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' ’ ABSTRACT T

CgiAl-Si and AI-Si:Mg alloys containing up to 12.6 w4. pct. silicon and
‘1.0- wt. pct._magnesium wgr,e\ prepared. The changes in elettrical
conductivity/resistivity of these‘alloys due to strontium additions have been
investigated and Xblained in'}erms of variations ir\m microstructure. The’
conductivity behaviour of strontium-containing and strontium-free altoys
was found to exhibit marked differenceﬁ, depending on the silicon and
magnesium contents and the rate of ‘solidification. The electrical
conductivity of single phase alloys containing less than 160 wt. pct. ]
decreased with increasing silicon and magnesium levels. However, strontium
had no effect on the conductivity‘of these solid solution alloys since it does
‘not dissolve appreciably in the aluminum matrix or change the solid
solability of silicon and magnesium in aluminum. Silicon precipitation
processes in the supersaturated solid solution alloys of Al-Si and Al-Si-Sr have
been examined using the Johnson-Mehl-Avrami equation and found to be
isokinetic. Strontium, however, retarded the growth rate of silicon
precipitates. é@rontium did not affect the kinetics of G.P. zone formation in
Al-Si-Mg alloys but it suppressed the formation of stable Mg;51 precipitates
during subsequent aginb at 175°C. Unlike the single phase alloys, two phase
Al-Si and AIl-Si-Sr alloys, in the range of 2.0 to 12.6 wt. pct. Si, exhibited
different electrical conductivity behaviour. The strontium-containing alloys

* showed a higher conductivity than alloys with nd strontium, and this

conchtivity difference increased as the silicon and magnesium contents
were increased and the solidification rate was decreased. It has been
demonstrated that thi$ difference is due to changes in the silicon
morphology. Ejectron scattebring at the interface between the aluminum
matrix and the eutectic silicon phase contributes significantly more to the
rééistivity of unmodified alloys than that of modified alloys. In addition, the
resistivity of directionally solidified Al-Si alloys, measured in directions
parallel and perpendicular to the silicon rods, revealed anisotropy and a
marked dependence on the microstructural form of the eutectic silicon The
solution treatment of two-phase Al-Si and Al-Si-Mg alloys was divided into
three stages: precipitation of silicon and Mg»Si, dissolution of these
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precipitates and sphervidization of the eutectic sific%hase. It was found

that the precipitation and spheroidization processes resui{t in an increase in
conductivity while the dissolution process decreases the conductivity of these ~

alloys.
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Des alljages-de fonderie Al-Si et Al-Si-Mg contenant jusqd'a 12.6% en
poids de Silicium et 1.0% en poids de Magnésium ont été préparés. Les
variations de leur conductivité électrique/résistivité, dues aux additions de
Strontium, ont été étudiées et expliquées en termes de changements
microstructuraux. Les comportements en conductivité électrique des alliages
avecou sans Strontium ont été trouvés présentant des différences marquées,
selon la teneur en Si et Mg et la vitesse de solidification. La conductivité des
alliages a une seule phase contenant moins que 1.6% en poids de Si diminue
avec des teneurs croissantes en Si et Mg. Cependant, le Strontium n'a pas
d’effet sur ces alliages de solution solide, étant donné qu‘il ne se dissout pas
de fagon appréciable dans la matrice d’Aluminium, ou qu’il ne change pas la
solubilité solide du Siliclum et du Magnésium dans 'Aluminium  Les
processus de préapitation du Sihaium dans les alhages de’ solution solide
supersaturée Al-Si et Al-Si-Sr ont été examinés en utilisant I'équation
Johnson-Mehl-Avrami et ont été trouvés étre isocinétiqu& Le Strontium,
cependant, n'a pas affecté les ainétiquesge formation de la zone G.P dans
les alliages Al-Si-Mg mais a supprimé la formation des précipités stables
Mg3Si lors du vielllissement ultérieur @ 175°C. Contrairement aux alliages a ’
une phase, les alliages 4 deux phases Al-Si et Al-Si1-Sr (dans la gamme 20 a
12.6% en poids de Si), ont présenté des compertements différents pour la
conductivité électrique. La conductivité des alliages contenant du Strontium
est plus élevée que celle obtenue pour les alliaées sans Strontium, cette
différence en conductivité croit lorsque les teneurs en Si et Mg sont
augmentées et lorsque la vitesse de solidification est diminuée Il a été
démontré que cette différence est due aux changements de la morpholog|e
du Silicium. La diffusion électronique a l'interface entre la matrice
d’'Aluminium et la phases de Silicium eutectique contribue de fagon plus
signifiéati\}e a la résistivité des alliages non modifiés qu’a celle des alliages
modifiés. De plus, la résistivité des alliages AlI-Si solidifiés
directionnellement, mesurée dans des directions paralléles et
perpendiculaires aux batonnets de Silicium a révélé l'anisotropie et une

dépendance trés marquée de la forme microstructurale du Silicium
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eutectique. Le traitement de mise en solution des alﬁéges a deux phases Al-
Si et Al-Si-Mg a été divisé en trois étapes: précipitation du Silicum et.de

_ Mg2S), dissolution de ces précipités et sphéroidisation de la phase de Siliaium

‘ eutectique. |l a été constaté que les processus de précipitation et de

sphérmdlsaﬁl}on entrainent une augmentation de la conductivité tandls que
le processus de dnssolutron diminuela conductlwte de ces alliages.
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OZET
12:6- oranina kadar silisyum ve 1.0 orafina kadar magnezyum iceren

dékme Al-Si ve Al-SI-Mg alagman hazirlandi. Strontiyum ilavesinden oturu,
bu' alagimiarin elektriksel gegirgenliklerindeki deg.i{imler incelenip,
mikroyapidaki farkliklar agsindan izah edildi. Strontiyum ihtiva eden_ve
etmeyen alagmilarnn, igerdikleri silisyum ve magnezyum oranina ve de
katlagma hizina bagh olarak farkl elektriksel gegirgenlik &zellikler
gosterdikleri 1zlenmigtir. 1.6 oranindan az silisyum ihtiva eden tek fazl
alagimlarin elektriksel gegirgenlikien silisyum ve magnezyum miktarlarinin
artmasi ile azalmigtir. Bununla beraber, strontiyum’un bu tek fazh alasmlarin
gegirgenligine bir etkisi olmamistir. Cunku, stronilyum kati aluminyum
icersinde ¢ozulmemis, ve de silisyum ve magnezyum’un ¢ozunme
mnktarlarmnda degistirmemistir. Fazlasiyla doymus Al-Si ve Al-Si1-Sr kat
ala§|mlar|ndak| silisyum c¢okelmesi Johnson-Mehl-Avrami formulu ile_,
incelenmis ve kinetiksel olarak ayni oldugu bulunmustur. Fakat, gokulmus
olan silisyum partikillerinin biyime hizi Al-Si-Sr alagimlarinda strontiyum
“tarafindan yavaslatimistir. .Strontiyum’un AI-Si-Mg alagmlannda gozlenen
G.P. bélgelerinin olusumunun kinetigin: etkilemedigi fakat daha sonra
175°C' deki yapay yaglandirma iglemi sirasinda, kararli Mg,Si partikullerinin
olusumunu engelledigi gozlenmistir. Tek fazli alagmlardan farkh olarak, 1ki
fazh (2 ile 12.6 oraninda silisyum iceren) Al-Si ve Al-Si-Sr alasimlan %arkln
elektriksel ‘gegirgenlik ozellikleri géstermislerdir. Strontiyui igeren,
alagimlar Sr-icermeyen alagmlardan daha fazla elektriksel gegirgenlige sahip
olduklarn gozlenmis, ve bu farkhhgin silisyum ve magneiyum miktarlan
arttinldikga, ve de katilagma hizinin dGgaraimesi ile artigr bulunmugstur. Ayrica
bu farklihgin otektik silisyum fazinin seklindeki deggikliklerden kaynaklandig
isbat edilmistir. Elektron yansimasi modife edilmemis alagimlarda elekt

direngini modife edilmis alagimlara kiyasla daha fazla artrmaktadir Bunun
disinda, yonlu katilastinimis Al-Si alagmlannin elektriksel direngleri silisyum
fazina paralel ve dik olarak Sl¢iilmistur. Elektrikse! direng yapisal
yonlenmeye ve silisyum mikroyapisina baghlk gostermistir. lki fazl Al-Si ve
Al-Si-Mg alagmlarnnin solusyon islemleri Gig asamaya bolinmagtur: Silisyum
ve Mgy5i ¢okelmesi; bu bilesiklerin tekrar ¢ozinmesi; ve otektik silisyum
fazinin krelésmesi. Cokelme ve kirelesme islemleri elektriksel gegirgenhgi
arttirdids, bilesiklerin tekrar ¢ozinmesi ise gegirgenligi azalttigr bulunmugtur
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NOMENCLATURE ‘
A cross-sectional area
a interatomic distance.
d depth of penetration
Em activation er;ergy of defect motion

charge of an electron
f frequency of alternating current
G temperature gradient .
Ha applied alternating magnetic field
H; induced alternating magnetic field
I current
I
Iy

samples
k rate constant
ko Boltzmann's constant
L distance
| mean free path of electrons
lo impurity component of the mean free péth
Ir total mean free path of electrons
lth thermal component of the mean free Qath
Ms‘ martensite transformation start
m mass of an electron :
N number of electrons
1] Avrami number
R resistance
Rg growth rate
RRR  residual resistivity ratio
r atomic radius
T absolute temperature
Ta annealing temperature Rad
Te eutectic growth temperature
Ty liquidus temperature
TN eutectic nucleation temperature
ATg depression of the eutectictemperature
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solution treatment ‘
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voltage drop .

volume fraction of the dispersed phase )
volume fraction of fibers
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volume fraction of f-phase

velocity of the electrons af'the Fermi level
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resistivity measured parallel to fibers
resistivity measured perpendicular to fibers
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CHAPTER 1 ~ ; . )

INTRODUCTION

4 ¢
°

1.1 Aluminum-Silicon Casting Alloys .

The commercial importance of Al-Si alloys results from their excellent
castability, corrosion resistance, machinability, weldability, hght weight and
pressure tightness. Aluminum-silicon alloys can be cast into very complex
shapes with close tolerances by virtually all casting processes because of their
excellent casting characteristics such as high fluidity and resistance to hot

cracking.

Y

The AI-Si binary system forms a simple eutectic at 577°C and 12.6 wt.
pct. Si between aluminum containing a maximum of 162 wt. pct. Siin solid
solution and nearly pure silicon! as shown in Figure 1.1. According to their
silicon content Al-Si casting alloys can be classified into three groups:

a) Hypoeutectic alloys (2 to 10 wt. pct. S1)
b) Near-eutectic alloys (10to 13 wt. pct. Si) .
c) Hypereutectic alloys (13 to 25 wt. pct. Si) ’
1.1.1 Hypoeutectic and qua'r—Eutectlc Alloys .
\" )

Although the silicon content in these groups of alloys can be as low as-2
wt. pct. Si, commercially important alloys contain higher than 5 wt pct. Si.
The chemical composition of some of the common alloys and the methods
whereby they are cast are given i Table 1.12. ’

Small amounts of magnesium (0.2 to 1.5 wt. pct.) and copper (4wt pct.
max.) are added to Al-Si casting alloys such as A356, A357 and A413 n order,
to enkance their response to heat treatment. Various heat treatment
pro\cedures of these alloys provide a wide range of improved mechanical and
physical properties, and consequently they have found extensive use in a
variety of applicationsin aircraft, automobiles and military equipment.

K"v
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‘I:able 1.1 Cﬁemical Composition of Common Hypoeutectic
and Near-Eutectic Al-Si Alloys (2)
Aluminum Element (wt. pet.) Casting
Assoc. No. i e B u Mg 7n other Processt
A319.0° 6.0 <1.2 3.5 0.3 <1.0 -
333.0 9.0 <10 35 0.3 . <1.0 - P
A333.0 9.0 <1.0 3.5 0.3 ' 3.0 R
A335.0 5.0 <0.09 1.25 0.5 <0.05 - S,P
C335.0 5.0 <0.20 1.25 0.5 <0.10 -
356.0 70 <0.60. <0.25 035 <0.35 - S,P
A356.0 7.0 <0.20 <0.20 035 <0.10 -
357.0 7.0 <0.20 <0.20 055 <0.10 - i S,P
A357.0 70 <0.09 <005 055 <0.05 0.058Be
380.0 8.5 <2.0 3.5 <0.10 3.0 - D
A380.0 85 <13 3.5 <0.10 3.0 -
413.0 12.0 <2.0 1.0 <0.10 - - D
A413.0 120 <13 1.0 <010 - - o
444.0 525 <06 <025 <0.10 <0.35 - S,P
Ad444.0 525 <020 <0.10 <0.05 <0.10 -

T S-SandCasting
P - Permanent Mould
D - Die Casting

~
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The eutec s’lhcon in cast hypoeutectic and eutectic alloys appears as

/7~ large, brittle, acicular flakes and plates which are undesirable as they lead to

a substantial reduction of strength and elongation of the castings.
Modification of the eutectic silicon alters the silicon morphology from
acicular to fine fibrous, as illustrated in Figure 1.2. This microstructural
change results in a noticeable improvement in strength, and a significant
increase in elongation.3-10 Table 1. 2 outlines the effect of*modification on
the mechanical propertles of several Al-Si casting alloys. -

Eutectic sihcon modification 1s achieved by rapid solidification or
addition of a suitable modifying agent such as sodium, strontium or
antimony The theory of the modification process will be discussed in the
second chapter of this thesis. ) ‘

1.1.2 Hypereutectic Alloys

- This group ‘of Al-Si aTons provndes a combmation of outstandmg wear

. resistance and lower thermal expansion co@f‘hcu.ent One of the most

popular hypereutectic alloys, alloy 390 (17.w'b- pct Si, 1.5 wt. pct. Cu, 0.5 wt.

.pct. Mg) has been successfully used to produce all-aluminum engine blocks

for replacement of conventional cast iron blocks. It 1s also employed
extensively in automobile components/such as pistons and cyhinder liners. In
addition to 390, alloy 393 (22 wt. pct. Si, 2.3 wt. pct. Ni, 1.3 wt. pct. Cu, 1 wt.
pct. Mg, 0.1 wt. pct. Va) has been developed specifically for high
temperature applications (e.g. internal combustion engine pistons).

“ The presence of hard primary silicon in the structure of cast
hypergute&tlc alloys makes the casting extremely difficult and expenpsive to
machine However, a small phosphorous addition (~0.01 wt. pct.) produces
finer and more evenly distributed primary silicon crysgals, and hence
enhances the machinability, wear resistance and mechanical properties.11-14
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Table 1.2 Effect of Modification on the Mechanical Properties

<

of Sand-Cast Al-Si Alloys 7
Alloy No. and Modification (OYZS:%) uTs % Ref.
Tempert MPa MPa Elongation q

A356.0T6 None 165 230 3.5 6
A356 0T6 Sb-Mod. - 270 6.0 7
A356 0T6 Sr-Mod. 208 285 ) 12.0 : 8
A4130 |  None 112 137 2.0 9
Ad4130 Sr-Mod. 124 181 120 9
13% Si None - 124 ) 20 10
13% Si Na-Mod. - 193 13.0 10

T T6, Solution héat treated and artificially aged
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1.2 Characterization of the Degree of Modification

The mechanical and physical properties of a casting are the direct result
of the microstructure. For Al-Si castings, the level of modification obtained is
an important parameter which determines the properties, and hence the
quality of the end products. Therefore, a process control technique sfiauld
be employed in the foundry to mgnitor the modification potential of the -
. molten metal before casting, and to determine the degree of modification in
castings.

’fb
14

In recent years, considerable interest has been shown in the
_ development~of such a technique to characterize eutectic silicon
madification, mainly because aluminum casting producers are faced ‘with
increasing demands for higher quality products. Some of the techniques
which have been proposed will be briefly reviewed in following sections.

1.2.1 Chemical Analysis Technique

In order to ensure a good modification the®precise control of melt
chemistry, especially modifier level, 1s essential. Rapid chemical analysis
techniques such as emission spectrometry evaluate the concentration of
modifier in the molten metal prior to casting. However, the degree of
modification in a casting depends not only on the level of modifier but also
on the soldification rate and holding time of the melt after the addition is
‘made. Furthermore, some minor elements in the melt may inhibit the
effectiveness of the modifier. This s especiallystrue of phosphorous which
should be controlled at levels of less than 5 ppmi5-17, but whose
concentration cannot be precisely determined by 'spectronﬁetry. The
chemical analysis of the molten metal alone s, therefore, not a guaranteed
method for measuring the degree of modification.

v

-1.2.2 Metallography

The microstructural change of eutectic silicon weth modification can be
followed by optical microscopy. Recently, a series of standard




s

photomicrographs which illustraté the different levels of silicon modification
in hypoeutectic Al-Si casting alloys have been published for quick
microstructural comparison.'8 However, the majopdrawback of
metallography is the time consuming sample preparation.

If it 1s performed to check the quality of the melt prior to casting, the
melt must be held a longer period of time and fading of modifying agents,
particularly sodium, can occur. Furthermore, metallographic examination of
the castings themselves is notlusually desirable because destruction of fhe

castings may be required.

9

1.2.3 Thermal Analysis Techniques

LS

Recently, the use of thermal analysis to control the molten metal
quality in aluminum castings has increased considerably.13-23 This technique
involves abtaining the cooling curve of a sample’of the melt as 1t solidifies in
a sand mould. Figure 1.3 shows the cooling curves for an unmodified and a
modified hypoeutectic Al-St alloy.19 Madification increases the degree of
undercooling (ATn) prior to eutectic phase nucleation and depresses the
eutectic growth temperature Te. The degree of depression of the eutectic
temperature, ATg, can be related to the level of modification. 1A larger ATg
and ATy are indicative of a better modification.19.20 . {f the measured ATg is
not sufficiently high (e.g. <5.5°C for A356 alloy20), then the chemistry of the
melt must be corrected by adding more modifier before pouring.

AN

~

A thermal analysis technique based on a rapid data acquisition system
using a microprocessor has been developed for the foundry
environment.21-23 However, the main disadvantage of this technique is that
it1s limited to testing the melt prior to casting only. Therefore, an additional
non-destructive technique is required to assess the degree of modification in
the casting after corr%plete sohdification. It has also been reported that
several other minor elements present in the melt, such as Mg, Cu, Zn, Mn and
Ni, reduce the eutectic growth temperature appreciably.20.22,24 Hence a
small change in the chemistry of the melt may mask the effect of a modifier

*
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- measurements €an be used to control the melt quality prior to pouring and

10

on the cooling curves. This can result in a false interpretation of the
modification potential of the melt.

1.2.4 Electrical Resistivity/Conductivity Measurement

It has been shown that electrical resistivity22.25 and conductivity26

also to measure the degree of modification In castings (i.e. as a non?

-

destructive test) .

As shown in Frgure 1.422 the electrical resistivity of hypoeutectic Al-Si
casting alloys decreases by about 5-10 percent when strontium is added to
these alloys.22,25The magnitude of this decrease in resistivity can be related
to the concentration of strontium. The addition of strontium to alloy A356
In amounts equivalent to those used fof modification (i.e. up to 0.03 wt. pct.
Sr) reduces the electrical resistivity by 8 percent.

A simple resistivity measurement technique involves the measurement
of the voltage drop across a sample when a constant direct current is passed
through the sample, with subsequent conversion of voltage drop to
resistivity. On the other hand, measurement of conductivity, the reciprocal
of resistivity, using an electrical conductivity meter 1fa quicker and simpler
method which is easily adapted to foundry conditions. Quite sensitive, as
well as temperature compensated devices which measure the conductivity by
eddy current techniques are available. '

In order to control the melt quality with this method, two samples of
the melt, the first one taken prior to the addition of the modifier and the
second one a.fter complete dissolution of the modifier, are cast into an
appropriate mould, and their resistivity/conductivity measured at room
temperature. The difference between the two measurements will
determine whether a fully modified structure has been obtained. The same
method can also be applied non-destructively to castings to evaluéte the
modification level, particularly in heavy sections and riser connections where
the solidification rate 1s slower and modification is more difficult. g
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g* 1.3 Objective of the Present Study ﬂ

? !

/ The continuing increase in demand for higher quality and/or consistant
quality Al-Si cast components refuired by the automotive, aerospace and
defense inqustrie‘s, necessitates a search for better non-destructive testing
methods for the determin(ation of the eutectic silicon structure. The
electrical re§@stivity/condudivuty measurement technique is promising and
has certain advantages over ethér techniques mentioned previously since it

is quick and readily adaptable to the foundry environment.

As discussed earlier, the electrical tesistivity of Al-Si alloys decreases
~ with increasing modifier content; however, the reasans for this resistivity
variation are not fully understood. A major question which still has to be
andwered i1s whether the observed decrease in resistivity after the strontium
addition 1s due to the change in the silicon morphlology from acicular to
fibrous or to the change n resistivity of the aluminum matrix phase resulting
from the presénce of strontium. Furthermore, a clearer understanding of
how the vartous microstructural forms of the eutectic silicon affect resistivity
1s essential before electrical resistivity/conductyvrty can be widely used as a
non-destructive testing method. |

The main objective of the present invesitgation 1s to address the above
questions and to provide a better understanding of the electrical resistivity
behaviour of Al-Si alloys during microstuctural modification and heat

. treatment. The experimental work involved studying the resistivity of both
solid-solution and two-phase Al-Si and Al-$i-Mg alloys. In addition, a series
of directionally solidified binary eutectic alloys was produced in order to
determine the effect of silicon shape on resistivity.

<9
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CHAPTER 2 ' ‘

THEORETICAL BACKGROUND AND LITERATURE REVIEW

Since this is a study related to the modificatior of Al-Si alloys, a brief
summary of the theory of modification will be presented initially. The
theories cbncerning the electrical resistivity of metals and alloys will be
discussed later, together with a review of literature on the application of
electrical resistivity in physical metallurgy.

2.1 Modification of EutecticSilicon

There are several commonly observed microstructures in eutectic alloys
such as lamellar, rod-like (fibrous), and irregular flakes and plates.27.28 In
the technical literature the term "modification” s used to describe a
transition in the eutectic structure from one form to another In the Al-S
system this transition is from acicular ftakes (irregular) to fibrous rods As
mentioned earlier, such a change can be obtained by solidification at a very
high rate or by the addition of sodium or strontium.

A fast sohdification rate provides a large undercooling (10-12°C) prior
to the nucleation of eutectic phases and a short growth time for the
nucleated silicon particles. Consequently, the final eutectic str\t\Jcture is
fibrous.10,29-31 Such a fine structure has been observed In test castings
solidified at rates of 400 to 500 pum/sec.10.29-32 |n foundry practice,
solidification rates are in the range of 1-10 pm/sec30, and 1t is rarely feasible
to produce the rapid solidification rate needed to obtain a fully modified
structure. Therefore, adding a modifier to the melt before casting to
produce a fibrous as-cast structure is common foundry practice. The most
widely accepted modification theory suggests that modifying elements alter
both the nucleation and growth kinetics of the eutecticsilicon phase.




2.1.1 Nucleation of Eutectic Silicon

It is well known that the kinetics of solid phase nucleation in a liquid
depend on the type and amount of impurities present. Crosley and
Mondolfo33 have shown that in Al-Si alloys, the nucleation of silicon 1s
controlled by aluminum phosphide (AIP). Since AIP has a crystal structure
very close to that of silicon, it acts as an effective nucleant.34.35

Commercial purity Ail-Si alloys contain sufficient amounts of
phosphorous to provide an abundance of AIP particles in the melt. This'z
favourable condition results.in the nucleation of eutectic silicon at small
undercoolings (<2°C), and the formation of coarse acicular silicon flakes.33
In a modnfied‘alloy, the modifier neutralizes the AIP particles leading to
fewer effective nuclei,”’and hence the eutectic silicon nucleates reltatively
quickly and at larger undercoolings (>3°C).33

]
o

More recently, quenching experiments carried out by Flood et al.36 and
Hanna et al.37 have revealed that the nucleation of silicon from the bulk
hguid does not occur in modified samples due to the presence of a
nucleation barrier, although 1t does to some e}(\tent in unmodified samples.

If the change 1n nucleation kinetics was the only mechanism involved in
the modification process only refinement of the silicon crystals would be
observed, but not the alteration in the shape of the crystals. Therefore,
modifying agents must also influence the growth kinetics of the nucleated
silicon particles during the eutectic phase transformation

2.1.2 Growth of Eutectic Silicon

The growth of the eutectic phases may follow two general

patterns38,39;
i) uncoupled growth; one phase grows into the liquid well in advance
-of the other. Such growth is characterized by a non-planar, non-
isothermal solid-liquid interface,

¢
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ii) coupled growty two phases”grow into- the liquid at a common
interface which is nearly planar and isothermal.
Uncoupled growth leads to a flake or plate-like structure, whereas coupled
growth usually results in the formation of either a lamellar or fibrous
structure.38,39

It ha been shown that the growth of the unmodified eutectic occurs by
solidification with a non-planar, non-isothermal sohid-liquid interface as seen
in Figure 2.1a.28,36,39,40 |n the modified structure, however, the solid-hquid
interface is planér and isothermal (fig. 2.1b) thus the growth of the eutectic
Is coupled.28,36,39-41 Such a change In growth patterns s clearly an
important aspect of the mechanism of modification. e

Another significant effect of modifiers 1s to change the growth kinetics
of the silicon cry.stals.;ln an unmodified Al-Si alloy, silicon flakes grow
anisotropically on {111} habit planes by the twin plane re-entsant edge
(TPRE) mechanism.28,30,41-43 When a modifier is present in the melt, these
preferred sites for silicon crystal growth are poisoned by selective adsorption
of modifying elements onto the surface of the habit planes This results in
growth which 1s kinetically restricted in many directions (i.e more 1sotropic
growth), and in the appearance of a fibrous silicon structure.28,41-43

*

2.2 Theories of Electrical Resistivity

-One of the most important charactenstlcs of metals is their abnhty to
readlly conduct electricity due to the presence of a large number of free
electrons. In this section, several theories dealing with the electrical
resistivity of metals will be reviewed briefly. ‘

The early theory, called the free-elect'Jr}Dn theory, was developed by
Drude and Lorentz in the early 1900's.44 This theory suggests that electrons
detached from atoms transferred the electric current under an applied
electric field, and their collisions with atoms in the lattice caused the
observed resistance to this current flow.
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In 1928 Sommerfeld45 developed the Fermi quantum mechanical view
of free-electrons based on Pauli's exclusion principle. Free-electron theory
assumes that all of the free electrons move under the influence of an electric
field. Quantum mechahits, however, indicates that only specific electrons

‘ which are near the Fermi surface can participate in conduction and, thus, in

the scattering (1.e. collisiton) process.

‘A later improvement to the quantum mechanics theory made -by
Bloch46 was that the electrons should be considered as moving In an
eledro§tatlc field resulting from atomic vibrations. These overall vibrations,
known as phonons, cause scattering of electrons to a certain extent
depending bn temperature.and they are the origin of the large temperature
dependent part of resistivity. ’ '

In quantum mechanical theory, resistivity is expressed as

Né : (2.1)

where p = €lectrical resistivity ey
o = electrical conductivity
m =mass of an electron
e =charge of an electron..
Vg =velocity of the electrons at the Fermi level
N =the number of electrons at the Férmi level
| =the mean free path of the électrons

"‘gquation 2.1 suggests that the conductivity of a solid 1s a function of
the population of electrons near the Fermi level and on the mean free path
of the electrons. Metals which have partially filled or overlapped valence
bands, such as copper, aluminum and silver, exhibit high conductvity due to
the high density of electrons near the Fermi level. In addition, for a given
metal, the changes in resistivity must arise from changes in the mean free
path, since thﬁ other parameters are constant.

an

\




18

As noted previously, the mean free path of electrons |is hmited by the

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

thermal scattering, and 1i) impurity scattering. Since their effects are
additive47-50, the total mean free path,It, due to both thermal and impurity

scattering may be expressed as;

1_1, (2.2)
T lth

Py
o™ |~

where |¢h =thermal component of the mean free path
lo 2impurity component of the mean free path

-

Substituting Iy into Equation 2.1 gives a relations known as Mathiessens's
Rule; ’

+ <

v . (2.3)
pTotal_pth+po

where pin =thermal component of resistivity
po =impurity component of resistivity

In the following sections, the discussion will focus on the effect of each
component on thé resistivity of metals, with particular emphasis on

aluminum.

23
2.2.1 Thermal Component of Resistivity

This component of electnical resistivity, also called ideal or lattice
resistivity, arises from the interaction between moving electrons and atomic
vibrations (i.e. phonons). Since the amplitude of atomic vibrations increases
with increasing temperature, thfe‘probability of an electron collision with
atoms in the lattice increases anc7 hence so does the resistivity.

It has been found that the resistivity of most metals is linear with
temperature near and above room temperature and proportional to TS at
low temperatures.47-49,50-52 Therefore, pin of a metal near room

o



y

-~

- by

19
temperature may be gupressed as;
AL (2.4)
Pp=a 2
. Ne
L
- #
where a = proportionality coefficient = 7 ,

T = absolute temperature

Figure 2.253 gives the electrical resistivity of pure aluminum as a
function of temperature. Between 273 and 573K, the temperature
dependence of resistivity of aluminum is approximately linear with a
coefficient of 0.00113 pQcmK-' 44,54, and at low temperatures (<20K), 1t
becomes proportional to (T2 +75).53-56 ™~

2.2.2 Impurity Component of Resistivity 4

This component, known as the residual resistivity (po), is the result of
the scattering of conduction electrons by impurity atoms and other
imperfections present in the crystal structure, such as dislocations, vacancies
and grain boundaries. po can be measured quite accurately at low
temperatures (4 2K in practice), since itis temperature independent and pin

is negligible at this temperature.
“ Y

S
Each impurity atom causes a distortion in the lattice due to 1ts different

size and valence. Thisresultsin the conduction electrons being scattered and
thus an increase in resistivity. For very dilute metals, the gesidual resistivity 1s
proportional to the -concentration of impurities47-50 and can be expressed
1

as;

va X‘ < (2'5)

where X; = atomic fraction of impurities
a = interatomic distance




10

N
L}

O
¥
a_

7

—_
ON
’

Resistivity (uQcm)

—n

Cu
1
O

-4 \_o‘/o/p /

10

-5 ‘ ,‘

1 10 . 10° 10°
Temperature (K)
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The electrical resistivity of a given metal at a confstant temperature
increases as the density of defects increases49.51,57 due to the fact that
electrons are scattered at these defects. It 1s well established that vacancies,
interstitials, dislocations, grain boundanes, stacking faults, as well as phase
boundaries all contribute to the electrical resistivity of metals and alloys

Their effects on the residual resistivity of aluminum are summarized in Table
2.1.54,58-67

2.3 Resistivity of Alloys

The electrical resistivity behaviour of an alloy 1s generally
distinguishable from that of a pure metal by the diminished importance of
the thermal component g‘f resistivity, since the residual resistivity component
becomes the predommant factor The effect of alloying elements on
resistivity depends on their type, concentration, and how they are present
within the matrix of the host metal (i.e. whether they are in solid solution or
not). p .

-

2.3.1 Solid Solutions

The resistivity of very dilute solid solutions i1s\given by Equation 2 5;
however, most common metals contain alloy elements at levels beyond the
validity of this relation. In general, the electrical resistivity of a metal 1s
increased by the presence of alloying atoms in solid solution. Thisincrease in
residual resistivity 1s given by Nordheim's Rule .68

Ap =AX(1-X) (2.6)

where X =atomicfraction of the solute element
A= a constant which depends on the difference, in valence and
atomic size between the solute and solvent elements



Table 2.1 The Effect of Vanious Types of Lattice Defects on the
Electrical Resistivity of Pure Aluminum

. 4
Tvbe of Typical Contribution to
gpf ?t Resistivity of Defect Concentration or Resistivity of Al- Reference
ete Density of Defect N (@ cam) >
pv=(2.6 £0.5) ., annealed
Vacancies nQ cm/at.% 58-60
0.01-0.1 at.% as
quenched
106 lines/cm2 as 3x10-7 v
‘ annealed
Dislocations pg=(3+x1)x10-13 61-65
pQ cm3 1011-1012 {ines/cm2
as cofdworked 0.03-0.3
Grain pgb=(1.5£1)x10-6 100300 cm -1 as ~2%10-4 . 65-67
, Boundaries B cm2 annealed
Stacking pst=(411)x10-7 50-500cm-1as ~10-4 54 66
Faults B cm2 annealed ’
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- If more thé}r{e@é element is dissolved in solid solution their effects are

additive47.49,61,69, | e,

Ap, =D A X (1-X) (2.7)

Q

The increase in the residual resistjvity that occurs due to valence
differences between the solute and the-solvent atoms was first established
by Norbury70. This effect was later investigated by Linde71 for several binary
alloy systems. He showed that for a given quantity of solute, the change in
resistivity can be correlated with the difference in valency between the two

elements, according to the relationship;
bt TN

‘ 2.8
Ap =a+b (AZ) (28)

[4
where a = constant

b= constant
AZ =difference in valence

This relation was congrmed by Robinson and Dorn72 for aluminum
solid solution alloys at 20°C They also found that the calculated values from
Equation 2.8 fit the experimental data better if Za; 1s assumed to be 25
instead of 2. Table 2 253,54,61,73-75 outlines the available data on the effect
of some common alloying elements on the resistivity of aluminum together
with their maximum solubilities, and the ratio of their atomic radii to that of

) .
aluminum.
2.3.2 Alloying Elements out of Solution
- The resistivity of super-saturated solid solution alloys generally
decreases when precipitation of the alloying elements occurs. This takes
place because solvent atoms in solid solution scatter electrons much more
v effectively than when they are out of solution.61,76-78 In some cases,

however, an initial increase In resistivity 1s observed during the precipitation
process. This behaviouris particularly common in certain aluminum alloys. It

e




Table 2.2 The Effect of Metallic Soluteson the Remsutwuty
of Pure Aluminum

Element

Cr
Cu
Fe
Mg
Mn
N1
Si
Ti
Zn

re/rai*

0.984
0.898
0.893
1.12
0.903
0.870
0.978
1.02
0.972

Solubihtg**

(at. %

0.38
2.4
0.025
17
0.90
0.023
16 ,
0.14
66

Ap***
(pQ cm/at. % E)

8.4
0.83
5.4
0.46
6.9
1.6 4
0.72
5.5
0.23

* Ak

* %k

ratio of atomicradius of element to that of aluminum
maximum solid solubility of elementin aluminum ¢
the resistivity increment per atomic percent of element

dlssolved in aluminum
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has been shown that this in1tial increase in resistivity 1s assogiated with the
formation of coherent small clusters known as Guinier-Preston zones (G P
zones) which cause lattice distortions, and hence a higher resistivity 61.77-79

A}

2.3.3 Multiphase Alloys

When an alloy consists of more than one phase, the électrical resistivity
of the ‘mixture (pm,) depends not only on the respective resistivities of the
component phases and their volume fractions, but also on their structural
arrangement. If one phase is randomly dispersed in thé continuous matrix of
the other,'the conductivity of the mn[ture (omi) 1sgiven by;56

1—0 /o

c d

1+2V (———) \

d . 2.9
20 /o +1 » (2.9)
g =0
mr ¢ l—oclod
1~V (/)
d' 20 /o, +1
c  d

where o¢ =conducti¥ity of the continuous phase
04 = conductivity of the dispersed phase
Vg4 = volume fraction of the dispersed phase

Here it should be noted that Equation 29 is valid only if the second
phase i1s assumed to be sphericai However, phases in metallic.sohds often
have more complex shapes and thus the resistivity of the mixture follows
more complex relationships. Most of the time, however, upper and lower
bounds for pm, may be approximated by considering the two phases to be
aligned either parallel to the current flow direction;

a 3] ‘ (2.10)

or perpendicular to the current flow; ‘
] S

_ (2.11)
pml-'vapo-*.vﬁpﬂ

<



é'i‘

where Vq =volume fraction of a
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Vg =volume fraction of 8
) pa =resistivity of a ;
pp = resistivity of

This behaviour is shown schematically in Figure 2.3.80.81 More detailed
analyses based on electrical analog82 and computer simulation83 techniques
have also been proposed in order to incorporate the phase distribution.

2.4 Applications of Resistivity in Physical Metallurgy

Since electrical resistivity is relatively easy to measure and theoretically
sensitive to structural changes, 1t 1s frequently used to obtain information
about the physical and chemical status of m,etalspand alloys. In this section
some common applications of electrical resistivity measurements will be
reviewed briefly. '

2.4.1 Purity Determination

-

\A simple way to estimate the overall purity of a metal is to measure the
ratio of the resistivities at room temperature and at liquid helium
temperature (1.e. p2a7x/pa 2¢). This ratio, called the residual resistivity ratio
(RRR), increases as the purity of a metal increases. According to RRR values,
the purity of aluminum can be classified as follows:54

Commercial Purity Aluminum: RRR< 100

Pure Aluminum: RRR = 100-1000

Very Pure Aluminum: RRR = 1000-10000

Ultra Pure Aluminum: RRR>10000" 8

2.4.2 Deformation, Recovery and Recrystallization

- Plastic deformation of a metal or an alloy below 1ts recrystallization
temperature leads to a microstructure which consists of fine grains and a
high density of lattice defects, including dislocations, grain boundaries and
lattice strain. As noted in section 2.2.2, these lattice imperfections
contribute significantly to the residual resistivity of a metal, especially in a

IS
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pure metal. Therefore, annealing of cold worked metals results in a decrease
in resistivity due to the elimination of these defects. Resistivity also'reflects
the microstructural changes which occur during annealing, commonly
known as recovery a:\d recrystallization. 1t 1s well established that the

recovery process of a metal involves the movement and gradual .

disappearance of defects and occurs in the first stage of the annealing
process. It is usually accompanied by a decrease in resistivity. Generally,
resistivity data obtained from such an experiment ¢ould be used to calculate
an activation energy for defect motion59.84.85 since the change in resistivity
(Apo) may be expressed as;
; _ ‘ (2.12)
~ bp =Aexp(—E [k T,)
where A is a constant, ke, ts Boltzmann's constant, En 1s the activation energy
of defect:motion and Ty the annealingtemperature.

Later, at a sufficiently high temperature, recrystallization occurs and all
the inmitial excess resistivity disappears. Figure 2.48§ illustrates the vanation
in electrical conductivity as a result of recovery dnd recrystallization of
aluminum. In addition to aluminum, changes in resistivity during annealing
have been studied in iron and low-carbon steels87.88, copper83.90 and
p-brass.90 More recently, a in-situ differential resistivity measurement
technique .has been dévelop7ed by Drew, Murr and Williams31 to monitor
contmu%usly the annealing stages of cold worked plain carbon and high
strength low élloy steels.

2.4.3 Solid Solubility Limit Determination

In order to determine the solid solubility limit, isothermal electrical
resistivity measurements of solid solution alloys containing different
amounts of solute elements are carried out. In the case of complete solid
solubility (e.g. Cu-Au system), the resistivity exhibits a maximum near the 50
at. pct. level of each component, as shown in Figure 2.5a44. For two-and
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- N multiphase alloys, the solubility* limit is defined as the point at\whlch the

slope of the resistivity versus composntion curve alters (Fig.2.5b). Itisknown -

» that the chinge in resistivity follows Lmde s and Nordeim's Rules (section
2.3.1) within the limit of solid solublhty Beyond this llmlt achange in slope
occurs because the resistivity then follows the law of r‘mxtures as given in

[n]
Equations 2.9, 2.10 or 2.11  This resistivity behaviour is sshematically
- ' 1 )
presented in Figure 2.5b.

In order to determine the solid solubility lrmit of sihicon in alumlnum

‘fovacs -Csetenyi et al.92 measured the low temperature resistivity of a series

of Al-Si alloys. Later, a snmllap method performed at room temperature was
used by Drist, Kadaner and Kuzmina33. Their results agree well with each

other and with data obtained by other methods, such as optical’

metallography946,and dilatometry95 It was found that the maximum
solubility of sihcon in aluminum 1s 15%0.1 at. pct. at the eutectic
temperature, and rt decreases to 0.005 at. pct at 200°C.

2.4.4 Precipitation and Clustering

Electrical resistivity measurements offer a powerful method for -

studying the decomposition of supersaturated solid solutions, since large
Achanges in resistivity can occur due to the precipitation or clustering of
solute atoms. As prevnously noted{(sectfion 2.3 2), since the ntroduction of
alloying elements into solid solution increases the resistivity, i1t would be
expected that the precipitation process should lower the resistivity This is
true if the precipitates are non-coherent with the matrix On the other
hand, a resistivity increase, at least initially, 1s observed if the clusters have a
fully coherent interface wrth the matrix. Such clusters begin to form as early
as 5 seconds after quencﬁmg79 Therefore, electrical resistivity has a great
advantage over other techniques such as transmission electron microscopy
and microhardness in studying clustering kinetics since continuous resistivity
measurements on a specimen can be made startmg immediately after

e, . quenching. : .
: ! , -

5
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fhe clusters are plate-like or spherical solute rich coherent zones,
known as G.P. zones, and metastable structures which precede the
formation of equilibrnum precpitates79. The clusters grow at very rapid
rates up to a certain size where the lattice strain becomes a maximum. At
this point, the resistivity also shows a maximum and subsequently a decrease
as the clusters grow and lose coherency with the matrix (Figure 2.6).

\

The early stages of aging at low temperatures in \geveral quenched
aluminum alloys have been studied extensively by means of electrical
resistivity measurements. It has been demonstrated t\% initial resistivity
increases take place in the Al-Ag96.97, Al-Cu78,98,99, Al-M@g59.100, Al-Zn101
binary alloys and the Al-Mg-51102-104 ternary alloy. The aging behaviour of
an Al-S1 alloy containing 1 wt. pct. S1 was investigated by Rosenbaum and
Turnbull105. They detected no change in the resistivity during aging at iow
temperatures ( - 30°C te-50°C) but observed a continuous drop during aging
at higher temperatures (150-360°C). Consequendy, they suggested that
there isno G.P. zone formation in Al-3i allnys.

In addition to studying precipitation kinetics, the measurement of
electrical resistivity 1s used to monitor the commercal heat treatment of
precipitation hardening alloys61.86. Optimum mechanical properties are
obtained in these alloys when the lattice strain is g'reatest (i.e. the resistivity
is a maximum).79 Thus the measurement of electrical resistivity is an
accurate method for the determination of aging time and temperature. ’

{
2.4.5 Order-Disorder and Phase Transformations

Resistivity studies are particularly important in producing information
about the kinetics of ordering processes which occur in quenched alloys such
as Ag-Al106, Cu-Zn107 and Au-Cu44,108-110 during the aging of these alloys.
Ordering of the solute In the solvent lattice increases the lattice regularity
and reduces electron scattering?7.108. This results in the resistivity of an
ordered alloy being significantly lower than that of a disordered
alloy.44,77,108 Figure 2.7 shows the effect of ordering in the Au-Cu system
where CuzAu and CuAu are ordered structures. -
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Figure 2.6 Schematic representation of the change in electrical resistivity,
of an age-hardening alloy as a function of aging time.(77)
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When a metal or an alloy undergoes a phase transformation such as the
liquid-solid and allotropic transformations, the crystal structure or lattice
parameter changes. This change is reflected clearly by a discontinuity in the
electrical resistivity vs. temperature curve at the transformation
temperature. A typical phase change, as detected by electrical resistivity

-~ —~

measurements, 1s shown in Figure 2 8111

\
»

Electrical resistivity measurements have very distinct advantages in
studying the martensitic transformation which occurs with very high speed
With appropriate circuits, the resistivity of a specimen can be continuously
recorded throughout the cooling process and changes occurring during the
transformation can be detected accurately In many cases (e g in the Fe-Ni
system), the change in resistivity is large enough to correlate with the
amount of transformation phase and to determine thHe temperature at
which the martensite transformation starts (Ms)

Pioneering studies done by Cohen and coworkers!12-114 on the
mechanism of the martensitic transformation involved resistivity
measurements. Later, resistance measurements were used by a number of

- waorkers to investigate various features of the martensitic transformation in

se.vg'fél systems! 15, such as Fe-Ni, Fe-Cd—I\{n and Au-Cd

i
.
k4

2.4 6 Characterization of Microstructural Arrangement

Electrical resistivity was first used by Liebramn and Miller116.1n 1963 to
characterize the structural arrangement of two-phase alloys. They measured

" the electrical resistivity of the InSb-Sb eutectic alloy in the directions parallel

and normal to the Sb rods and developed a simple electrical analoyy model
to evaluate changes in resistivity as a function of the structu‘al distribution
of the Sb rods. The analog modelling involved representing the eutectic
structures as electrical circuits composed of series and parallel resistors, as
presented in Figure 2.9 The overall resistivity of the alloy was then
predicted by calculating the resistivity of equivalent circuits. This modelling
was later improved and modified to,characterize more complex eutectic
structures in a three-dimensional solid by Watson, Hahn and Kraft82 who
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used it to determine the structure of the Bi-Cu and InSb-Sb eutectics. Similar

‘models were also applied by Giddes and Tauber!17, Yim arid Stoffor118,

Simoneau and Begin119to predict the electrical resistivity of the Bi-MnBi and
Al-Ni eutectics.

In addition, the electrical resistivity of directionally sohidified
aluminum-based eutectics containing aligned Al3Ni120-122, AlgFe and
AlgCo2122 has been investigated. It has been noted that there is a significant
difference in the resistivity of the eutectic mixture depending on whether
the current is parallel (p)) or perpendicular (p ) to the aligned phases. For
example, Maire121 reported that the resistivity ratio (p1/ p|j) 1s In the range
of 1.7 to 2.25 for the Al-Al3Ni eutectic at 4.2K.

2.4.7 Non-Destructive Testing

Electrical conductivity/resistivity measurement techniques, especially
eddy current testing, provide a rapid non-destructive test for a varnety of
structural components in production and in service. Several common
applications of eddy current testing can be listed as follow: 123

1) Indirect hardness measurements,

2) Determination of case depth on case-hardened compongents,

3) Alloy sorting,

4) Defect detection; such as cracks, seams, porosity and shrinkage,
\\ 5) Thickness measurements ofifoils, sheet and strips.

2.5 Previous Experimental Work on Resistivity Measurements of Al-Si
Casting Alloys 4

Electrical resistivity measurements have been performed on Al-Si alloys
in order to predict the degree of modification, to determine dendrite arm
spacings and to follow heat treatment of these alloys.




,J ’
]
Pt

-l

39

2.5.1 Degree of Modification in Al-Si Alloys

The first attempt to use electrical resistivity for the evaluation of the
silicon form in Al-Si alloys was made by Thirunavukkarasu and
Panchanathan124 in 1978. In 1983 Oger, Closset and Gruzleski25 used a DC
resistivity technique while Jacob and Remy26 applied electrical conductivity
methods to study the structural changes that occur during modification
Later, Closset and his coworkers22 developed an AC differential electrical
resistivity technique to measure the difference in voltage between a
standard sample (unmod:fied) and a modified sample. More recently, Argo
et al.125 have measured electrical conductivity by using an eddy current
conductivity meter to determine the silicon morphology in 31'9, 356, 357 and
380 alloys.

The results of these studies demonstrated that the electrical resistivity
of modified samples i1s lower than tt(at of unmodified ones, with a resistivity
difference of 5-10 percent between the two (Figure 14). The resistivity
difference is enhanced by increasing the silicon content26,125 or by bringing
about a greater degree of structural change.22 '

It was also reported that electrical resistivity and conductivity methods
cannot predict the eutectic silicon form in alloys containing high Mg
contents, such as A355120 and A35722 (0.7 wt. pct. Mg), since there 1s no
change in the resnstnjnty upon modification. Closset et al 22 have suggested
that this is the result of the modifying action of magnesium  Since
magnesium partially modifies the eutectic silicon (1.e. forms a lamellar
structure), the subsequent small change in the silicon structure which takes
place during the modification treatment cannot be detected by electrical
resistivity.

Fljrthermore, it has been found that resistivity is sensitive to hydrogen
or shrinkage porosity22.25. Samples cast from degassed melts have a lower
resistivity, by about 1 pct,, than those cast from non-degassed melts.
However, if the porosity content of a casting is less than 0.5 vol. pct., as in the
case with most acceptable castings the overall resistivity behaviour, does not
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change. Therefore, electrical resistivity can still be considered a peliable
method for assessment of the degree of modification.

2.5.2 Dendrite Arm Spacing

é’y\lt is also of considerable interest to predict the dendrite arm spacing
(DAS) in a casting due to its noticeable effect on the mechanical properties
of AIl-Si castings3-10 A :c\echnique based upon comparative electrical
conductivity measurements for determining DAS in a test casting has been
developed by Argo, Drew and Gruzleski125. This technique has been applied
to evaluate the DAS non-destructively in both modified and unmodified 319,
355, 356, 357 and 380 alloys. The results of this study showed that
conductivity decreases as the DAS increases. The technique gives more
reliable predictions of DAS for modified alloys than for unmodified alloys.

)/

2.5.3 Heat Treatment

u After casting, most Al-Si" alloys are heat treated to optimize their
mechanical properties. Generally, heat treatment schedules consist of a
solugron treatment (T4) near the eutectic temperature and an aging
treatment (T6). The change in silicon morphology has been followed
continuously by in-situ differential electrical resistivity measurements during
the heat treatment of A356.0 alloy126. The measurements indicated that the
spheroidization of siligen that occurs b‘ring solution treatment leads to a
lowering of the res(svt;:ity and proceeds faster in modified, compared to
unmodified, alloys. In addition, the resistivity of solution treated and
quenched A356 alloys shows a continuous decrease with aging time due to
the precipitation process. Finally,qit has been pointed out that differential
electrical resistivity can be employed as a method of controlling the

commercial heat treatment of hypoeutectic Al-Si1 alloys.126
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~ CHAPTER 3

b

EXPERIMENTALPROCEDURE
3.1 General

The experimental procedure employed in this work was designed to
investigate the general resistivity behaviaur of Al-Si alloys and the effect of
‘ various silicon morphologies on the resistivity of these alloys. b

The major portion of the experimental work consisted of the
preparation of alloys containing different levels of silicon, magnesium and
strontium, and the measurement of the electrical resistivity or concli\ﬁctwuty
of the samples obtained from these alloys. The following variables were
examined during the experimental work to determine their effect on
resistivity: i

1) The chemical comp;losmon of the alloys, mainly the concentrations

of silicon, magnesium and strontium,
. 2) The solidification rate of the cast alloys, i

3) The changes n migrostructure at various stages of heat treatment of

the alloys,

4) The temperature‘ at which the electrical resistivity/conductivity

measuremvents were carried out.

- Another important aspect of the experimental work involved the
preparation of directionally solidified samples of the Al-Si binary eutectic.
, The results of these experiments were used to illustrate the effect of

different silicon morphologies on electrical resistivity

¢ _
The remaining portion of the experimental work comprised of
metallographic examinations, hardness testing and thermal, chemical and
X-ray analyses of the alloys.

'.‘"""')
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3.2 Alloy Preparation

A series of alloys of binary Al-Si, Al-Sr, Al-Mg, ternary Al-Si-Sr, Al-Si-Mg
and quaternary Al-S1-Mg-Sr were prepared.

3.2.1 Materials
The materials used in the preparation of the alloys were aluminum,
silicon, magnesium and strontium. The chemical analyses of these materials

except silicon, as provided by the suppliers, are given in Table 3.1.

Aluminum, the base material, was produced by ALCOA in the form of 2.5kg
ingots, and was 99.99 pct. pure

Sithcon was supplied by Johnson Matthey Inc. in the form of lumps. It was
semiconductor grade silicon with a putity of 99.9999 pct.

Magnesium and strontium were supplied by Timminco Metals. The

“magnesium was in the form of 16kg ingots, and the strontium was in the

form of extruded bars which were stored under vacuum to prevent excess
oxidation. They were of 99.98 pct. and 98.0 pct. punty, respectively.

3.2.2 Melting and Alloying

Meiting of the alloys was carried out using a Tocco MeltMaster
induction furnace which was a 38KW, 30KVAR, 440V and 68A unit. The
crucibles used for melting were machined from a high punty ;_:;raphlte block
supplied by Speer Canada Ltd. and baked at 800°C to remove volatiles.
During melting, oxidation was minimlzed by placing a 0.5cm diameter steel
pipe slightly above the surface of the melt and continuously passing argon
through the pipe at a flowrate of 1/min.

/

Silicon, magnesmm/and strontium were used as alloying elements in
order to determine the/effect of compositional change on resistivity. Silicon
was added in pure for/r’n while the magnesium and strontium were added as

/
/

/

/ <
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Table 3.1 Chemical Composition of the Materials Used
Element (wt. pct.)
Material -
Si Fe Cu Mn N Na Mg Ca Zn Ga Al Pb  Sn Sr
Magnesium | .002 .001 - .002 - - 9998 .001 .005 - .003 .001 .002 -
Strontium .040 005 - - .500 .100 .300 .003 - - .050 - - 98.00
Table 3.2 Chemical Analysis and RRR of the
Aluminum Control Sample
Element (wt.pct
Material (Wt.pt) RRR
Condition

Si Fe Mn Cr Nj Zn Ga Al

asreceived |.003 .003 - - - 002 .002 99.99 | 175
after meiting | .003 .005 .002 .001 .001 003 .002 9997 155
and casting

EY




alunfinum based master alloys of compositions Al-1wt. pct Sr, and Al-10 wt.
pct. Mg. The silicon concentration of the alloys ranged from 0 to 12.6 wt.
pct. and the magnesium content varied from 0 to 1 wt. pct. The strontium
level was kept constant (~0.032 wt. pct.) in all the Al-Si-Sr and Al-Si-Mg-Sr
alloys. This level was chosen since it represents the approximate amount
used when modifying commercial Al-Si casting alloys. In the Al-Sr binary
alloys, however, the strontium content was varied within the range of 0 to
0.26 wt. pct.

kN

During alloy preparation, 150g charges of calculated amounts of
aluminuin, silicon and master alloys of strontium and magnesium were
placed into the graphite crucble and melted under an argon atmosphere In
the induction furnace. The melt temperature was brought up to 740°C and
then maintained within * 2°C of this value for 15 minutes. It was found that
this holding temperature and time weulvd iciently high and long for
complete dissolution of the alloying elem nfs)and homogenization of the
melt. The melt temperature was measured using a chromel-alumel K-type
thermocouple. The temperature was reduced to 720°C prior to casting.

+

3.2.3 Casting

The molten alloys were cast into a horizontal split graphite mould
located beneath the crucible. The casting of the alloys was done employing
a bottom pouring technique to minimize direct contact of the melt with air
and to avoid slag carry-over into the mould, hence maintaining the purity
and cleanliness of the alloys. Figure 3.1 illustrates the melting and casting
arrangements. After filling the mou@,)tfw/e remaining melt was cast into a
copper mould to obtain samples for spectrochemical analysis.

A control sample of pure aluminum was also produced in exactly the
same manner in order to determine the degree of contamination during
melting and casting. The chemical analysis and residual resistivity ratio (RRR)
of these samples, given in Table 3.2, revealed that the alloys were produced
without an appreciable decrease in purity.
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Two different solidification rates were employed during casting in

order to produce different levels of microstructural coarseness:

i) Rapid Solidification was achieved by casting the molten alloys into a
graphite mould at room temperatufe (i.e. chill cast). This gave a
cooling rate of approximately 1°C/sec.

ii) Slow Solidification was achieved by preheating the graphite mould
up to 200°C and packing fibrefax insulation around it. In this case the
cooling rate was of the order of 0.4°C/sec.

Figure 3.2 shows two cooling curves corresponding to the two different
solidification rates employed. The cooling curves were obtained using a
"thermal analysis technique which will be described later.

The cast ingots were 10cm in length, 1.2cm in thickness and 4cm wide.
These ingots were sectioned as shown in Figure 3.3. Regions A and E were
‘not used in further investigations. Microstructural examinations were
conducted on the samples taken from regions B and D. Region C, which
exhibited the best chemical and structural homogenity, was used to prepare
samples for electrical resistivity/conductivity measurements. The castings
which had less than 2 wt. pct. S1 were heated to 450°C for 15 minutes in an
electrical resistance furnace and then hot rolled to a thickness of 8mm to
produce virtually pore-free samples. The alloys,with more than 2 wt. pct. Si
could not be rolled due to the presence of the brittle eutectic silicon and
they were used in the as-cast condition for resistivity/conductivity
measurements. . ‘

£

3.3 Heat Treatments

Different heat treatment procedures were, designed for the different alloy
groups, as outlined in Figure 3.4. )

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

A homogenization treatment of these alloys was done to produce a
large and stable grain size, to minimize imperfections caused by rolling and

o
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Figure 3.2 Typical cooling curves obtained during casting of the alloys.
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Figurel3.4 Heat treatment procedures.employed.




o}

to dissolve precipitates and intermetallic compounds formed during casting
and hot rolling. The samples which contained magnesium were
homogenized at a low temperature (550°C) to prevent melting of the low
melting point eutectic phase, Al-Mg35i-5i.75,127,128 The other samples were
homogenized at 560°C.

‘Q
f

In cooling from the homogenization temperature, three different

procedures were used: 5, |

1) Water quenching: Samples were removed from the furnace and
quickly guenched inroom temperature water.

2) Air cooling: After removal from the furnace the samples were
placed on_a large steel plate and allowed to cool to room
temperature

3) Furnace Cooling: All samples were cooled in the furnace at a
constant rate of 18°C/h.

f

The water quenched and air cooled samples were then annealed for
24h at room temperature before any measurements were made 1n order to
eliminate the vacan.ciesformed during cooling.

Pre-aging (natural aging) of quenched samples was also-carried out for
different periods of time at room temperature to study clustering kinetics in
Al-Si and Al-Si-Mg alloys. Finally, an aging treatment of these samples was
performed at 175°C-340°C for 18h.

The homogenization and aging treatments were done i1n+a
programmable electric resistance furnace whose temperature ¢quld be
controlled with a £ 0.5 pct. accuracy between 140°C and 700°C. Thesamples
were -placed in the central portion of the furnace where the temperature
variation was in the range of *1°C. When the pre-aging time was shorter
than 12h, the homog'enizatlon treatment was done in a separate
automatically controlled furnace. Thiswas done since the furnace described
above could not cool to the desired aging temperature from the
homogenization temperature in less than 12h.

/
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Each heat treatment procedure was:repeated at least three times and
the electrical resistivity/conductivity measurements were made after each
step of the heat treatment process.

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

These gloys were solution treated for 24h at 540°C and then air cooled.
This heat treatment procedure, designated as T4 by the Aluminum
Association129, is commonly employed for commercial Al-Si foundry alloys.
The changes in microstructure which took place during the heat treatment
of these alloys were followed by electrical conductivity.

3.4 Directional Solidification Experiments ‘ ,

It has been shown that the controlled directional solhidification of Al-Si
eutectic alloys leads to a variety of eutectic silicon structures which depend
on the solidification conditions.28,130-132 Therefore, it was decided to
produce a series of directionally frozen samples o\gAl—Si eutectic alloy in
order to investigate the effect of various silicon stru¢tures on resistivity In
addition, two sand cast eutectic alloys, in which the eutectic silicon 1s
assumed to be randomly distributed, were produced.

The directional sohidification was accomplished by holding the sample
stationary and lifting a furnace vertically at a constant rate around the
molten sample. Consequently, solidification would be initiated at the
bottom of the sample and progress vertically upwards at a constant rate
until the entire sample solidified In the following sections the appraratus
used in these experiments will be discussed together'with the experimental
procedure employed.
3.4.1 Apparétus

) AN

The directional solidification apparatusconsisted of a vertical tube
furnace and a variable speed motor |t}in a gear reducer. The vertical
furnace, as schematically illustrated in Figure 3.5, was constructed using two

" s

4
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Figure 3.5. Directional solidification furnace. ,
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-
resistance heating coils, with fibrefax insulation packed between the colls
and furnace case.

The electrical resistance cotls supplied by Thermcraft Inc. had an 8cm
outside diameter and were 20cm in length. The resistance windings of the
coils, constructed of 1.5m of 80 wt. pct. Ni-20 wt. pct. Cr, were helically
wound and placed in the refractory backing grooves. Each coil was installed
in the furnace vertically, as shown in Figure 3.5, and attached to a powerstat

“regulator (10 amp. max.). The two coils together had a total power output

of ~1200watts.

The furnace case consisted of a stainless steel cylinder (35¢cm'in length
with a 20cm outside diameter) and asbestos top and bottom covers which

y had circular openings 8cm and 5cmin diameter, respectively Additionally, a

water cooled copper coil was attached to the furnace base to enhance the
temperature gradient in the liquid ahead of the sohdifying interface. The
fibrefax insulation, packed between the electrical coils and the furnace case,
provided a minimum of lateral heat loss and enabled the furnace to
maintain the'constant temperature Pl’Oflle required

The top opening of the furnace was closed by a graphite block in which
.a 0.5cm diameter steel pipe was placed to allow the passage of argon into
‘the furnace. This provuded an inert gas atmosphere in the furnace and
minimized oxidation. The same pipe was also used for inserting a K-type
thermocouple to monitor the temperature profile within the furnace
Figure 3.6 illustrates a typical temperature proflle obtained inside the
furnace.

The vertical movement of the furnace was achieved by means of a drive
mechanism consisting of a variable speed motor and a gear reducer. The
variable speed motor, manufactured by U.S. Electrical Motor, has a minimum
of 12 and a maximum of 72 revolutions per minute. The speed was further
reduced by the use of a double worm gear reducer with a stepdown ratio of
900:1.

I
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The furnace was mechanically attached to a steel plate which moved
either up ordown. The steel plate was connected to the drive mechanism by
the use of a threaded rod which acted as a screw. Each revolution of the rod
provided a vertical movement of 0.1cm. Two steel rods were also placed on
either side of the steel plate to support the furnace weight and to ensure
smooth vertical movement. The above mentioned configuration provided
variable furnace lift rates (i.e. growth rates) of 0.1 to 10cm/h.

3.4.2 Experimental Procedure
¥

Rods of binary' Al-S1 eutectic alloy were prepared by melting
appropriate amounts of pure aluminum and pure silicon and casting into a
graphite mould. These rods (3.3cm in diameter and 28cm in length) were
placed in a recrystallized ailumina tube (99 pct. Al;03) 3.8cm in diameter and
30cm in length. The alumina tube was then set approximately 2cm into a
graphite mould, as shown in Figure 3.5, inserted into the furnace and
aligned parallel to it. The heating coils were then switched on. The furnace
required about 1.5h to attain the temperature profile shown in Figure3 6

The samples were remelted at 820°C for 30 min in the furnace to
stabilize the thermal conditions. The molten samples were then directionally
solidified by lifting the furnace around them at a constant velocity The
growth rate (Rg) was taken as the.rate of furnace movement and six
different growth rates, ranging from 0.2 to 5cm/h, Wwere used The
temperature gradient, G, was recorded by inserting a tI(ermocouple Into a
control sample. It was kept fairly constant for all samples/at about 26°C/cm.

After complete solidification, the alloy rods were carefully broken out
of the alumina tube and were cut as shown in Figure 3.7. .
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3.5 Electrical Resistivity and Conductivity Measurements

3.5.1 Electrical Resistivity 1 .

The samples used for electrical resistivity measurements were
approximately 0.05cm thick, 0.3cm wide and 5.5¢m long and were punched
out of rolled sheets of the single-phase alloys. This method yielded ~1 pct.
dimensional accuracy. In addition to these samples, several longitudinal and
transverse samples 3.5cm long and 0.5¢m in diameter were machined from
each directionally solidified rod. For these samples the dlmens%onai accuracy
was in the order of 1.5 pct. ;

The resistivity of the samples was measured using a standard four-
probe DC technique at room temperature (297 £0.5K), in iquid nitrogen
(077K) and in liquidelium (4.2K). This technique involved the measurement
of the voltage drop bkRtween two points separated by a constant distance, L,
current 1s passed. The electrical resistivity of the

when a constant dire
sample was then determ\ned by the formula;

(31)

o

Il
~|<
>

where p=electrical resistjvity (Qm)
V =voltage (V)
I=current(A)
A =cross-sectionallarea (m2) )
"L =constant distange (m)

This technique has an pdvantage over the more conventional methods,
such as Wheatstone and Kelvin bridges, since {t 1s unaffected by contact
resistance. With the foupprobe arrangement shown in Figure 3.8, the
voltage contacts are 6t part of the crcuit, and since they do not carry
current their resistances have no effect on the measurements.44,115

The sample holders used for the voltage-drop measurements in the
4.2K and 297K temperature ranges are shown schematically in Figure 3.9.
They consisted of two separate plexiglass plates which were joined by
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scréws. The samples were sandwiched between the plates and electrical
contact to the samples was made by means of pressure contacts. The voltage
contacts were positioned a distance of 10mm from the current contacts to
minimize any effect of a non-uniform electric field distribution near the
current contacts. Fine copper wires (~0.10mm diameter) were used for the
leads, and thicker (0.5mm diameter) wires were used for the contacts. The
lead wires were fixed to the contacts using a Pb40-Sn60 soft solder. In order
to ensure good electrical contact, the speamens were etched in a solution of

50 pct. HCl and water to clean the surface and remove any thick oxide layer

before the samples were attached to the holder. The voltage leads were
connected to a DC Keithley nanovolimeter (Model No 181) which was able to
detect 10nV with six digit resolutnor} and an accuracy of 0.015 pct. in the
millivolt range. A constant current wds supplied by a Keithley current source
(Model No 225), accurateto +0.5 pct.

The voltage-drop measurements of samples of the single-p\hase alloys
(0.05x0.3x5cm) were performed by first immersing the samples in an acetone
bath at room temperature and then in liquid helium stored in a Dewar flask.
A current of 0.1A was chosen to ensure a sufficiently high voltage difference
for accurate measurements. Likewise, the voltage drop of samples of
directionally solidified alloys was measured at room temperature and at
iquid nitrogen temperature using a current of 0.5A 4 During the
measurements the current direction was reversed to mummiz@ errors due to
thermally induced voltages. The samples were also turned end for end and

-the measurements repeated.

| . 3.5.2 Electrical Conductivity

Samples used in conductivity measurements were cut from either rolled
or -as-cast ingots in the form of a square measuring 4x4x0.8cm. The
conductivity measurements on these samples were performed using a K.J.
Law Model M4900C electrical conductivity meter, as shown in Figure 3.10.
This instrument measures conductivity by an eddy-current technique and
displays it as a percentage of the International Annealed Copper Standard
(pct. IACS), with 100 pct. IACS being equivalent to 1.7241 pQcm at 293K.
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Eddy-current testing invglved inducing an electrical current in a
conductive material by means of an alternating magnetic field and
observing-the interaction” between the applied current and the mduced'”}
current (i.e. eddy currents in the sample). Coupling the AC magnetic field to |
the test sample was accomplished by the eddy current transducer, referred
to as a probe or coil. Figure 3.11 illustrates the eddy currents induced in a
sample by a test probe. The vector Hy represents the AC magnetic field
applied by the probe whereas H; indicates the induced AC field resulting
from the eddy currents in the test object. “

Four parameters influence the eddy currents:
.i) Electrical conductivity of the test matenal,
i) Magnetic permeability of the test matenrial,
iii) Geometry of the test specimen, such. as size, diameter, thickness,
etc.,
iv) Surface discontinuities, such as cracks, and surface skin.

Clearly, successful conductivity measurements depend on the last three
of the above parameters being kept constant. Al-Si alloys exhibit no ability
to conduct magnetic flux and are considered non-magnetic53 (i.e constant
magnetic permeability). The geometry of the test samples was held constant
by usmé square plates having the same dimensions as the standard samples
Finally, the surface effect was minimized by machining the test samples
before the conductivity measurements were taken.

@Jhe M4900C gives a direct digital read out of conductivity with 0 1 pct
resolution and 0.5 pct. accuracy within the aluminum conductivity range (28-
65 pct. IACS). In addrtion, it can be adjusted to compensate for temperature,
thus the instrument reads the conductivity of a sample as if measurements
were carried out at 293K. Another feature of the device 15 u}s ability to
provide a constant depth of penetration (1.72mm) of the eddy current field
into the sample regardless of its conductivity. The depth of penetration 1s
given by the relationship:




64

- ' (3.2)

d= ——
Vafp

L 4

where d =depth of penetration (mm)
o = conductivity o¢f the test sample (pct. IACS)
f = frequency of alternating current (Hz)
p = magnetic permeability (1 for aluminums33)
'

As can be seen from Equation 3.2, both conductivity and frequency
influence the penetration depth. The M4900C varies the frequency to
maintain a constant depth of penetratiop. :

L)

Measurements were performed according to the ASTM E1004-84133

standard procedure; 1.e. \
1) The test samples were machined to obtain a relatively flat smooth
surface. : P

2) To éliminate edge effects, the dimensions of the samples were kkepf
large. Specifically, the thickness of the samples was always greater
than 2.6 times the depth of penetration.

3) It was ensured that the probe, standards and test samples were at
the same temperature before any measurements were made.

4) The insttument was calibrated against three known aluminum
standards and compensated for temperature.

5) The probe was placed on the center of the samples and the
measurements were taken. ’

6) The calibration of the instrument was verified at the end of testing
each set of samples.

3.5.3 Accuracy of Experimental Resistivity and Conductivity Data

An error estimation, including all circuit components as well as
dimensional uncertainties, ‘revealed that the accuracy of the absolute
resistivity values was about *3 pct. Table 3.3 -summarizes some of the
expected error sources and their error contributions to the total accuracy of
the data. However, the error in the resistivity ratio (p97x/pa.2k), often used

Iy
~

*




Table 3.3 Error Estimation /

“

Cont\nbutlon to
Type of . | Accuracy of
Measurement ErrorSource Measurements
(%)
Nanovoltmeter 020
N Current Source 0.50
Electrical
Resistivity ngg:aacrt\d 0.20
Resistance
Sample
Dimension 2.00
; -
Ele@tric_al Ilg:tstrument 0.75
Conductivity | ¢4 andard 0.25.
*Sample
;L

7
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( in this work instead of absolute resistivity"values, was approximately 1 pct.
This is due to the fact that the resistivity ratios were obtained directly from
measured voltage drops using the following relationship: =<

Pogik DV (3.3)

As seen in Equation 3.3, the resistivity ratio 1s not a function of sample
dimension, and as such most of the errors noted in Table 3.3 are eliminated.

The error in conductivity measurements arose mainly from
measurements is in the order of *1 pct. (Table 3.3).

#

3.6 Hardness Measurements

Hardness measurements were done to support the
resistivity/conductivity data. Microhardness tests were performed on erther
a Vickers microhardness tester or a Rockwell Tukon tester Vickers
microhardness testing was performed using a square-base pyramidal
diamond indenter with an obtuse angle of 136° and a load of 2.5kg. The
Tukon tester, however, allowed for measurement of the hardness across the
primary aluminum dendrites by the use of(ga diamond indenter with an angle

of 136° and a load of 250g. In both instances, four hardness readings were
\

J—

taken from each sample and averaged.

3.7 Thuermal Analysis

Thermal analysis was employed '%o determine the cooling rates of the
castings and to obtain information on the nucleation and growth kinetics of
the eutectic phase. The system used for thermal analysis, shown

(» schematically in Figure 3.12, was developed by Aggycopoulos134. It consisted
\ .

4

instrumental limitations. It 1s expected that the accuracy of the

o4
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of a GIMIX host microprocessor, an electronic A/D converter (umac-4000), a
floppy disk driver and a Hewlett Packard graphics plotter (HP 7225A).

The analog signals were obtained using a K-type thermocouple placed
in the mould. These signals were then digitized by the pmac-4000 and
stored on a floppy disk. Later the collected temperature data were plotted
against cooling time.

3.8 Spectrochemical Analysis

Chemical analysis was done on the spectrochemical samples cast into
the copper mould and on the chill cast ingots. After they were machined to
obtain a flat smooth surface, analysis was done by a vacuum emission
spectrometer (Baird Atomic Spectro-1000 model no DV2) \coupled with a
microcomputer.

Pure aluminum and Al-Si-Sr standards supplied by Aluswiss Itd. were
used to cahb/rate the spectrometer. The samples were analyzed for Si, Fe,
Mn, Mg, Cu, Nl,lCr Sr, Tiand Zn The results of these analyses are given in

Table3.4. \\
NP

)m

3.9 X- Ray Diffraction 4

- /X-ray diffraction was used to characterize the anisotropy of the silicon
structure in the directionally solidified and sand cast eutectic samples. A
Philips automatic diffractometer was employed using Cu K, radiation, and
the diffraction was done on a flat and ground surface (320 gnit finish) of the
samples. The samples were always placed in the diffractometer with the
same orientation to the X-ray,beam. The total exposure time was about 3h.

!

3.10 Metallography

R

The metallographic samples were cut from the cast alloys and the
directionally solidified samples as shown in Figures 3.3 and 3.7.
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Coarse grinding was carried out using 120 grit silicon carbide paper and
was followed by fine grinding using a series ofobrindlng papers of 240, 320,
400 and 600 grit with water as a lubricant. Subsequently, mechanical
polishing was| performed on samples of the single-phase alloys, and
electrolytical polishing was performed on samples of the two-phase alloys.

Mechanicgl polishing was accomplished by first using 5pum alumina
powder suspended in water on a polishing cloth. Final polishing was done
using 0.3um alumina applied on a medium speed wheel. Electrolytic
potishing was carried outin a 30 pct. HNO3 and 70 pct. methanol solution at
about -20°C under an applied potential of 40 DCvolts.

The polished samples were examined, as polished on a Neophot optical
microscope. Some of the samples were etched in a sofution of 0.5 pct. HF, 1
pct. HCl, 1 pct. HNO3 and 97.5 pct. H20, and then examined using a Jeol
(JSM-T300) scanning electron microscope. In order to identify the phases
revealed by the SEM, in-situ semi-quantitative microchemical analyses (spot
analyses) and X-ray mapping were performed on the samples using an
energy dispersive sppectrometry (EDS) analyzer (model no TraCOr\SSOO)
attached to the SEM.

s




Table 3.4 Chemical Composition of the Alloys Produced
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Element (wt. pct.)

Alloy

Name Si Fe Cu Mn Mg Ni Zn Ti Sr
2L |0.003|0001| - - |0.002 0602|0003 - {0.009
3L |0.003]0002| - - |0.002|0.002|0002| - }o0.018
4L |o0.004{0002]| - - 0.003 {0.003| - |o0.035
5L |0.003 0001 | - - |o0.003}0002|0002| - |0.061
6L |0003]0002]| - - lo.002{0002{0001| - ]0.123
7L |o0.003|0002| - - |0.002]0001}0001| ~ |0.224
1A |0.004 J0004| - [o.005| -~ ]0.002]0.002 L -
2A {0144 {0003| - |0.007| - 10.002]0.004 \ -
3n  |0323]0003| - |oo00s| - [0.002]0.003 -
an |o0604|0004] - |0.005| - [0.003]0.004 ~
sa | 0.880 { 0.005 | 0.002{0.006| - |0.003]|0.003 -
6A | 1.036|0007| - |0003| - ]0.002]0.004 -
7A | 1.164 [ 0.007 [ 0.001 | Q005 | -~ |0.002 |0.004 -
8A {1.239(0005| - g.oos ~ |0.004 {0.004 |/ - -
9a |1.262)0005] - Joo006] -~ |0.003}0.003][ - -
10o |1.387|0004| - o005 - |0.007}0.006]| - -
1A |1610|0003{ - {0006{ -~ |0.005(0.005(0001| -
18 |.0004 [0.003] - Joo003] - |o0.003]0.004]0.002]0.037
28 | o0.140 | 0.004| - |o0.005| - ]0.004]|0.003]0.001]|0.031
38 |0308{0003| - [o0006f - {0.003]0.004] - |0.036
48 |o0ss59|000s| - |ooos| - |ooo03)oo00a] - [o0.036
s8 |0.776 |0.005| - |0.005| -~ |o0.006|0.004/|0.001|0.034
68 |1.03300004( - [o0o005|{ - {o.005 o.ooa/ 0.001 { 0.034
78 | 1148 ]000a| - [o003| - [o005f0.003|] - ]o0.035
88 |1.241]0003| - |o0o007| - |o0006|0007| - |0.031
98 | 1258 {0004| - [o006| - [0.006 0.005 | 0.001 { 0.030
108 |1399)0003] - Joo06] -~ 0006|0006 - |0.033
118 | 1611]0003| - Jooo6| - |0006|0004] - |0.032

A
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Alloy Element (wt pct)
Name )

Si Fe +Cu Mn Mg Ni _ Zn T Sr
13A 4.28 | 0.008 | 0.001 } 0.004 - 0.002 ] 0.004 } 0.001 -
14A 6.16 { 0.005 | 0.001 D.OQZ - 0.002 10.003 {0001 -
15A 8.52 [+p.006 | 0.002 | 0.004 | 0.001 | 0.002 | 0.004 - -
16A 10.09 | 0.006 | 0.002 | 0.003 - 0.002 | 0.004 | 0.001 -
17A 12.53 | 0.002 | 0.002 | 0.002 A - 0.002 | 0.005 | 0.001 -
18A 15.52 {1 0.002 { 0.001 | 0.003 - 0.002 1 0.004 | 0.001 -
128 2.45 | 0005} 0.002 | 0.003 - 0.002 ] 0.004 ) 0.0071 | 0.038
138 4.32 0'0,04 0.002 | 0.003 - 0.002 | 0005 | 0.002 {0035
14B 6.34 | 0.005 | 0.001.f 0.004 - 0.002 1 0.005 10001 {0.037
15B ;/87 0.008 | 0.002 | 0.005 - 0.002 | 0.004 | 0.001 1 0.034
168 ¥0.18 | 0.008 | 0.001 | 0.004 - 0002 | 0.005|0.001 0038
178 12.60 | 0.007 | 0.002 | 0.004 - 0.002 | 0005|0001 {0.034

~§‘¥B}B 15.51 | 0.007 } 0.002 | 0.004 - 0.002 { 0.004 | 0.001 ] 0036
12AA 2.21 1 0.005]0.001 |0.004 - 0.002 { 0.006 | 0.001 -
13AA 3.93 | 0.002 | 0.001 | 0.003 - 0.004 | 0.004 | 0 002 -
14AA 6.33 | 0.003 | 0.001 | 0.003 - 0.001 | 0.006 | 0.002 -
15AA 7.83 | 0.005 | 0.001 | 0.005 ~ .} 0.003 {0.005 | 0001 -~
16AA 10.34 | 0.005 | 0.001 | 0.005 - 0.003 { 0005 | 0.001 -
17AA 12.58 | 0.004 } 0.001 | 0.005 - 0.003 | 0006 | 0.001 ~
128BB 2.24 | 0.004 ) 0.002 | 0.003 - - 0.003 | 0.001 | 0.036
13BB 4.10 | 0.004 | 0.001 | 0.003 - - 0.002 | 0.001 ] 0.036
14B8B 6.43 { 0.006 | 0.001 | 0.002 - - 0.005 |1 0.001 | 0.029
1588 | 7.71 | 0.003 | 0.001 [ 0.004| - - |o004|0.001|0.034
16BB 10.26 { 0.005 | 0.001 | 0.003 o - 0.005| 0.01 ]0.035
178BB 12.44 | 0.005 | 0.001 | 0.003 - - 000510001 ]0.032

Q
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Alloy Element (wt. pct.)

Name Si Fe Cu Mn (Mg . Ni Zn Ti Sr
1M2 0.271 | 0.005 - 0.005 } 0.099 | 0.002 | 0.003 - -
1M3 0.493 | 0.004 - 0.004 | 0.099 | 0.002 | 0.002 - -
1M4 0.805 | 0.006 - 0.004 { 0.102 }{ 0.002 | 0.003 - -
1M5 1.182 | 0.005 - 0.002 § 0.105 | 0.002 | 0.002 - -
1Mb 1.287 | 0.008 - 0.003 } 0.089 | 0.001 { 0.001 - -
M7 1.412 | 0.004 - 0.004 | 0.095 | 0.001 } 0.003 - ‘ -
M8 1.559 { 0.004 - 0.003 | 0.103 ] 0.001 { 0.004 = -
2M1 0.004 | 0.003 - 0.004 | 0.351 | 0.002 | 0.004 - -
2M2 0.371 | 0.003 - 0.005 | 0.336 | 0.002 | 0.003 - -
2M3 0.551 { 0.006 ~ 0.004 { 0.328 | 0.003 1 0.004 - -
2M4 0.894 | 0.004 - 0.004 | 0.316 | 0.004 | 0.003 - -
2M5 1.096 | 0.003 - 0.003 |{ 0.342 | 0.003 { 0.003 - -
2M6 1.234 { 0.004 - -10.003 | 0.350{ 0.003 { 0.004 - -
2M7 1.451 | 0.003 ~ 0.004 | 0.333 | 0.003 { 0.004 - -
2M8 1.630 | 0.005 - 0.003 | 0.342 | 0.003 | 0.004 - -
3M1 0.003 | 0.006 - 0.004 { 0.642 | 0.002 { 0.005 - -
3M2 0.317 | 0.003 | - 0.005 | 0.637 | 0.002 | 0.005| - -
3M3 0.549 | 0.003 | - 0.005 | 0.620 | 0.002 | 0.006 - -
3M4 0.812 | 0.003 - 0.004 | 0.658 { 0.003 | 0.003 - -
3M5 1.043 0.8105“ - 0.005 | 0.612 | 0.003 | 0.004 - -
3Mb 1.216 | 0.006 - 0.006 § 0.648 | 0.003 | 0.003 - -
3m7 1.436 | 0.004 - 0.006 | 0.643 | 0.002 { 0.003 - -
3M8 1.559 | 0.004 - 0.006 | 0.638 | 0.002 | 0.003 - -

)
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Alloy Element (wt.pct.)

Name .

- Si Fe Cu Mn Mg N1 Zn Ti Sr
am2 | 0.247|0.004| - |0.005|0.748}0.002|0.003] - -
4M3 | 0445 0.005| - |0.004]0.742]|0.003]0.004| - -
ama 1083210002 - |0.004]|0.738)]|0.003]/0.003| - -
ams | 1.071]|0.002) - |0.003|0.762|0.003|0.003| - -
ame | 1.187]0.003| - |0.004]|0.773]|0.002|0.003| - -
aM7 | 1.44310.004| - |0.005]0.755]|0.002 0004 | - -
am8 |1.622]|0.004] - |0.005}0.746|0.003 |0.004 | - -
' 5M1 0.03 | 0.004| - |[0.003]1.034]0.003]0.004| - -
5M2 | 0.225{0005| - |0.005]1.008]0.003}0:003| - -
5M3 | 0.416 | 0.002{ - |0.005]|1.142|0.003 | 0.004 | -
sm4 | 0.854]0002| - |0.005|0.988|0.004|0.003| - - -
sm5 |} 0.992|0.003| - [0.006]1.034]0.005]0.004}| - -
smée | 1.198 | 0.005| - [0.007]1.104{0.003|0.004| - -
sm7 |1.438|0.004a] - |0.003]0.977]0.003]0.004]| - -
- 5m8 | 1.608|0004| - |[0.004}1.086]|0.003]|0.004| - -
1M1B | 0.004 | 0.004 | - |[0.005}0.086(0003[0006| - [0.035
1M2B | 0.21410.004 | - |0.004|0.0920.003]0.006| - 0.037
1m3B | 0.466 | 0.003}{ - |0.004]0.095|0.002|0.007| - |0.032
1M4B | 0.815]0.002 | ~ |0.004|1.021]0.0020.005| - |[0031
1M5B }.0.945 | 0.003 | * - 0)003 1.015 ] 0.002 | 0.005} - 0029
mme8 | 1.176 | 0003| - |0.0030.092]0.002 000a] - |0.036
178 | 1.426]0004| - |0.003]|0.087|0.002|0005| - |0.034
1v8B | 1.543]0.003] - |[0.004}0.093]|0.0020.005| ~ |0.034

-3
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0036 7.

/

r Alloy Element (wt. pct.) -
- Name : .

St Fe Cu Mn Mg Ni Zn Ti Sr
2mM28 | 0.279 | 0.002 | ' - |0.004 | 0.334 [ 0.003 [0.006 | - |0.037
2m38 | 0.493 [ 0.004| - |o0.002|0316]0002|0007| - |0.033]S
2m48 | 0.805 | 0:005 | - [0.005]0.308 | 0.003[0.006| * |e.035
2Mms8: | 1170 [ 0.006 | - [ 0.005 | 0.365 [ 0.002 ]| 0.007| - |0.035
2M68 | 1.126 [ 0ooa | - |0.003| 0354 0002]|0004{ - "|Oazs|
2m78 | 1.433| 0.00 | - |0.004 | 0326 [0.002|0.005] . ~
2mgB | 1.559 | 0.004 | - |0.003| 0330 [0.002]|0005| - |0.037
3M1B | 0.004 | 0.003 | - | 0.004 | 0.687 |0.001 ] 0.005 | 0.003] 0.034-
3mM28 | 0271 ] 0003| - |0005]0.626|0.002 | 007 | 0002|0033
3m38 | 0.483 [ 0.003 | ~- |0.004 0618|0802 0.006 | 0.002 | 0.034
3ma8 | 0790 | 0.004| - |[0.004 | 0.630 | 0.003 | 0.005 | 0.001 | 0037
3msB [ 1.179 | 0.004 [ - [ 0.003 | 0.642 0.002 | 0.003 | 0.002 | 0.035
'3M6B | 1.244 | 0003 | - |0.006 | 038-| 0.002 [ 0.005 | 0.003 | 0 031
3m78 | 1436 | 0.003 | - | 0.005 | 0.625 | 0.003 | 0.004 | 0.004 | 0 037
'3M88 | 1.569 | 0,003 | - |0.003 | 0655 |0.001 | 0.004 | 0.003 | 0.035
aM1B | 0.003 |-0.004 | - | 0.003 | 0.771 | 0.001 | 0.003 | 0.001 | 0.031
am28 | 0269 ['0805 | - |o.003fo0725| - |o0.004]0.002| 0028
am3s [03%2|0004| - |oo003|0739| - |0.004|0.001 00344
amas | 0.805 | 0.004 | - |o0.004|0.740 | 0.002 | 0.001 | 0.001 | 0036
“aMss | 1.185 | 0006 | - [0.005|0755| - |0001| 0001|0038
ames | 1.267|0.003| - |o0.003|0.759 |0.003 | 0.001 | 0.001 | 0.035
am78 | 1.418 | 0.003| - |o0.0040.760 | 0.002 | 0.002 | 0.001 | 0.035
amse [ 1559 | 0.003| - |o.004'| 0.738 | 0.001] 0.001 | 0.001] 0.036

y
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Table 3.4 contrnued

/- 5
’ Element (wt. pct.)
Alloy
Name 1 o | re | cu [ Mn [ Mg | Ni | zn | Ti | s
sM2B |0.263 | 0.005| - [0.003 |1.008 |0.006 | 0.001 [ 0.002 [4.034
sm3B 10493 |0004| - |0004|1.115]0.004 | 0003 |0.002 |0.033
sMaB | 0.8210.003| - |0.005[0.975]0.004 | 0.004 |0.001|0.035
sm58 | 1.182]0.004| - |0.004]0.968 |0.005 | 0.003 {0.001 }.0.033
568 [.1.302 [0.006 | - "|0.003 | 1.018 [ 0.003 | 0.003.1,0.002 | 0.032
sm7B | 1.442 |0.005| -* [0.0031.1250.003 |0.003 |0.001 [ 6031
“6Mes w1543 | 0.004 | - |0003.1.034|0.004 0.003- 0.002 | 0.032
6M 1 2.34 | 0.002 | 0.002 | 6.0057[0.252:1 0.0Q2. | 0006 | 0.002 | -
6M2 | 4.33 | 0.003 | 0002 | 0.005 |0.272 | 0.002 | 0.004 0.002| -
6M3 | 6.24 {0.003 | 0003 |0.005|0.331|0.002 | 0.005{0.003| -
6Ma | 8.54 |0.004 | 0.003 | 0.004 |0.281 | 0.002 | 0.005 | 0.002| -
6M5 | 10.61 | 0.005 | 0.003 | 0.004 | 0.297 0.003 | 0.004 0.003{ -
6M6 | 12.86 | 0.005 | 0.003 | 0.004 | 0.313 | 0.005 | 0005 ] 0.002 | -
7M1 | 2.14 |0.003 | 0.001 | 0.004 [0.771]0.002 | 0001 |0.001}| -
M2 | 4.36 | 0.003 [ 0.002 |0.004|0%761]0.002 [0.001 |0.001] -
7m3 | 6.16 | 0.002 | 0.001 | 0.002 | 0.769 {-0.002 | 0,002 | 0.001 | -
7M4 | 8.08 | 0.005 | 0.001 |0.002 |0.721 | 0.002 | 0.002 | 0.001 [ -
7M5 | 10.17 | 0.005 | 0.002 | 0.004 | 0.764 | 0.003 | 0003 | 0.001| -
7M6 | 12.45° 0.004 | 0.001 | 0.004 | 0.734 | 0.003 | 0.004 | 0.001 | -
| 8M1 | 2.21 [0.007 [ 0.002 | 0.004 | 0.334 | 0.004 | 0.007 | 0.002 | -
gmM2 | 3.98 |0.005|0.001 |0.004 |0.308 | 0.002 | 0.005 | 0.002| -
8v3 | 5.84 |0.005 | 0.002 | 0.003 [0.312 | 0.002 | 0.007 | 0.002
sva | 7.88 | 0.004 | 0.004 | 0.00270.296 | 0.002 | 0006 [0.002 | -
8M5 | 10.01 | 0.004 | 0.002 | 0.004 | 0.278 | 0.004 | 0.006 |0.002 | -
8M6 | 12.46 | 0.005 | 0.002 {0.003 [0.311{0.004 | 0.006 [ 0.002| -
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Alloy Element (wt. pct.)
Name , .

. Si Fe Cu Mn Mg Ni Zn Ti S
6M2B 4.22 | 0.003 } 0.003 0.085 0.294 | 0.002 0.{003 0.001 ] 0.026
6mM3B | 6.18 | 0.002 | Q.003 | 0.004 | 0.338:} 0.001 | 0.003 | 0.002 | 0033
6M4B 8.12 | 0.002 | 0.002 | 0.005 | 0.271 | 0.004 \6./003 0 002 ] 0.036
6M5B 10.26 | 0.002 | 0.002 ] 0.004 | 0.781 | 0.003 | 0.004 | 0.002 | 0.030

"6M68B 12.30 | 0.004 | 0.003 | 0.004 | 0.326 | 0.003 | 0.007 | 0.002 | 0.028
7M1B 2.41 | 0.004 { 0.001 { 0.005 { 0.714 | 0.003 | 0.005 | 0.002 | 0.029
7M2B ¢| 4.17 | 0.003 | 0.602 | 0.006 0.766 | 0.003 | 0.007 | 0002 | 0032
7M3B 6.08 | 0.003 {0.002 | 0.005 | 0.772 { 0.003 | 0.005 | 0 002 | 0.035
7M4B | 8.06 | 0.003 | 0.001 | 0.005 '0.786 | 0.003 | 0005 | 0.002 | 0.033
7M5B 10.17 | 0.003 6.003 0.005 | 0.737 | 0.003 | 0.004 | 0.002 | 0032
7M6B 12.48 | 0.004 Q.OOZ 0.004 | 0.742 | 0.004 | 0.005 | 0.002 | 0.032
8M1B 2.08 | 0.006 | 0.002 | 0.004 | 0.286 | 0.004 | 0.005 | 0-002 | 0.032
8M2B 4.12 | 0.004 | 0.001 | 0.004 | 0.322 { 0.004 } 0.007 | 0.002 { 0.032
8M3B 6.04 \0:0)04 0.001 | 0.004 | 0.308 | 0.004 | 0.006 | 0.002 | 0028
8M4B 8.01 | 0.005 ] 0.002 | 0.005 | 0.284 | 0.004 | 0.006 | 0002 | 0031
8M5B 10.15 | 0.005 | 0.002 | 0.005 | 0.296 | 0.004 0.006 | 0002 | 0.031
8MGBI 12.52 | 0.006 | 0.002 | 0.005 | 0.314 | 0.004 | 0.007 0.002 | 0.030
9M1B 2.34 | 0.005 | 0.001 | 0.004 | 0.322 | 0.003 | 0.007 | 0.001 | 0.061
9M2B 4.08 | 0.005 [ 0.002 { 0.005 | 0,360 | 0.004 0.007 | 0002 | 0056
9M3B 6.09 | 0.003 [ 0.002 0.005 0.278 | 0.004 | 0.006 | 0.002 | 0.061
9M4B ) 8.26 | 0.003 | 0.002 | 0.007 | 0.292 | 0.003 | 0.007 | 0.002 | 0 062
9M5B 10.32 | 0.004 | 0.002 | 0.005 | 0.324 { 0.004 } 0.006 | 0.002 { O 058
9M6B 12.56 | 0.005 | 0.002 | 0.005 | 0.306 | 0.004 | 0.004 | 0.002 | 0.059
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% : .
( Alloy Element (wt. pct.) ~ o
Name Si Fe Cu | Mn ""Mg Ni | 2Zn T Sr
- D2 1252} 0.002] -~ Jo0o004] - |]0.002)0.005]0002| -
D3 1210 ] 0002, - |o0.006] - |0.003]0.004|0002| -
. D4 12.86 | 0.003| ~ |o0.003] - }0.003|0004]0002] -
D5 1255 | 0003 | - Jooosa| - |o0.003]0.004]0002] -
D6 12.44 | 0.004 | - Jo.o0s| - ]0.001]0007{0.002| -
S1 12.68 | 0.006 | - [0.004| - 0.003{0.0060.002| -
_ 52 1242 1 0.006 | ~ |o0.004| -. |0.004]0.005]|0.002}0.035




’ RES;.JLTS AND DISCUSSION
As descr}bed in chapter 1, the main ob;ectlve of this work was to
provide a more complefte understanding of how strontium additions affect
the resistivity behaviour of Al-Si alloys. Therefore, the investigation was
divided into three areas: )
1) astudy of the resistivity/conductivity behaviour of solid solution Al-
Si and Al-Si-Mg alloys,
2) a study of the effects of varying silicon morphologies on the
electrical resistivity/conductivity of two-phase Al-Si and Al-Si-Mg
" alloys,
3) astudy of the electrical conductivity changes that occur during heat
treatment of the two-phase alloys.
The results per] ining to the sqlid solution alloys will be discussed In
chapter 4 and those dealing with the two-phase alloys will be given in the
. following two/chapters. : °

/

~

\ < . ) ’ ‘ | v 7
RESISTIVITY/CONDUCTIVITY BEHAVIOUR OF THE SOLID SOLUTION ALLOYS

4.1 General .
{

- t

o Earlier studies22,25,26 focussed entirely on resistivity changes observed
in hypoeutectic Al-S1 casting alloys (wt..pct. Si >5) when strontium was used
as a modifier. However, no available data exists on the effect of strontium
on the:resistivity of solid solution alloys in which the silicon content 15 less
than 1.6 wt. pct.
» s

When an alloying element is added to a solid solution, the resistivity
may change for a number of reasons:

i) dissolution of the alloying element in the solid solution,

ii) changes of the solid solubility limits of other elements present in the

e solid solution, '
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1ii) changes of the precipitation kinetics of solute atoms in the case of .

heat treated solid solution alloys. -

—

/ \

/\“ — In the following sections i1t will be determined whether or not.
strontium alters the resistivity of aluminum, Al-Si and Al-S1-Mg solid solution

»

alloys, and if so the reasons for the change in resistivity will be established.

°
“ -

4.2 Resistivity/Conductivity of Al-Sr Solid Solution Alloys

: 3

4.2 1 Room Temperature Conciuctivuty o

A

Figure 4.1 shows the room:temperature conductivity of binary Al-Sr
ralloys containing up to 0.26 wt pct. Sr for a\IT{of the various heat treatments
used. The addition of up to 0.26 wt. pct. Sr has virtually no effect on the
copductivity, which remains constant at the 64 pct. IACS level. Also, the
conductivity ‘is constant regardless of the heat treatment process. These
observations would tend to indicate that strontium has'an éxtremely low
solid solubility in aluminum at room temperature. ’

N
4.2.2 Residual Resistivity Ratio

As noted’in chapter 2 (section 2.4), the temperature dependent
resistivity (pth) does not depend on alloying element types and
concentrations nor on lattice défects and it reaches a negligible value at very
low temperatures. Hence, the determination of resistivity at 4.2K gives an

J accurate measuré of the residual resistivity (po) which is the sum of the

contributions from each of the impurities, alloyiné elements and lattice
imperfections such as vacancies, dislocations and grain boundaries. Since the
resistivity contribution of lattice imperfections is very much smaller than that
of the alloying elements, particularly as the samples were annealed prior to
measurements, then it can be assumed that ™~

(4.1)

pTu(alzpuszlloyu}g at 4 2K

C a7
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Figure4.1  Variation of room temperature electrical conductivity of aluminum containing strontium.
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Consequently, changes in the residual resistivity ratio (RRR) are caused by the

alloying elements. : :
. ! ?

’

. The vanation of the RRR of aluminum with an Increasing amount of
strontium 1s shown in Figure 4.2. Here, 1t is seen that a rapid decline of the
RRRT?romH 5510 135 occurs up the ~0.03 wit. pct.Sr. Athigherstrontium levels
the decline 1s lessmarked, thereby indicating an approximate solubility limit
of only 0.03 wt. pct. Sr at 560°C. This suggests a negligible stfontium
solub)lyty at room temperature, as was postuiated on the basis of the room
tem;{gratu're conductivity. Hence, there 1s no significant contribution of
dissolved strontium to the conductivity of the aluminum matrix. Further
evidence Oﬁ,}hls lack of solubility is to be,fgund In reports that the change in

the lattice parameter of aluminum caused by the dissolution of strontium Ts\

too small to measure.75
]

4.3 Resist:v:ty/Condud:v:ty of Al-Sr and Al-S1-5r Solid Solution Alloys

4.3.1 Room Temperature Conductivity of Quenched and Air Cooled Alloys

The?changes in electrical conductivity at room temperature of
aluminum containing up to 1.6 wt. pct. S1 and ternary Al-Si-Sr alloys with
0.035 wt. pct. Sr are presented in Figure 4.3. The conductivity of both the
quenched and air cooled samples of binary and ternary alloys first declines

“sharply to 48 pct. IACS at 1.3 wt. pct. Si and then gradually to 47 pct. IACS at

1.6 wt. pct. Si. The linearity of the first part of the curve (1.e. Si< 1.3 wt. pct.)
shows that the silicon atoms are present in aluminum solid solution up to 1.3
wt. pct. The later change in the siope of the curve indicates that the silicon
concentration exceeds its solid solubility limit. The rate 6f the decrease of
conductivity calculated from the slope of the curve is 12 pct. IACS per wt. pct.
Si. This corresponds to an increase in res%%njwty of 0.70uQcm per wt. pct. Si,
and is in agreement with reported values.53,54,92"

As can be seen in Figure 4:3, there is no significant difference in the
conductivities of quenched and air cooled samples. This suggests that the air
cooling was rapig enough to retainsilicon in the aluminum matrix, and
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Figure 4.2 Variation of the residual resistivity ratio of aluminum with strontium concerdration.

SN

&

\ 63

8




Conductivity (% IACS)

83

\ ' s
{ » O Quenched Al-Si
63} / 0 Quenched Al-Si-Sr
v Air cooled Al-Si #
L & Air cooled Al-Si-Sr
61: () All of the above
21 .
59t
57F
U S
55
B3F
5
49
- 47 |
45 1 i . . 1 > 1 1 A - )
.0 02 04 06 08 10 1.2 14 16
wt.% Si

Figure 4.3 Roorh temperature electrical conductivity of Al-Si binary -

and Al-Si-Sr ternary alloys.
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therefpre the conductivity measurements, show no ewdence of silicon
precipitation in air cooled samples. Also shown in Figure 4.3 is the effect of
0.035 wt pct. Sr on the conductivity of Al-Si alloys. Strontium has no
noticeable influencg on room temperature conductivity, indicating that
strontium does not affect the solubility of silicon in the aluminum matrix.

o .
4.3.2 RRR of Air Cooled\and Aged Alloys °

The residual resistivity ratio of aluminum contamning additions of silicon
up to 1.6 wt. pct. is given in Figure 4.4 for air cooled samples. The RRR is
reduced drastically by the addition of silicon up to 0.3 wt pct and more
slowly thereafter. Finally, it becomes constant at 4.8 when the silicon
concentration exceeds 1.30 wt. pct. The imitial major drop in RRR with small
additions of silicon (<0.3 wt. pct) is expected due to th consnd@rable
reduction in the punty of the alloys. Here, the solubtlity limit of sificon is
defined as the point at which the curve becomes horizontal. When the
silicon content 1s higher than the solid solubility limit, excess silicon atoms
are rejected by the aluminum matrix. It 1s well known that these rejected
atoms have a smaller effect on the RRR than the dissolved silicon atoms 44,77
Apparently, the solubility limit from Figure 4.4 is ~1.3 wt. pct. Si, and is in
agreement with the room temperature conductivity data . However, this
value is noticeably lower than the equilibrium sqlid solubility imit of silicon
at 560°C, which 1s 1 5 wt. pct. Si.! The discrepancy between these two values

results from silicon segregation and non-equilibrium cooling during

solidification of the alloys. The silicon segregation leads to the formation of
eutectic silicon at concentrations of less than 1.62 wt.' pct. and prevents
further silicon dlssolutFiQm in the matrix. The eutectic silicon phase found in
the as-cast binary Al-Si and ternary Al-Si-Sr alloys containing 1.4 wt pct. Siis
shown in Figure 4.5

The data of Figure 4.4 confirms the result obtained from the room

temperature conductivity measurements; namely, that strontium at this

level (0.035 wt. pct.), which is typical of that used for modification, does not
alter the solid solubility limit of silicon in the aluminum matrix and hence the
resistivity of the matrix phase. A more detailed comparison of the data
presented in Figure 4.3 and Figure 4.41s given in App‘endix v. ‘
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(” The RRR of ‘aged Al-S1and Al-Si-Sr alloysi)i also given in Figure 4.4. The
- RRR decreases rapidly to 30 with the addition of silicon up to 0.15 wt. pct.
and remains constant at all silicon levels in excess of 0.15 wt. pct., which is
the maximum solid solubility imit of silicon at 340°C. The higher RRR on
aging compared to air cooling (see Figure 4.4) 1s no doubt due to the
rejection of silicon by the aluminum matrix during aging.

{ . 4.3.3 Room Temperature Conductivity of Heat Treated Alloys

- The results obta&ned using different heat treatment processes can be |

summarized as follows: : - )

i) Air Eooling' As noted earlier, air cooling does not lead to
significantly different conductivity values when compared to values
measured from quench‘gd samples (Figure 4.3). ¢

i) Furnace cooling: As expected, alloys which are furnace cooled show
less dependence of the conductivity on the silicon concentration, as
seen in Figure 4.6 However, it I1s evident in Figure 4.6 that the
ternary alloys have relatively lower conductivity values than the
binary alloys when the silicon concentration-exceeds about 0.5 wt.
pct. It appears that strontium exerts a retarding effect on silicon
precipitation during furnace cooling, which will be discussed in
detall below

i) Aging: Natural aging (1.e. room temperature aging) of both the
binary and ternary alloys was followed by means of conductivity
measurements. Figure 4.7 shows that there is no change in the:
conductivity of water quenched samples with aging time, thus
giwng no indication of pre-precipitation of silicon (i.e. G.P. zone
formation during room temperature aging)

Figure 4.8 illustrates the relath{é conductivity change with time during
the isothermal aging of three Al-Si and Al-Si-Sr alloys at 340°C. The general
characteristic of the curves 1s sigmoidal, demonstrating classical nucleation
and growth kinetics. Thus, the change 1n conductivity Increases slowly at

- first, then accelerates, and then decreases as precipitation reaches

( completion. The presence of strontium (0.035 wt.pct.) does not”changg this

e
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general shape of the curves, but does act to retard the precipitation process

as seen by the shift to the right of the curves. However, this effect of
\

strontium gradually diminishes with longer aging times (>6h). %

[y

The overall kihetics of the silicon precipitation process, including the
nucleation and growth stages, can be treated using the Johnson-Mehl-

‘Avrami equation; 134,135

J

¢ ] 4.2
2(t)=1—exp (—kt") « (4.2)

where x(t) = volume of precipitate formed attime t
n = Avrami constant
k = rate constant

x(t) can be conveniently expressed as;

- g —0 ¢
\ x()= ¢ 0_ | (43)

Foo

where og =initial con&uctnvity(i.e. quenched conductivity)
of = final conductivity
ot = conductivity at time t

Equation 4.2 can be converted into common logarithms; &

1 1 n -
log( T8 “H0 >—— 53 (kt™) (\?
and

log log< )= n log(t) + log (k) — log2.3) «  (4.4)

1~x(2)

Experimental conductivity results were analyzed by plotting curves of
log log(1/(1 - x1)) against log(t). This gave straight-ines of slope n, as shown
in Figure 4.9. The rate constant, k, for each alioy was then calculated from
experimental results assuming that 1/k equals the time at which log log
(141 - x)) = - 0.362, Some of the calculated k values, together with Avrami

[
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constang n, are given In Tablle:4.1, and the complete data 1s presented in
Appendix|. As seen’m Table 4.1, the n values obtained for Al-Si and Al-Si-Sr
alloys do not show any sigmfac?:jnt difference and are in the range of 0.70 to~ -
0.80 with a mean of 0.75; however, the rate constants k of the Al-Si-Sr alloys
are smaller (~25%) than those of the binary alloys containing the same level
of silicon. This implies that the silicon precipitation processes in binary arid
ternary alloys are isokinetic, but the rate of the process is appreciably slower
in the ternary Al-Si-Sr alloys than the binary Al-Si alloys. It was also observed
that the rate of precipitation increases with increasing silicon concentration,
as seen in Table 4.1. Such observations have been also reported by other
authors136,137 and clearly result from achieving a higher degree of super-
saturation of the alloys with increasing silicon content after water
quenching, thus providing an increased driving force for the precnp:tat:on

reaction on aging.

A companison of the experimentally calculated Avrami constants with
those determined from theoretical models (Table 4.2)134,135 shows that the
model given by Cottrell-Bilby138 and Harper139 provides the best agreement
with the experimental results. This model, i@ which the n value is 2/3,
suggests that precipitation occurs on dislocation lines and its rate is
controlied by the diffusion process of solute atoms near the precipitate-
matrix interface (i.e. diffusion-controlled growth). In addition, extensive
studies carried out by Rosenbaum and Turnbull 105,140 using X-ray diffraction
and microscopy revealed evidence for the precipitation .of silicon on
dislocation loops that form due to the collapsing of excess quenched-in
vacancies. More recently, Ozawa and Kimura136, and Hammand et al.141
found heterogeneously nucleated silicon precipitates on dislocation loops by
transmission electron microscopy. g

Silicon preciprtates in the binary alloy exist with equiaxed, rod and
plate-like morphologies, as was }eported previously 105,140, However, in the
ternary alloys the precipitates are mainly equiaxed and smaller, partlcularly
in the furnace cooled samples as shown in Figure 4.10. These observed
changes in size and morphology of the precipitates implies that strontium
reduces the growth rate of silicon and perhaps changes its growth
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Table 4.1 Experimentally Calculated Values of n and k

% Si % Sr n k (h-n)
0.60 - 0 0.75 0.36
0.035 0.70 0.28
1.03 - ~0.80 0.71
0.035 0.77 057
E 1.40 - 0.77 1.25
o.o;( 0.73 1.00
¢ /

¢
/ -
1 ¥ &~

54
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y =1-exp(-kt")

Table 4.2 Values of nin Kinetic Law;

Model!

Nucleation at a constant rate and |

growth of a eutectoid

Nucleation at a constant rate and
diffusion controlled growth

5/2

Precipitation on dislocations and
diffusion controlled growth

273

Diffusion controlled growth of a
fixed number of particles

3/2

Growth of a fixed number of
particles imited by the interface
process >

Diffusion controlled growth of discs
of constant thickness .

Diffusion controlled growth of

cylinders in axial direction only

95
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mechanism. Table 4.3 indicates that the population of the silicon
precipitates in binary and ternary alloys is of a similar order. Therefore, 1t
appears that strontium does not markedly influence the density of
dislocation loops, and hence the nucleation kinetics of the silicon

-]

precipitation process.

As reported by Harper139, k is proportional to dislocation density and
diffusivity of soluté atoms. As noted above, it is unlikely that strontium
reduces the dislocation gensny, but it may cause changes in diffusivity of
silicon atoms. Correspondingly, the retardation of growth of the silicon
particles in the Al-Si-Sr alloys may result from 2 lowering of the diffusion rate
of silicon atoms towards the nucleated particles due to segregation of
strontium atoms to regions of the aluminum matrix aq‘J)qcent to the silicon
particles. As proposed by many authors29.30,41-43, the segregation or
accumulation of strontium near the nucleated eutectic silicon phase takes
place during the sohidification of modified Al-Si casting alloys. This results in
poisoning the preferential growth directions of the silicon crystals, theréby
making growth more isotropic and restricted. It can be expected that
strontium behaves similarly during the precipitation of silicon and reduces
the anisotropic growth of silicon particles along the preferehtial directions
of {111}Si||{111}Al and {111}Si]}{100}A1140. The result 1s slower but more |

~uniform growth of silicon (i.e. equiaxed crystals) and retardation of silicon

rejection from the aluminum matrix. This retarding influence of strontium
on the silicon precipitation process is reflected by the experimentally
calculated k values bemgplowerfor the strontium-containing alloys.

The influence of strontium on the precipitatioh of silicon 1s more
profoundx in the furnace cooled sampies in which the nucieation of
precipitates i1s relatively difficult due to the lack of heterogeneous
nucleation sites (e.g. dislocation loops). THerefore, the precipitation process
ts dominated mainly by growth on already nucleated particles. Thus the
effect of strontium on the precpitation rate becomes more significant, as
shown in Figure 4.11.

>
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Table 4.3 Number and Shape of the Precipitates Found

in Al-Si and Al-Si-Sr Alloys

Temper

Furnace

%Si

% Sr

No. of particles

(N/cm - 2)

Shape of

the Particles

1.03 - 275 Rod, plate, equiaxed
Cooled
1.03 0.035 255 Equiaxed
Aged at - ‘
3405C for 5h 0.6 2310 Rod, plate, equiaxed
0.62 0.035 2100 Plate, equiaxed
o ]
\
LY
.
Ny
R -
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4.4 Conductivity of Al-Si-Mq and Al-Si-Mq-Sr Solid Solution Alloys ]

Magnesium 15 a common alloying element in both wrought anfl cast
aluminum base alloys. Its maximum equilibrium solid solubility in aturfiinum.
is 17.4 wt. pct., but thg magnesium level in casting alloys rarely exceeds 0.75
wt. pct. Mégnesjum 1s used with silicon to produce Mg3Si precipitates in
heat treated alloys in order to improve the-mechanical properties.53 In the
following sections, the effect of the combined presence of magnesium and
silicon, with and Wlthout strontium additions, on the conductivity of the
aluminum solid solution will be considered.

4.4.1 Room Temperature Conductivity of Quenched Al-Si-Mg and Al-Si-Mg-Sr

Alloys

Figure 4.12 presents the changes in conductivity of quenched Al-S\Mg
and AIl-Si-Mg-Sr alloys with increasing silicon and magnesium concentrations
from 0 to 1.6 and 1 wt. pct., respectively. The conductivity of the ternary Al-
Si-Mg and quaternary Al-Si-Mg-Sr alloys decrease linearly with increasing
silicon contentat a rate of ~12 pct. IACS per wt. pct. Si; the same rate observed
in binary Al-Si alloys. A fnagnesium addition also reduces the overall
conductivity, as can be seen in Figure 4.12 by the suppression of the curves to
lower conductivity values. At a given silicon concentration, the decrease n
conductivity per wt. pct. Mg i1s about 10 pct. IACS or the increase In resistivity
is 0.581;Qcm. This agrees wi‘sh reported values.53.54 Since both elements
dissolve in solid aluminum, their contribution to the resistivity of the
aluminum matrix should be additive. This was checked by comparing the
measured resistivity changes (Apma)) with the calculated Tesistivity changes
(Apca)) from the Matthiessen additive rule (Table 4.4). Since the conductivity
values are not additive, the measured pct. IACS values are converted to
resistivities (pa) (n€2cm) in Table 4.4. Apma; was obtained by subtracting the

~ resistivity of pure aluminum (pal =2.68uQcm) from the resistivity of the

alloys. Apcajwas calculated using the following relationship;
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&
’ \ Table 4.4 The Combined Effect of Magnesium-arid Silicon
on the Resistivity of Aluminum ~ ¢
, pat Apma ~ | - Apear
A %5 | % Mg (nQ cm) (€2 cm) mE cm) %
« 0.60 0.33 3.26 0.58 0.61
0.96 0.33 3.52 0.84 0 86
0.32 / 0.65 3.24 0.58 0.60
0.60 0.65 349 0.81 0.80-
0.96 0.65 3.83 1.15 1.08
0.32 1.00 3.47 0.79 0.80
0.60 1.00 3.73 1.05 1.00
- 0.96 1.00 4.09 1.41 1.28

t pa = (resistivity of the alloy) = (172.6/1ACS)
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. (4.5)
ﬂ Apzl=(ApSlXw;%Sl)+(Ang><wt%Mg)

where Apsi=0.70pQ2cm/wt. pct. Si
Apmg = 0.58pQcm/wt. pct. Mg

The results seen In Table 4.4 confirm that the combined effect of
magnesium and silicon on resistivity obeysthe Matthiessen additive rule..

-4
The addition of magnesium shghtly reduces the solubility of silicon in

quenched samples by shifting the inflection point on the curves toward
lower sillcoﬁ contents. For example, the s{llcon solubility 1s 1.3 wt. pct. for
the alloy containing 0.1 wt: pct. Mg whereas it issabout 1.0-wt. pct. for the
alloy containing 1 wt. pct. Mg (see Figure 4.12). As s evident in Figure 4.12,
strontium exerts essentially no effect on the conductivity of Al-Si-Mg solid

solution alloys; hence 1t does not change the solid solubility limit of silicon or

magnesium in the aluminum matrix.
4.4.2 Conductivity of Heat Treated Alloys Y

i) Air cooling: The air cooled samples (Figure 4.13) exhibit noticeably higher
conductivity than the quenched samples (Figure 4.12) due to the fornlation
of Mg2Si compounds. Initially, the conductivity of air cooled alloys decreases
as the silicon and magnesium contents increase. When the alloys contain ¢
more than 0.8 wt. pct. Si and 0.6 wt. pct. Mg their conductivity approaches a

more or less constant value in the range of 46-48 pct. IACS.
2\ .

2
;;;;

i) Furnace cooling: Furnace cooling allows the formation of a considerable
amount of Mg3Si, thereby altering the aluminum matrix composition and

increasing conductivity. Therefore, the conductivity of furnace cooled alloys

depends less on the chemical composition of the alloys, as.shown in Figure
4.14. Since the approximate weight ratio of magnesium to silicon needed to
form Mg;St is 1.73:1, most of the alloys contain different levels of excess
silicon, which are calculated assuming that all the magnesium combines with
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silicon to form Mg2Si. The excess silicon only slightly lowers the furnace
cooled conductivity, which ranges from 57.5 to 52 pct. IACS. In a;.iditlon, the
presence of strontium does not influence- the conductivity of the furnace™
cooled samples. The optical micrographs obtained from both Al-Si-Mg and
Al-Si-Mg-Sr alloys are presented’in Figure 4.15. Mg2Si pre‘cipitates appeari
rod, plate and cubic forms in both thg ternary and q iernary alloys with a
similar density of ~300 particles/icm2. However, rod prec npltaa{ efmerwnth
strontium present.

in) Aging: Ternary Al-Si-Mg solid solution alloys exhibit a different
precipitation behaviour compared with the Al-Si systems discussed in section
4.3.3. In the Al-Si system, only the equilibrium silicon phase precipitates;
however, there are several precipitation products in the Al-Si-Mg system and
the precipitation sequence 1s given as; 142

t

Super saturated — G P zones —- B’ rods — -plates and cubes
Al-matrix needle- shape intermediate Mg;Si K Stable Mg,Si

;)-.)

I3

»G.P. zone formation does not involve a nucleation process{i.e direct
growth process) therefore no incubation period s observed102, but the p'
rods and f-plates are heterogeneously nucleated on dislocations or other,,
lattice defects such as vacancies.142 Additionally, more complex nucleation
‘and growth processes have been reported in the literature, depending on
the details of the heat treatment applied 143 -

Natural aging: Figure 4.16 shows that the relative conductivity of both %he'
ternary and quaternary alloys dwecreases on 1sothermal aging at room
temperature. A feature 3f the variation in the relative conductivity with
aging time is that the conductivity decreases very rapidly in times of the
order of 1h followed by a gradual decrease over a period of 12h The initial »
rapid change s known as tRe fast’reactuon and s associated with clustering

" of silicon and magnesium atoms (l e. G.P zone formation). This processisthe
result of the high diffusion rate of solute atoms which s enhanced by the
large vacancy super-saturation caused by quenching 102 The subsequent

y ) }
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) Figure 4.16 Relative conductivity changesin Al-S5i-Mg and Al-S1-Mg-Sr a-Iloys during natural aging.
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gradual change, knowmas the slow reaction, 1s caused by the growth of

zones of diffusion.

This change in relative conductivity increases with increasing Mg Si
contents of the alloys, as illustrated in Figure 4.16. For example, the total
change in conductivity of an alloy containing 0.55 wt. pct. Mg,Si is
apprc?xnmately 1.5 pct. at the end of 12h aging while the conductivity of an
alloy\ containing 1.60 wt. pct Mg2SI changes by about 3 pct.
Correspondingly, for increasing excess silicon levels in an alloy the change in
conductivity occurs faster and to a greater extent, as illustrated in Figure
4.17. The effect of excess silicon en the aging process Is in agreement with
the observations of Kovacs et al.102 and results from the favoured clustering %.
conditions for magnesium and silicon atoms on excess silicon. Furthermore,
the general characteristics of the aging process (1.e. change 1in conductivity) s
unaffected by the addition of strontium to Al-S1-Mg alloys, as seen In Figures
416and 4 17.

The formation of G.P. zones leads to a decrease in conductivity since
the clusters cause a distortion of the ojattnce (1.e. coherency strains which
strongly scatter the electrons in addition to increasing the hardness):
Therefore, the hardness measurements, carried out simultaneously with
conductivity measurements, show the same characteristics as the aging
process (Figure 4.18) although the relative change in hardness 1s more
substanttal(~60%)thaninconﬂ.‘ct|vity.

Artificial aging: The relative changes in the conductivity of Al-Si-Mg and Al-

Si-Mg-Sr alloys during 1sothermal aging at 170°C are presented in Figure
4.19. The conductivity of both the ternary and quaternary alloys increases
with increasing aging time. The changes in conductivity reflect the volume

. of magnesium and silicon atoms rejected from the aluminum matrix to form

Mg2Si precipitates. As a result, a larger increase in conductivity occurs 1n
alloys containing higher levels of Mg2Si, as shown in Figure 4.20. The
presence of 0.035 wt. pct. Srin these alloys does not change the shape of the
aging curve indicating that the kinetics of the aginb process remain
unchanged. However, the total change in conductivity, for a given Mg>Si
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concentration, is considerably less in Al-Si-Mg-Sr alloys than in Al-Si-Mg
alloys; as demonstrated in Figures 4.19 and 4.20. For example, for the alloy
cont%injﬁg 1.60 pct. MgiSi, the total increase in conductivity 1s ~21 pct. in the
absence of strontium whereas it is about 15 pct. for the alloy containing the
same level of MgzS1 and 0.035 wt. pct. Sr (see Figure 4.20). Clearly, strontium

" suppresses the precipitation reaction and this effect is especially significant

for alloys with a high Mg2Si content (>0.95 wt. pct.). A similar aging

" behaviour was also observed for the alloys with sodium.75 The reason for

this effect of strontium is not fully understood due to the complexity of the
precipitation process.142,143 J’Fmally, it is useful to note that most Al-Si
casting alloys contain less than 0.70 wt. pct. Mg (ie. IesL than 1.1 wt. pct.
Mg32Si in the fully aged state). Therefore the effect of strontium on the

. aging process is probably not significant from a practical p‘oint of view.
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CHAPTER 5

N

THE ELECTRICAL RESISTIVITY AND CONDUCTIVITY OF TWO-PHASE Al-Si
ALLOYS

¢

5.1 General

When the silicon concentration exceeds 1.30 wt. pct.,.a eutectic phase

_begins to appear in the microstructure of Al-Si alloys. It 1s to be expected

that the presence of the eutettic will be reflected in the physical properties
of the alloys, including electngal conductivity.
- ]

The room temperature conductivity of-air cooled alloys covering the
range 0.3-12.6 wt. pct silicon 1s presented in Figure 54 .As pointed out in
the previous chapter the addition of 0.035 wt. pct strontium does not
influence the conductivity of the single-phase alloys. However, when an
appreciable amount of the eutectic silicon forms, at about 1.8 wt. pct. S, the

. conddctivities of strontium-free and strorntium-containing alloys begin to

differ. This difference increases with increasing silicon content and reaches a
maximum of about 10 percent at the eutectic composition of 12.6 wt. pct. Si.
In this chapter, first the factors. which determine the magnitude of these

* differences in conductivity will be dISCUS;ed, followed by an explanation of

the conductivity differences as they relate to microstructural changes.
5.1.1 Effect of Silicon Concentration

Figure 5.2 shows the change in conductivity of as-cast Al-Si a#nd- Al-Si-Sr -
alloys, cooled at a rate of 0.4°C/sec, both as a function of silicon content and

* volume fraction of the eutecticsilicon as calculated from the equilibrium Al-

Si phase diagram. For strontium-free alloys containing the unmodified
eutectic sihcon phase, the electrical conductivity drops from 47.5 pct. to 30
pct-IACS, a 37 pct. decrease, when the silicon content is increased from 2 wt. .
pct. to 12.6 wt. pct. The conductivity behaviour is similar in strontium-
containing alloys (modified eutectic silicon) in which case the conductivity
decreases from 49.3 to 41.8 pct. 1ACS, a 15 pct. decrease.
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This decrease in conductivity (1.e. increase in resistivity) is due to an

increase in the volume fraction of the silicon phase Silicon has a-high

resistivity of 30x1011 nQcm compared to that of the aluminum solid solution

which is ~3.40pQcm at 25°C Therefore, it 1s obvious that the’

resistivity/conductivity of the two-phase Al-Si alloys will be greatly
influenced by the amount of thessilicon phase

It can also be seen in Figure 5 2 that the conductivity of the modified
alloys (Al-Si-Sr) is considerably higher than that of the unmodi:fied alloys (Al-
Si) containing the same level of silicon. The different conductivity values for
modified and unmodified alloys are found to be the result of the difference
In the eutectic silicon structure Figure 5.3 presents a series of optical
micrographs of the as-cast Al-Si (unmodn}‘?«ed) and Al-Si-Sr (modified) alloys
containing 2-12.6 wt. pct Si with approximately 0.03 wt. pct Srin the
modified case. The effect of strontium can be clearly seen in these
micrographs It acts to refipe the eutectic silicon and change it from plate-

like to fibrous in form. ‘

¢

For alloys which were rapidly cooled at a rate of 1.0°C/sec during
casting, a similar conductivity behaviour was observed, as illustrated in
Figure 5.4. The conductivity of the unmodified alloys changes from 48 pct.
IACS to 40 pct. IACS (1.e a 17 pct decrease) with increasing silicon content
from 2 wt pct. to 126 wt. pct The conductivity of the modified alloys
follows a similar pattern changing from 50 to 43 pct IACS (i.e a 16 pct
decrease) Itisalso found that the conductivities of rapidly cooled alloys are
higher than those of slowly cooled alloys, especially in the case of the
unmodified alloys (see Figure 5.2).

The coarseness of the microstructure is determined by the solidification
rate, which 1s a function of the cooling rate The slower solidification rate
obtained at a cooling rate of 0.4°C/sec results in a coarser eutectic silican
structure whereas the increased solidification rate achieved by chill casting
(1°C/sec) leads to a finer silicon structure This is particularly true for the

. unmodified alloys where the silicon morphology changes from coarse plate-

like to fine lamellar with an increased cooling rate (Figure 5 5 (a)} In the

)




b) modified (Al-2.45 pct. Si) (49.3 pct. IACS)

Figure 5.3 Microstructural changes in two-phase Al-S1 alloys
upon strontium-fmodification.

119




e

Figure 5.3

d) modified (Al-4.32 pct. Si) (46.1 pct. IACS)

continued




LA - T

v L
120 pm &

st "«%’“1 el

f) modified (Al-6.34 pct.Si) (44.5 pct. IACS)
b )

Figure 5.3 continued



/ : 122

¢ ¥

iy
;'W'; S " S

Vi N 4:%@
g) unmodified (Al-8.52 pct. Si) (37.3 pct. IACS)

¢ L " " ! 3 :
h) modified (Al-7.87 pct.Si) (43.2 pct. JACS) .

b
Figure 5.3 continued

¢
v




Figure 5.3

k) modified (Al-10.18 pct. Si) (42.1 pct. lACS)

continued

123




¢

-

T\Figure 53

N

)
.-a

5“‘»

gb . N
Yo A 120#"‘!
ﬂ)‘ﬁz s S AR

TR RS
?41“\.4,« fé
\5‘ ’&\‘. ,( I; ‘(’I‘
"’R;? f‘?:"'“ -‘.'3 ‘r*”, iﬁ]'
4% » .- 1fru¢ ;
}%uq\g w

-:"
,«j‘, !

i
e

m) modlfued (Al 12 60 pct. Sl) (41 8 pct. IACS)

continued

124




S |
V@i Fraction of Eutectic Si ¥
0 002 004 006 008 010 012
55 AL L T T T T N
- \ D AI-S;

5 90+ o . 0 Al-Si-Sr(0.033%%) i

2 . D\O\)\ ,

= \

t; 45 — o \Q\

3 \r ) O\\__o

P a >

+? :

2 40} T

U

3 L

Cc \

S 35 | / Cooling rate =10T/s

1 i | - | L 1
30O 2 4 6 8 .10 12 14

wt. pct. Si R

Figure 5.4 Room temperature electrical conductivity of Al-Si and Al-Si-Sr alloys cooled at a rate of 1.0°C/sec.
)

~~— . ;

T4




6.9

-

* . 126

case of the modified alloys the eutectyg silicon phase has a fibrous
morphology regardless of the cooling rate, butit is noticeably coarser in the
slowly cooled alloys (Figure 55 (c)). Therefore, the conductivity of the
unmodified alloys is more sensitive to Ehanges in the sohidification rate than
1s the case for the modified alloys. In addition to the eutectic phase, the
primary aluminum dendrites become finer as the soldification rate increases
(see Figure 55) and 1t has glre—ady been demonstrated that the finer the
dendritic structure the hughefthe conductivity 125

5 1.2 Effect of Magnesium

The influence of magresium additions on the room temperature
conductivity of chill cast (1°C/sec) Al-S1 and AI-S1-Sr alloys 15 presented In
Figure 56. It s evident from Figure 5.6 that magnesium lowers the
conductivity of both unmodified and.modified alloys. For example, the
magnesium-free Al-Si alloy has a conductivity of 41 pct IACS at 10 wt pct. St
whereas the conductivity decreases to about~3\5 pct. IACS and 33 5 pct 1IACS
with the addition of 0.3 wt pct Mg and 0 75 wt pct Mg, respectively In the
case of the modfied afloys (AI-Su-SQC;the conductivity declines from 43 5 to
40 pct. IACS when the magnesium coficentration is increased up to 075 wt
pct. These decrements in conductivity are caused by magnesium atoms
present in the aluminum solid solution which increase the rems}c\wty of the
aluminum matrix.

Figure 5 6 also shows the vanation in conductivity with silicon content
for both unmodified and modified alloys contafﬁmg magnesium (0.3-0.75
wt. ect). The conductivity of the unmodified alloys decreases almost linearly
with increasing silicon content up to 10 wt. pct. and then deviates shghtly
from, linearity with further siticon-addition: This relationship yields a
conductivity variation, Ao, of ~1.5%0.5 pct. IACS perwt pct S The
conductivity of the modified alloys, however, follows asignificantly different
pattern in which it drops fairly sharply with anincrease in silicon level up to 6
wt. pct. and then remains almost constant thereafter with increasing silicon
content. Thisindicates that the electrical con’ductwuty of the modified alloyg)
containing more than 6 wt. pct. Siis controlled by the conductivity of the
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"
aluminum matrix, which is constant. Hence, the presence of a
nonconducting silicon phase does not influence the condyctivity of the
modified alloys in the same manner as 1t does the conductivity of the
unmodified alloys. The differing conductivity behaviours observed in the
modified and unmodified alloys will be discussed in more detail later (section
5.2.2).
- % °

Figure 5.7 illustrates the electrical conductivity of the Al-Si-Mg (0.3 wt.
pct.) and Al-Si-Mg(0.3 wt. pct.)-Sr alloys cooled at a rate of 0 4°C/sec The
conductivity of siowly cooled alloys also decreases with increasing silicon
content and increases with strontium additions up to 0 06 wt. pct However,
these conductivity increases are significantly less than those measured in Al-
Si alloys (see Figure 5.2).

Metallographic examinations reveal that magnesium has a coarsening
effect on the unmodified eutectic silicon, as seen in Figure 5.8. Moreover, a
lesser degree of modification is observed in slowly cooled Al-Si-Mg-Sr alloys.
This is illustrated in Figure 5.9 where the form of the eutectic silicon s not
altered significantly during modification (i.e. the oniginal plate-like structure
remains even after a 0.03 wt. pct strontium addition, as shown in Figure 5.9
(a)and (b)). Although the increased strontium content (0 06 wt pct.) ieads to
a 13 pct. difference in conductivity at 10 pct. Si, it also fails to produce a fully
modified structure (Figure 5.9 (c)).

In contrast, in samples prepared from a commercial Ai-Si-Mg alloy (e.g.
A356 containing 7 wt. pct. 8i and ~0.35 wt. pct. Mg), a fully modified eutectic
silicon structure was obtained with the addl‘;non of as little as ~0.02 wt pct. Sr
at a cooling rate of 0.5°C/sec. In this case, a-resistivity decrease of about 10
pct. upon modification was measured by Closset22 and Argo et al’125
Thermal analysis studies suggest that this discrepancy results from
differences in the nucleation behaviour of the silicon phase between the
pure alloys (i.e. prepared using pure materials) used in this work and the
commercial alloys. The thermal analysis curves obtained for magnesium-free
pure Al-10%Si and Al-10%S5i-0.35% Mg alloys are shown In Figure 5.10. The
cntical part of the curves is the tindercooling prior to the eutectic phase
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nucleation (ATy). It has been established that a greater ATy produces a finer
eutectic and enhances the modification process during the growth stage of
the nucleated silicon crystals.20-22 ATy is 2.6°C for the bionary Al-Si alloys,
corresponding to a fine lamellar structure, as shown in Figure 5.10 (a).
However, ATy diminishes to 0.5°C with the addition of 0.35 wt pct. Mg This
indicates that the presence of magnesium enhances nucleation of the
eutectic silicon phase thereby leading to a coarser silicon structure, as
presented in Figure 5.10 (b). The addition of 0.03 wt. pct. Sr leads to a larger
amount of undercooling (ATn =2°C) and results in an under-modified (i.e.
coarse lamellar silicon) eutectic structure (Figure 5.10 (c)). For the

commercial A356 alloy, 1t has been reported that the addition of 0.02 wt. pct.-

Srincreases ATy to 3.5°C, which corresponids to a change in the form of the
eutectic sificon from acicular to fibrous.22 The different nucleation kinetics
observed in the commercial alloys may originate from the interaction of
magnesium with other minor elements present in the alloy, with the
cummulative effect of modification being significant The modification
mechanism is outside the scope of this thesis and therefore the effect of
magnesium on modification will not be discussed further.

. 5.1.3 Effect of Modification

\ As pointed out earlier (sections 5.1.1 and 5.1.2), the as-cast conductivity

of modified alloys 1s always higher than unmodified alloys containing the
same level of silicon and mag;mesium, this being attributed to the difference
in the eutectic silicon structure. The difference in conductivity can be
expressed by the quantity Ao =(0mo ~ 6um/Omo) X 100, where amo and oym
are the conductivities of the modified and unmodified alloys, respectively.
The measured conductivity difference, Ao, is plotted against sificon content
in Figure 5.11. For both the Al-Si and Al-Si-Mg systems, Ao increases with
ingreasing silicon content.” The larger difference between the conductivities
of the modified and unmodified alloys at higher silicon levels is due to the
proportionally larger volume of the eutectic silicon present and to the
microstructural chanées which occur on modification
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Figure 5.11 shows thét the difference 1in the conductivity (Ao) of Al-S
and Al-Si-Sr alloys decreases with increasing cooling rate. At the eutectic
composition, where the maximum difference was detected, Ao 1s about 28
pct. and 10 pct. for the alloys cooled at a rate of 0.4°C/sec and 1°C/sec,
respectively. This is apparently due to the lesser amount of microstructural
change that occurs in the chill cast alloys, 1.e. the eutectic silicon structure 1s
transformed from fine lamellar to fibrous rather than from acicular to
fibrous (see Figures 5.3 and 5.5).

The addition of magnesium increases the measured difference in the
conductivities of thé unmodified and modified alloys cooled at a rate of
1°C/sec, as 1s shown in Figure 5.11. At the eutectic composition (12.6 wt. pct
Si), the conductivity difference is of the order of 10 pct. for magnesium-free
alloys and 23 pct. for the alloys containing 0.30 wt. pct. Mg. This greater
difference in conductivity 1s due to the fact that magnesium coarsens the
unmodified eutectic silicon (Figure 5.8). Hence, a relatively greater structural
change occurs during strontium modification which results in a larger

[

difference.

Flgdre 5.11 also illustrates that, in the case of slowly cooled (0.4°C/sec)
Al-Si-Mg alloys, the differences are lower than in Al-Si and chill cast Al-S1-Mg
alloys. For instance, Ao 1s only 8 pct. at the eutectic composition, which s
substantially lower than that of the magnesium-free alloys (Ao =30 pct.)
This can be attributed to the lesser degree of modification observed in the
Al-Si-Mg-Sr alloys (see Figure 5.9) '

Figure 5.12 summarizes the effect of the degree of modification on the
measured conductivity difference (Acg), and presen