ~V reading 

= (+0.03%) + (+0.1%) + (+0.01%) + (+0.01%) - - - -
= +0.15% of rcading 

Taking the 6V reading as the Gma11est ~v mCBourement; 

-5 0.013 rnV +0.15~ of 0.013 rnV = +2.0 x 10 mV 

199 

-5 Instrumental Inaccuracy of A.C. technique = +2.0 X 10 rnV 
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APPENDIX 11 

Calculation of the Standard Resistivity Error between 
Bars of the Same Strontium Content 

200 

The resistivity bctween similar bars from the nAme cast-

ing was found to vary. In order te quantify the variation in 
J 

rcnistivity betwcen similêr bars the following procedure WùS 

performed; 

1. The standard deviation of resistivity values of the 

four bars in each casting was calculated = 50' 

2. The SUffi of the squares of the standard deviations was 

found, and divided hy the number of castings = ESD2~26 

3. The square root of rsD
2 ï. 26 was determined to give 

the standard error in resistivity between similar bars. 

The same procedure was performed on porosity data to find the / 

standard porosity variation between bars of the sarne strontium 

content. 

) 


