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ABSTRACT

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

‘ using electrical resistivity. It is shown that an umnmodified

alloy exhibits a h‘igher resistivity than a modified alloy.’
Resistivity is directly related to the morphology of eutectic
silicon and can therefore also be' used to follow the heat
treatment of Al-Si-Mg alloys in which the eutectic silicon
undergoes ripening and spheroidization. Resistivity generally
increases on solution treatment and decreases on subsequent
aging., Modified alloys exhibit a greater increase in re-
sistivity on solution treatment than do unmodified alloys.

" Resistivity can also be used to study modification in
A356 alloys with unusually high iron contents. Magnesium,
however, has an inhefent modifying effect and alloys with high
magnesium contents such as A357 show no variation in resistiv;:
ty uiaon modification.

Both a D.C. and a differential A.C. resistivity tech-
nique can be used. The former measures the potential drop
across a bar through which a current of 40 Amps is passed.

The differential technique compares the voltage across a
standard non-modified sample with the voltag% across an un-
known sample. The A.C. technique would be favoured in foundry
practice since it is temperature independent and is associated

with very small instrumental errors. Diffe;ential measurement
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requires the standard am? -’sample bar to be of similar porosity
content and also to be of similar diameter since eutectic

r

segregation occurs towards the centre of bar samples.

©




,jﬂ‘»‘-“ B A A
f

iii

- RESUME =

La technique de :la résistivité &lectrique a &té& utilisée
dans l'étude de la modification des alliages Al-Si-Mg (A356).
Il a été montré que l'alliage non modifié pré&sente une résisti-
vit& plus éElévée q”ue,'l'alliage modifié. La résistivité élec-
trigque peut @tre directement reliée & la morphologie du silicium
“de l'eutectique. Cette technique trouve aussi une application
dans l'étude du traitement thermique des alliages Al-Si-Mg dans
lesquels le silicium de l'eutectique subit une globularisation
et une coalescence. Le traitement de mise en solution augmente
la résistivité tandis que le trajitement de pré&cipitation diminue
la ré&sistivit&. Apré&s le traitement thermique de mise en solu-
tion les alliages modiofiés pré‘sententlune augmentation de la
résistivité électrique nettement supérieure 3 celle des alliages
non modifiés. '

La résistivité a aussi &t& utilisée dans 1'Etude des
alliages A356 contenant de 'fortes teneurs en fer. Cependant,
les alliages A357, 3 haute teneur en magnésium, ne subissent
gqu'une tr&s faible variation de la résistivité avec le degré
de modification. Il a &8t& montré que ces faibles changémentfsh__r
sont imputables au pouvoir modificateur du magnésium.

7\» Deux techniques de mesure de ré&sistivité peuvent étre
employées, l'une utilise le courant continu, 1'autre, différen-

tielle, utilise le courant alternatif. La premiére mesure la
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‘différence de potentiel 3 travers une barre dans laquelle on

a fait passer un courant de 40 amp&res. La méthode différen-
tielle compare la diffé&rence de potentiel dans un &chantillon

de référence, non modifié&, avec la différence de potentiel dans
un &chantillon de mesure. La technique différentielle semble
étre d'une utilisation plus pratique en fonderie parcequ'eL;g‘“m
est indépendante de la température ambiante et qu'elle n'igérzll
duit que de faibles erreurs expérimentales. Cependant, la
méthode éu courant alternatif requiert des &chantillons de
référence et de mesure ayant une porosité identique afin d'é&viter
les incertitudes de mesure susceptibles d'étre introduites par

une ségrégation existant entre la surface et le centre de la

barre.

N
L3

B
Ve A AN, i NS NI kN




.

8 SR IR A SR

"

5 O R g

¥

b

PRSP R

gy

N v rer sty

- T RER T AR AN s o s oy o - .- ‘
\ . -

P
\@{

4%{“

j

ACKNOWLEDGEMENTS ' .

The author wishes to extend her deepest thanks to
Professor J.E. Gruzleski and Dr. B. Closset for their great
help and guidance throughout the course of the work.

Thanks are also due to the entire staff of the Depart-
ment of Mining and Metallurgical Engineering, especially
Dr. R.A.L. Drew for guidance in differential resistivity
analysis.

The technical assistance of Mr. M:JKnoepfel and Mr. B.
Gfondin, the help of Mr. R. Paquette in performing casting
experiments, and the assistance of Mrs. H. Campbell in spec-

trochemical analyses are all gratefully acknowledged.

The author is also indebted to Robert Mitchell Inc. for

the radiography of the bars, and to Mr. M. Ross, School of

Occupational Health and Safety, McGill Dniversity, for the
assistance in analysis of silicon eutectic content of the bars.
Sincere appreciation and gratitude is extended to Mr.

Stephen R. Cameron, to fellow graduate students and to all

others whose assistance and encouragement have been invaluable.

-

e e e et St e [N




-

e e o e PO B4R RS e D R A R i SRR T
.

pp—y

TR s 5

P VY Rt ey e P4

ABSTRACT

RESUME

g

ACKNOWLEDGEMENTS

TABLE OF CONTENTS

TABLE OF CONTENTS

LIST OF FIGURES -

LIST OF TABLES

‘1. INTRODUCTION N

l.l'

1.2

1.3

1.7

Aluminum-Silicon-Magnesium Alloys
Modification

1.2.1 General Discussion

1.2.2 Modifying Agents

1.2.3 Theory of Modification

Heat Treatment of Al-Si-Mg Alloys

1.3.1 Introduction
1.3.2 Solution Treatment
1.3.3 Aging

The Effects of Increasing Magnesium
and Iron Contents on the Structure
and Mechanical Properties of Al-Si-Mg
Alloys

Porosity

Monitoring the Modification Process
in the Foundry

1.6.1 Metallography
1.6.2 Thermal Analysis
1.6.3 Electrical Resistivity

Aims of the Present Investigation

vi

Page

iii

17

24

26
26
3l

39

24




e

s S

2.

&

o

EXPERIMENTAL PROCEDURES

2,1
2,2
2.3

2.4

2,5

2.6
RESULTS
3.1

3.2

3.3

2.
"2.
2-

Parameters and Variables

Statistn.cal Analysis of Results

Foundry Procedure and Sample
Preparation

~

2.3.1 The Pattern and Sand Mould

3.2 Melting and Strontium Addi~
« tion

3.3 Alloy Additions

3.4 Bar Preparation

3.5 Spectrochemical Analysis

3.6 Metallography

Electrical Resistivity Measurement

2.4.1 D.C., Resistivity Measurement
2.4.2 A.C, Resistivity Measurement

Il

The Factors Affecting Resistivify’
2.5.1 Tempei:ature -
5.2 Porosity

.3 Eutectic Segregation

5
5.4 Solute Concentrations )

Heat Treatment ¥

Electrical Resistivity

3.1.1 D.C. Resistivity
3.1.2 A.C. Resistivity

The Factors Affecting Resistivity
3.2.1 Temperature

3.2.2 Porosity

3.2.3 Eutectic Segregation

3.2.4 Solute Concentrations

Heat Treatment

3.3.1 Heat Treatment of A356 Alloys

vii

Page.

=

£

43.
43
a4

v e e o v+
)




3

e 1 D LRI LEY T P R PSR
N ) - :
.

e AR b g R M ger T

¥

ol

' 4l

442

43

4.4
4.5
‘s, ‘SUMMARY

REFERENCES

APPENDIX

1

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

4, ~ DISCUSSION

Experimental Inaccuracies

4.1.1 Instriulmental Inaccuracies
4.1.2 Inaccuracies due to Inherent
Differences Between Similar

Bars ;

and A.C. Technigues
. and A.C. Resistivity

.1 A356«Alloy
.2- A357 Alloy
'3

% Fe

'Factors- Affecting Resistivity

4.3.1 Temperature

4.3.2 Porosity ‘ )
4.3.3 Eutectic Segregation
Heat Treatment

4.4.1 Introduction

4.4.2 Heat Treatment and Resistivity

Comparison Between D.C. and A.C.

Resistivity Techniques

“

\

Dimensional Inaccuracies
Total Inaccuracies of the DC

A356 Alloy containing- 0.48wt.

6. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

Cvidl

Page

110

118
118

118
119
119
120
121

121
123

124
124
125
126
128
128
128
129
132
134
136
140

143




RPN e e

5 s

et

' Figure

10
11

12

.13

»t14

LIST OF FIGURES

The Al-Si binary phase diagram
Miciostructures of A356 alloy

Variation in the quality index with
relation to strontium content

Suggested sequence by Thall and Chalmers
showing how aluminum might occlude silicon
at an'advancing duplex solid-liquid front

Microstructures of an unmodified A356 .
alloy, as-cast and heat treated

Microstructures of a modified A356 alloy
as—cast and heat treated

Tensile properties of degassed aluminum
-7%81 alloys containing various amounts
of magnesium

The effect of iron on tensile properties
of permanent mold cast alloy 356-Té6

Influence of hydrogen porosity on the
tensile strength of sand cast bars of
Al-5.0% Si alloy © o

Schematic of the system for thermal analysis

Simple thermal analysis curves near the

_eutectic plateau

The derived thermal analysis curve and the
simple thermal analysis curve near the
eutectic plateau

The total heat of solidification curve and
the simple thermal analysis curve near the
eutectic plateau

i

Circuit design for differential resistivity
measurement

1x

Page

11

18

22 i

23

25
27

29
30

32

35

P PR




g
¥,
&
P‘:
7
Y
4
H
1
¥
&
»
%
¥
H

§
]
?

iﬂmmy.. N

Figure
15
16
17

18

19
20
21
22

23

24
25
‘26

27
28

29

Schematic of the apparatus used in D.C.
resistivity measurement by Oger, Closset
and Gruzleski

Variation of electrical resistivity with
strontium content

Variation of electrical resistivity (volt-

age) with magnesium content \

An Al-Si-Mg alloy casting showing the four
test bars with the risers and gating
systems

Graphite plunger used for strontium addi-
tions

Copper mould used for casting spectro-
neter samples .

'rhe magnesium rod and iron powder pellets
used for alloying the Al-Si~-Mg melts

Schematic of the apparatus used in D.C.
electrical resistivity measurement

The jig used to hold the Al-Si-Mg test
bars in D.C. electrical resistivity
measurement —— S

The jig used in A.C. resistivity measure-
ment '

Circuit design for differential i:esistivity
measurement

Apparatus used to measure resistivity at
various temperatures

The apparatus used in porosity measurement

Determination of the amount of eutectic
across the bar diameter

Cross section of the wire mesh jig used to
hold the bars during heat treatment

Page

37
38

40

49
50",
51

53

' 56

57
58
59

62
64

67

71

e
O A ——

4

b oy



R

e

. o

LT AR B e R TN T P T R

L T

R LT
pryis

- Figure

30

32
33
34
35
36
37
38

39

40

41
42
43

44

¢ g a

Variation of D.C. resistivity with stron-
tiun content for A356. alloy

Microstructures of A356 alloy at various
strontium contents

Hicrost:uctures of A357 allgy atsvarious
strontium contents v

Variation of D.C. resistivity with stron-
tium content for A357 alloy

Variation of D.C. resistivity with stron-
tium content for alloy A356 (0.48 wt.$ Fe)

Microstructures of A356 alloy containing
0.48 wt.% Fe at various strontium contents

Variation of AV with strontium content for
A356.alloy

Variation of AV with strontium content fdr
A357 alloy

Variation of AV with strontium content for
A356 alloy containing 0.48 wt.$ Fe

Variation of D.C. resistivity with tempera-
ture for A356 alloy

X-ray images of the test bars. The bars
were found to be homogeneous

Porosity on the surface of a metallographic

sample

Variation of the amount of eutectic with
radial distance from the centre of bars

Variation of silicon content in the primary
aluminum matrix with strontium content

The difference in D.C. resistivity between
as~cast and solution treated A356 bars of
various strontium contents

xi

Page

74

75

77

80

81

82

.86

, 89

91

95

96

100

102

107




=)

TR ) TS IR TN

I e e

e

Figure

45

46

417

48

49

The difference in AV between as-cast and
solution treated A356 bars Qf various
strontium contents

The difference in D.C. resistivity between
as-cast and completely heat treated A356
bars of various strontium contents

N
The difference in AV between as-cast and
completely heat treated bars of various
strontium contents

Metallographic samples of unmodified and -
modified bars subject to complete heat
treatment A,B, and C

An Al-Si-Mg alloy casting showing the loca-
tion of bars A,B,C and D

-109

xii -

Page

- 108

111

112.

145

o vn




L]

S

PRI LS L O 5 R R

G Sy MRS eI, S T TSR

Ty o as i

@

Table

II

III

\'4 8

VIiI
VIII

IX

XI

XII
XIII

XIv

LIST OF TABLES
%i -

Composition ranges for the Al-7%Si~-Mg alloys

Heat treatments for separately cast test bars
of alloys 356 and A356

Mechanical properties of A356 T6

Mass, thermal and electrical properties of
alloy 356, T6, sand cast

Comparison of strontium modified alloys with
unmodified alloys. Both alloys are sand cédst
and heat treated

Statistical results of the sgrontium content
vs. D.C. resistivity data )

F tables for 95% significance level
Calibration of density apparatus

Temperature variations within the Blue M
Power Omatic 80 Furnace (Model No RG-3080 C)

Temperature vdriations within the Griffin-Grundy

Furnace (Model No 661530)

Results of statistical analysis on the AV versus
S# wt.% data for the three diameter ranges using

A356 alloy

D.C. resistivity values of A356 bars at various

temperatures

AV values from A.C. resistivity measurements at

various temperatures, for alloy "A356

xiii

Page

20

45
47
65

69

70

85

90

93

The influence of porosity on electrical resistivity 94

Variation of D.C. resistivity with machined sample

diameter

98

o e b i




Lt i B o

R T T T A S g e omne
- R DR

£ T WETHR

Y

R

ey

B Ot s

o g e

Table -

XVil

XVIII

XIX

XX

XXI

wa

Variation of percent eutectic present with
radial distance from the centre of a bar

Correlation between percent silicon in the
aluminum matrix with strontium content

The average change in D.C. resistivity as
a result of solution treatment and as a
result of aging for A356 alloy heat treat-
ments A, B and C

A comparison of the changes in resistivity
brought about by various solution treatments
and aging treatments, between unmodified and
modified A356 alloys

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

The avérage change in D.C. resistivity as a
result of solution treatment and as a result
of aging for A356 alloy containing 0.48 wt.%Fe

xiv

Pace

99

101

103

105

115

116

————— —




Jm e s

lﬂ"&?}r}"ﬂ?ti; LI R T

1. INTRODUCTION

1.1 Aluminum~-Silicon-Magnesium Alloys

The Al~7%si-Mg alloys have excellent castability, good
weldability, pressure tightness and good corrosion resistance,
and have therefore found applications in aircraft structures,
aircraft engine controlsg, aircraft fittings and pump parts,
water-cooled cylinder blocks _and nuclear installations. These
products are usually sand castings, permanent mold castings or
investment castings of intricate design due to the excellent
castability of the alloy. Castability is a property dependant
upon comppsition and freezing temperatures. The composition-
of the alloy is near the eutectic composition (12.6% Si-Al)
and therefore has a small freezing range and solidifies quick-
ly in the mold. Additionally the freezing temperatures are
low enabling casting to be performed at 675 C to 790 C
(figure 1). ‘

The specific application of a 78S1~A1 alloy is related
to its precise composition. The composition ranges of these
alloys incorporates the 356, A356, 357, and A357 alloys
{Table I). It is important ‘that the compositional limits are
not exceeded in order to maintain superior properties; for
example high copper or nickel contents decrease ductility and
résistance to corrosion, and high iron contentg decrease

strength and du;tility .

B P
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Composition (wt.$%)
Element Alloy
356 A356 357 A357

© 8i 6.5 —> 7.5 6.5~ 7.5 |6.5 - 7.5 |6.5 —> 7.5
Mg 0.20 ~> 0.45] 0.25 ~» 0.4510.45 -» 0.60/0.40 -» 0.70
Cu 0.25 max 0.20 max 0.05 max 0.20 max
Mn 0.35 max 0.10 max 0.03 max 0.10 max
Fe 0.60 max 0.20 max 0.15 max 0.20 max
Zn - 0.35 max 0.10 max 0.05 max 0.10 ?ax
Ti 0.25 max 0.20 max 0.20 max 0.10 — 0.20

Table I(z):

Composition ranges for the Al- 7%$Si-Mg alloys

8 -
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Another important consideration in the production of
7%Si-Al alloy castings is heat treatment. These alloys are
seldom used in the as-cast condition, and the type of heat
treatment performed‘;ill greatly influence the properties of
the final product. Generally, heat treatment confers increased
strength and hardness, obtained by a high temperéture solution
treatment, followed by a quench and natural aging. This se-
guence of processes produces Té gnd T7 type tempers. Alloys
in T6-type tempers generally have the highest strength possible
without sacrifice ©of other properties and characteristics, and
alloys in T7-type2£empers are stabilized by “overaging™ which
means that some degree of strength hds been sacrificed to im-
prove one or more other characteristics such as dimensional
stability. The temperature and time limits in the wvarious
stages of tempers T6 and T7 are shown in table II, and table III
shows the mechanical properties of heat treated alloy 356 Té6.

The mass, thermal and electrical properties of alloy 356

are given in table IV.

l.2 Modification

1.2.1 General Discussion

Modification is a widely used process which enhances the
mechanical properties of Al-Si-Mg alloys be altering «he mor-
phology of the eutectic silicon. An unmodified alloy (figur
has an acicular eutectic structure where the silicon is in the

form of large brittle plates. With a successful modification

-
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! 5
Purpose (and resulting Température Time
temper) c lgf.
Sand Castings;
Solution treatment 535 to 540 12
Aging T6 150 to 155 2 to 5
T7 225 to 230° 7 to 9
Permanent Mold Castings;
Solution treatment 535 to 540 8
Aging T6 150 to 155 3 to 5

(Y

.

« Table II(2)= Heat treatments for separately cast test

bars of alloys 356 and A356

PRI o——.
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Property vValue
Tensile strength b © 228 MPa
Yield strength ~ ' F 65 MPa
Ellonqation | ) 3.5%
Hardness HB ‘ 70
Shear strength 180 MPa
Fatigue strer;gth ' © 60 MPa
ompressive, yield strength ~ 170 Mpa
oiggon's ratio 0.33
lastic modulus: Tension | 72.4 GPa

Shear 27.2 GPa

rable 11T ?): Mechanical properties of A356 T6




§ |
;:_ Property ‘ Value ‘ ' 5
e
i Density at'20 ¢ 2.685 g en™?
Ligquidus temperature : 615 C i
! Solidus temperature 555 C
?i , ‘| coefficient of thermal expansion 21.5 mm KL
20 — 100 C

L Specific heat " 9633 Rgl kY -
: /- '
3 Latent heat of fusion / 389 KJ Kg 1.

Thermal conductivity at 25 C 150 wm b g1 |

Electrical Conductivity 39~fA'CS , R o

i Electrical Resistivity at 20 C 44.2 nl.m
Table Ivi2) . Mass, thermal and electrical properties
of alloy 356, T6, sand cast
-~
“ 3
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2a; Unmodified 0.000.wt.% Sr
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(mag x 200)

2b; Undermodified 0.007 wt.% Sr 4

Figure 2: Microstgugtures of A356 Alloy
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treatment the silicon assumes a fine fibrous morphology ;é ’

W

(figure 2¢). This modified, fibrous structure transmits ”.
cracks far short distances because individual strands of
silic@n ﬂo )not extend over large areas in any one plane, as

in the unmodified cdge. The modified alloy therefore exhibits
a ' higher ductility azd higher strength than the unmodified
a].‘loy.

‘ The process of modification-is performed by the addition
of a 'modi§ying agent to the melt. The amount of agent used is
of prime importance for successful modification since too
little modifying agent will produce an undermodified alloy

(figure 2b) with lamellar eutectic silicon, whilze too much

modifying ageht will produce an oven@odified étructure con- .

taining intermetallics. Work by Closset and Gruzleski“’

using strontium as a modifying agent, showed that optimum
mechanical properties are obtained in the strontium range from
0.005 wt.% Sr to 0.0l5 wt.® Sr where the alloy il modified
(figure 3). An overmodified alloy has poorer mechanical pro-

perties caused by the formation of Al-Si-Sr intermetallics.

1 2 2 Modifying Agents

Strontium, sodium and antimony are the three most well

. /

known modifying ggafs4 Only strontium and sodium have found
' . )

extensive commercial application because antimony produces a

(4)

lamellar eutectic , the result of a refinement precess

rather than a modification process.g Both strontium and sodium

P &
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produce equivalent modified structures, but behave in a differ-
ent way. Sodium has good dissolution characteristics, however
it has only a limited effect in time as it will disappear
rapidly by evaporation or oxidation during holding of the mol-
ten metal. Strontium, on the other hand, has poorer dissolu-
tion characteristics; however, it dbes not evaporate from the
melt during holding and can be easily added via master alloys.
iving reduced oxidation problems.

.2.3 Theory of Modification
(5)

The early theories of modification all supposed that
some poisoning action by the modifying agent.prevented the
silicon crystals f;om growing ;a’i: the same rate as aiuminum

(or vice versa) so that the interface advanced by some repeti-
tive nucleation process. However, since medified forms of

silicon are now known to be continuous, more recent theories

hq.ve concentrated on the shape of the eutectic solid-liquid

interface.

Two main theories have been forwarded as to how the sodi-
um modifies the actual growth process:

a) by surface adsorption which may poison the growth
mechanisms of silicon.

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

facial energies and consequently changing the solid-liquid

‘profile.

(6)

Thall and Chalmers suggested the theory of surface adsorp~

tion. They assumed that aluminum projects ahead of the silicon

1

\
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(figure 4a), and as the solid-liquid front progresses, the
aluminum occludes the silicon (figure 4). During modification
it is supposed that sodium adsorption occurs at the Al—Si—liqu%d
interfaceé, reducing the surface energy and increasing the
solidi}iquid contact angle at these triple junctions, again
leading to overgrowth until further nucleation occurs.

The most accepted theory of modification based on work by

Davies and West(7)

suggests that the preferential adsorption
of sodium on the solid-liquid interface changes the profile
because the growth kinetics of the silicon are affected. Al-
éhough the authors are unable to comment on the shape of the
solid-liquid profile, they note that “the failure of silicon
to develop faceted faces (evident in the modification of pri-
mary crystals) must mean that rapidly growing faces or active

d“(7) The need only for surface

érowth sites are affecte
activity explains why the sodium or other elements are effec-
tive at such low concentrations. It is not known why the
alkali and alkaline earth metals should be effective modifying

(7) is that they have the most polarized

agents; one suggestion

atoms and lowest ionization potentials, which account for their

retention on the electronegative elements such as silicon.
Phosphorus is often present in Al-5i alloys and produces

a eutectic refining effect changing the morphology of silicon

from flakes to a granular form. It has an effect upon modifi-

(8)

cation since Crosley and Mondolfo proved that the growth

process in the presence of phospliorus is not hindered in the

o a0 g i1
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same way as it is in modified alloys. They suggested that

the active ingredient in the refining action is the compound
AlP which acts as a heterogeneous nucleating agent for silicon,
and in the presence of sodium, forms a quaternary P-Al-Na-Si
compound which does not act as a heterogenecus nucleating
agent.

In summary, the theories of modification suggest kinetic
limitation§ of silicon, either by the imposed growth rate and
inability of the faceted material to grow as guickly as the
metal, or because the growth process is susceptible to poison-

ing.

1.3 Heat Treatment of Al-Si-Mg Alloys

1.3.1 Introduction

The typical heat treatment of A356 alloys( )(Table I11) 1¥n-

volves solution treatment at 535 to 540 C for 12 hours, follow-
ed by quenching and aging at 150 to 155 C for 2 to 5 hours.
The main purpose of solution treatment is to dissolve alloying
;toms in solution so that'tupon quenching, these atoms are held
in solid solution. The final processn of aging then allows
these alloying elements to form-.-finely dispersed precipitates
which’ increase the alloy strength and hardness.

1.3.2 Solution Treatment

There are four main processes that occur on solution

Wl

treatment of A356 alloys; dissolution, spheroidization, ripen-

ing, and homogenization. Dissolution is primarily that of

J P it
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silicon and magnesium and they are held in solid solution

when the alloy is quenched. Spheroidization is a diffusion
contfolled process with the minimization of surface area act-
ing as the driving force. Diffusion of silicon from the sur-
face of particles with a high degree“ of curvature to adjacent
surfaces with low degrees of curvature occurs, and as Ja result,
particles become more spheroidal. The plate-like ‘eutectic sili-
con of unmodified alloys is obviously able to undergo more
extensive spheroidization than the already spheroidal-like
eutectic silicon of the modified alloys.

The third process, ripening is also diffusion controlled
with the minimization of surface energy acting as the driving
force. Ripening appears as a coarsening of the eutectic where
silicon diffuses from smaller particles (relatively high sur-
face energy) to larger particles (lower surface energy). As a
result, smaller particles dissolve and the larger ones increase
in size. The effects of ripening are more pronounced in modi-

fied alloys because the distance between eutectic particles is

‘relatively small allowing diffusion from one particle to an-

other to occur readily. The plates of unmodified alloys are
widely spaced and diffusion between them takes considerably
more time.

Homogenization is also diffusion contralled where solute
concentrations throughout the alloy become uniform.

Since spheroidization, ripening and homogenizatioﬁ are
diffusion controlleéd they therefore occur to a greater extent

upon solution treatment at 540 C than upon aging at 155 C,
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1/. 3.3 Aging

Silicon and magnesium are the two main elements held in
solid solu\tion when the alloy is quenched. With subsequent.
aging at temperatures of 155 C thé precipitation process can

be represented as:

Guinier Preston ~————+ intermediate ~—— equilibrium phase
zones precipitate _— MgZSi

.

251 forms as fine precipitates between the dendritic silicon

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

Mg

magnesium concentration in the matrix.

Figqures 5 and 6 show the microstructures of as-cast and
heat treated modified and unmodified alloys. In the modified
alloy, the fine fibrous eutectic undergoes coalescence upon
heat tréatment to give a coarser structure than in the as-cast
condition. In the unmodified alloy, the eutectic¢ silicon
plates become less angular. The heat treated modified alloy
exhibits superior mechanical properties than the as-cast modi-
fied alloys or the as-cast and heat treated unmodified alloys.
Table V compares the mechanical properties of modified and non-

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

1.4 The Effects of Increasing Magnesium and Iron Contents on
the Structure and Mechanical Properties of Al-Si-Mg Alloys

Aluminum~silicon-magnesium alloys are renowned for their
extreme sensitivity to magnesium content, which could be at-
tributed to the 0.3 wt.% Mg solubility limit at the solution

treatment temperature. With increasing magnesium content, up

B AT -~
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Figure 5: Microstructure of an unmodified A356¢
. alloy, as-cast and heat treated (8 hours
— solution treatment at 540 C, and 12 hours i
aging at 155 C)
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" Property

Unmodified Alloy‘z)

i

1

Modified Alloy ')

Ultimate tensile

strength. (MPa) 230
Yield strength '
(MPa) 165

Elongation (pct) 3.5

i 1
Quality Index 312

(Q) (MPa)

285

208

12

447

Table v(z':”:

Comparison of strontium modified alloys with
unmodified alloys. Both alloys are sand cast
and heat treated. The unmodified alloy is
heat treated to the T6é designation, and the
modified alloy is solution treated for 72
hours at 540 C, naturally aged for 48 hours
at room temperature and artificially aged for

8 hours at 155 C
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: to 0.3 wt.$ Mg, the tensile strength of the alloy is greatly
P ‘ increased and its ductility is decreased due to the increase '
of magnesium in soli& solﬁtion'(figure 7) (9) . At concentra- .

tions greater than 0.3 wt.$ Mg the tensile strength and per-

’

PR ST

y i | cent elongation remain constant because MgZSi forms and there~
fore any further increase in magnesium has relatj;vely~ little

effect on the structure and composition of the aluminum matrix. E

RS-

Aﬁ very high magnesium concentrations (0.65 wt.% Mg) the

AlBFeMgasiG intermetallics have been found(:” dispersed through—,
~ out the micrgstiucture- thus leading to inferior mechanical pro-

peft;ies .

-

Heat treatment of Al-Si-Mgalloys with high magnesium con- <

tents tends ‘to increase the tensile properties due to the fine

" (10)

re~-dispersion of MgZSi during aging Unlike Al-Si-Mgalloys .

with increasing magnesium contents, alloys with increasing ™
— iron contents show a slight decrease in tensile strength to- .

: ~
) gether with a decrease in ductility(ll)“(figure 8). These

effects canq be attributed to the low solubility limit of iron !
in aluminum, above which needles of AlsFeSi form, imparting
PN brittle fracture characteristics and poor mechanical properties
to the alloy. Heat treatment does not produce superior mech-
s , anical properties in the Al-Si-Mg alloy with a high iron con-
tent because the AlsFeSi needles do not dissolve during the

heat treatment process.

A
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tain close control cver all aspects of melt cheuistry in o::der

~scne control nethod must be used to ensure that modification
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1.5 Porosity
Porosity is a well known casting defect especially in

aluminum castings where hydrogen porosity is a major problem.

Porosity, which has deleterious effe¢ts on mechanical pro- .

perties, occurs as an internal gas phase or void. It has

been shown‘lz, that there is a tendency for the tensile strength

to decrease with increasing amoﬁnts of porosity (figure 9). ‘
Porosity can be reduced by degassing the melt with an

inert gas before casting. Work by Closset a.nd Gruz].eskiu”

has shown that the total amount of dissolved hydrogen in an -

Al-Si-Mg. casting decreases with increase in volume of nitrogen

gas bubbled throuqh the melt and the density of the casting

accordingly increases. Although degassing has the advantageous

effect of reducing\ porosity it also has the disadvantageous

effect of causing loss of the modifying agent from the melt,

particularly when degassing is carried out with a. chlcrine

containing gas. L

1.6 Monitoring the Modification Process in the Foundry

It is desirable in foundry practice to be able to main-

to guarantee casting quality. For modification of aluminum-
silicon alloys, the morphology of the eutectic silicon  is so
sensitive to very small variations in modifying agent, that

pr—

is succew The extent of modification cannot always b&
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determined simply by using the amount of modifying agent
introduced, since dissolution characteristics and loss of the
agent vary from one melt to another. In addition;wa chemical -~
analysis for the level of modifier present is often inadequate
since modification depends on actual solidification rates in
the casting as well as the amount of phosphorus present. ;
1.6.1 Metallography

Metallography is the usual foundry control technique
used with modification. It is a direct method with which to
examine the structure of a metal involving sam%ling, g;inding,
polishing, etching, and microscopic examinatiod. Metallography
has the disadvantages that it is expensive, and if performed
during the casting process, the sample solidification and —
examination are time consuming resulting in melt holding costs.
Additionally, metallography on the figal product may entail
destruction of expensive castings.

There has been a significant desire to develop a quick,
simple, non-destructive methad with which to control the modi-
fication process. Possible approaches that have been studied

are thermal analysis and electrical resistivity.

1.6.2 Thermal Analysis

\

(14,15) uses a thermal analysis

Work>by Closset et al
system (figure 10) consisting of a k-type thermocouple which
records the temperature of a cooling Al-Si alloy. The analog
signal thus obtained is converted to a digital signal by an

electronic board and stored on a floppy disc. The system

e e n e
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performs three types of analyses: simple thermal analysis,

derived thermal analysis, and total heat of solidification
analysis.

Simple: thermal analysis can easily be interpreted graph-
ically using a plot of temperature versus time during the phase
changes associated with solidification (figure 11). Strontium
addition affects only the portion of the curves concerned with
the eutectic and solidus transformation, causing a variation
in A6 (the change in the difference between the eutectic growth
temperature and the eutectic nucleation temperature). A small
strontium addition (0.0022wt.%}) producing an undermodified
alloy results in an increase of A8 from 2.3 C to 4.3 C. At
the higher strontium concentrations of the modified alloy,
(0.0044 wt.% to 0.0079 wt.%) A6 decreases to 3.2 C and stabi-
lizes. With further increase in strontium level to 0.018 wt.$%,
A8 drops sharply, a characteristic observed with overmodified
alloys.

Derived thermal analysis can also be interpreted graphi-
cally using a plot of cooling rate versus time during sodifi-
cation. Figure 12 shows the derived thermal analysis curves
and corresponding simple thermal analysis curves for various
levels of strontium. :The derived curve has a liquiaus un&er-
cooling peak, So, a binary Al-Si-Mg eutectic undercooling
peak S1 and a ternary eutectic Al-MgZSi—Si inflection. With
increasing strontium the peak S1 gradually disappears and

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

inflection.

RS bt e A emben ek et
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Figure 11

Simple thermal

analysis curves
near eutectic-
plateau
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The third technique of thermal analysis involves th
calculation of the heat of solidification evol¥ed between the
liquidus and the solidus temperatures, using experimental
measurements and applying Newtonian heat transfer. The results
again can be plotted graphically {(figure 13) for various levels
of strontium. It can be seen that modification results in the
disappearance of the eutectic undercooling peak S1 and perhaps

» some sharpening of the ternary eutectic A1~MgZSi-Si peak. The
total heat of solidification, QT' can be c;lculated and is
found to increase with increase in strontium concentration (or
degree of modification) reaching a maximum for modified melts.

Thermal analysis techniques enable evaluations to be
made upon the degree of modification both qualitatively and
quantitatively. Qualitatively, the four main states of modi-

fication can be determined graphically, and quantitatively,

values such as A9, Tg (the eutectic transformation temperature),

TC {the nucleation temperature), the cooling rate, and QT are

characteristics which define modification.

l1.6.3 Electrical Resistivity

Electrical resistivity is defined(ls’ as ~“a characteristic
proportionality factor equal to the resistance of a centimeter
cube of a substance to the passage of an electric current per-
pendicular to two parallel faces™ and is a measure of the
ability of an electric current, or the movement of electrons
to flow through a material. The resistivi}y of a metal ig the

sum of the resistivities caused by Garious defects;

M0 L i T
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Figure 13

Unmodified alloy
strontium content

0.000 wt.% Srxr

1) Total heat of
solidification
curve

2) Simple thermal
analysis curve

Modified alloy
strontium content

0.008 wt.% sr

1) Total heat of
solidification
curve

2) Simple thermal
analysis oarve
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PIT) ® oy + P+ Pg+ Pp + Pgp  (nf.m) \ (1)

where p(T) = the ra}istivity_ at a particular temperature
= the ‘temperature—dependant resistivity

Op
5;'\ = resistivity due to impurity atoms
Pp = resistivity due to eutectic phase (i:f present)
Pp = resistivity due to dislocations and vacancies
and PG ™ the resistivitg due to scattering by grain
/ .
/—) boundaries. ! - -

Alternatively, the resistivity of a metal can be expressed

- asy

p =R (A/2) (nfi.m) (2)

[

where R is the resistance of a uniform conductor, 1t is its
length, A its cross section and p its resistivity.

One simple method of measuring resistivity employs equa-
tion (2). A D:.C. current (I) can be passed through a sample
and the potential dr"opn (V) between two fixed points recorded.

The resistance R of the metal is then given by:

The principle disadvantage of this technique is that the final

resistivity measurement is the sum of the various resistivities

e o e

given in equation (1) and yields no information about the effect

of a single factor upon the total resistivity.

A differential method, however, developed by Drew et a1 (17

is a comparison technique and can measure changes in individual

J
~
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resistivity effects. The method uses a standard reference

specimen (figure 14) and tompares this with the sample under
examination. In th:ts way, the effects of resistivity due to
factors thét are preéent in both the standard and the sample
are eliminated. The technique uses an A.C. current which

passes in series through the standard and the sample, and a -
lock-in amplifier which meaaurés the voltage difference (AV)
between the two samples. The relative change in resistivity

is then equal to the relative change in voltage:

)

dp _ AV
o8 s . (3)

LS a

where ps is the resistivity of the standard and Vs is\ the volt—-
age across the standard.

Electrical resistivity has been qsed in many metallurgical
situations because of its sensitivity to microstructure. Early

(18) gstudied the yield phenomena in copper-

(19)

_work by Schrdder
arsenic .alloys, and Cuddy used electrical resistivity to
study deformation and recovery of iron at' low temperatures.
Uses of electrical reéistivigfr in metallurgy have included
the temperature dependence of the resistivity of a metal with
dislocations(zo) ; the study of the stability of intermediate
precipitates(zn in an Al-4.07 wt.% Cu alloy, and the study of
lattice defects!??) in deformed iron.

Resistance ratios, the ratio of electrical resistance at .

a(23)

room temperature to that at 4.2K have been use widely for

* where AV = AV standard - AV experimental -

r

LR ——



o oty Byt WP %5 SOTUTTNT RS ORI

oo

-

R A.C. POWER SUPPLY

N
CONSTANT CONSTANT
CURRENT CURRENT
RESISTOR RESISTOR
W ., \ \
STEP-UP
TRANSFORMER

N
\

LOCK~IN AMPLIFIER

9

—Figure 1417 Circuit design for differential
' resistivity measurement

e et TV




T e

St ey R A IR
»
o

Fuoriwvamt, v

-

AR & n e e

P b oty SN L

P T

AR R § ot g - [ L. — —~

®
assessing the ultra purity of a metal. The suitability of a
metal for éﬁudies of its electronic structure is found w}th
resistance ratios since an L@purit§ that lowers the res(@t&hce )
ratio also obscures the measurement of electronic structure.
’ With the knowledge of the sensitivitytof resistivity to
structute, Oger, Closset and Gruéleski(ls) worked on electrical
resistivity as a éééhod with ﬁbich to monitor the modification of
Al-Si-Mg alloys.AJjSi-Mgalloy bars of constant diameter (D) and
var}ousdaegrees oflmo¢ificatio;§(various % Sr contents) were
cast and the resistivity measured by paésing aD.C. current (I)
through them. %he voltage (V) in millivolts was recorded be-
tween two éoints separated by a constant distance, 1.

The electrical resistivity p was calculated using )

2

_ WVD o
P 54 (4)

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

Non-mgdified bars were found to have a higher resistivity
than modified”“bars, with a resiséivity diffe}ence of 10% be-
tween the two (figure 16)(24). The acicular silicon of the un- -
modified alloy was said to have ihterférred @ith current pass-—
-age through thewgkr to a greater extent than in the case of tpe
modified alloy with q’fibrbus eutectic and therefore continuous
matrix. “

It was also found(24) tﬁat samples cast from degassed

melts had a lower resistivity than those from non-degassed

A -
-melts (figure 16); for example the electrical resistivity

~
&
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varied from 49 n2.m to 44 no.m for non degassed melts, and

from 47 n0.m to 43 no.m for degassed melts. The difference

in electrical resistivity was assumed to be due to hydrogen ~

porosity. Upon solidific?tion, the dissolved atomic l}ydrogenl
in a melt will recombjjne to form b(zbbles and eventually voids
in the solidified metal. A non degassed melt will contain more
dissolved hydrogen than a degassed melt and therefore a“castix;g
from a non .degassed melt will contain more voids than a casting
from a degassed melt. It is the voids in the solidified casting
that cause the electrical resistivity to increase because they
increase impedence to electron flow.
Heat t;eatment perfdrmedus) on cast bars indicated that

coalescence of eutectic silicon during solution treatment pro-

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

aging treatment produces a subsequent 5% decrease. The elec-

trical resistivity therefore decreases by 2% after the complete .

heat treatment cycle. The solution treatment times for these\

\
experiments were varied and no change in electrical resistivity

%

was found.

(15)

The influence of composition on resistivity was also

studied, (figure 17). The results show that magnesium does not

significantly affect the electrical resistivity and the authors -
stated that the principle cause of electrical resistivity changes

is the modification of the eutectic ucmstructurc.n'_

1.7 Aims of the Present Investigation

As discussed previously, electrical resistivity has been

used (15) 45 one instance, to study the modification of Al-Si-Mg
{
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alloys; however, this work was not extensive. It 1;:1:010\'131
ghat mbdified alloys ' have a lower resistivity than unmodified
alloys and the reason has been speculatively attributed to a
change in the form of the eutectic silicon from acicular to
fibrous. This work has also shown porosity to be a contribut-
ing factor in the ;:es'iativity. Howeber, no evidence was given
.as to whether porosity varied with strontium content and whether
in fact the cha.ﬁges in resigtivity with variations in strontium
were due to changes in porosity. The resistivity results ob-
tained were s;::attered and no attempt was made to determine
whether this scatter ;tas due &?the apparatus or due to other
Ainherent factors. work (19713) hag Been carried out on the
effects of magnesium and iron upon modification and mechanical
properties, however no extensive electrical resistivity
measurements have been made on these alloy‘s, and resistivity
. has not been used to examine modification or heat treatment of
these a.ilpys. -~ )
This study was therefore undertaken with the general ob-
jective of daveIOpi;ig the electrical resistivity technique ax;d
of studying its feasibility for use in foundry situations.
More specifically, the following questions were to be
answered:
‘ 1. —is the changer in resistivity between modified and unmodi-
\ fied Al-Si-Mg alloys due to the change in the form of
the eutectic silicon or due to some other change such as
composition of the aluminum matrix?

ol
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To what degree does resistivity due to porosity affect the
resistivity measurements, and is the resistivity of the ¥
Al~8i -Mg alloy due primarily to porosity or microatructuu?
Are the inaccuracies observed in the results by Closset i

and Gruzleski(ls) due to poor apparatus or sample varia-

\
tion, and does differential electrical resistivity yield

more accurate results?

' Can electrical resistivity techniques be used to study

compositional influences at various levels of modificatio/an?
Can the electrical resistivity techni ue be used to study
heat treatment of Al-Si-Mg alloys at various levels of

modification?
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2. EXPERIMENTAL PROCEDURES

2.1 Parameters and Variables

In order to study modification using el.gstrical ;esistivi-
ty technigques, a number of A356 alloy bars were cé’b:\with dif-
ferent strontium levels. Theilr D.C. resistivity was then
measured. An alternative method us.ing differential A.C. re-~
sistivity was also employed to try to reduce the scatter in
results obtained with the D.C. technique. This differential
method works on the principle that the standard bar and sample
are of the same dimensions, however due to machining tolerances
this was not the case. Statistical analyses were performed on
the results and only bars within a specified diameter range
were used.

Three heat treatments differing only in solution treatment
time were performed and resistivity measurements were taken
after solution treatment and after complete heat treatment.

The effects of solution treatment time were studied on the
regsistivity behaviour of both unmodified and modified bars.

The above procedure was performed on three alloys:

i, A356 (composition shown in table I)

ii, A357 (A356 ;lloy containing 0.7 wt.% Mg)

iii, A356 containing 0.48 wt.% Fe.
in order to find the effects of compositional changes on
resistivity. Magnesium and ﬁbn were varied because they
are common elements in aluminum alloys with a relatively wide

range of permissible composition.

[
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In order to gain an insight into the scatter observed in

r

e both D.C. and A.C. resistivity result's, a number of factors

{ '
that affect resistivity were examined. These include both

porosity and temperature. Bar diameter was found to affect
the resistivity and therefore experiments were performed to
investigate the change in the amount of eutectic presen"t across
the diameter of the bar.

The silicon content in the aluminum phase was investigated
in samples showing various degrees of modification in order to
see if changes in the matrix composition could account for

changes in resistivity.

2,2 Statistical Analysis of Results

The experimental data was analysed graphically and the
curve with the best fit through the points was found. The
analysis was pexformed using a computer based statistical
package programme and the F-test. To simplify the statistical
analysis explanation, the correlation between strontium content
and D.C. resistivity is discussed. The F-test was performed
on the data for six possible types of curve, that is, for six
degrees of polynomial. Each polynomial was characterised by
a particular F value (table VI). The second degree polynomial
had the largest F‘value of 39.0 and was therefore considered
to be the most accurate graphical representation of the data
(the second degree polynomial was the curve with the best fit

through the points).
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Degree of Polynomial ' P Value

1 9.67

# ' 39.00

3 34.53

{ .

4 25.57
- 20.64-

6 18.50

- g !

Table VI: Statistical results of the strontium
content ve. D.C. resistivity data
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In order to determine the validity of the F value (39.0)
for the second degree polynomial, the F value is compared with

P values in a 95% significance table (table VII) (25)

. The = H
horizontal and vertical axis of this table represent the number
of degrees of freedom-in the statistical analysis and these

degrees of freéedom can be found from the computer read out.

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

data, these degrees of freedom are 2 and 23 for the horizontal
and vertical axes respectively. The degrees of freedom are
used to find the table F values for 95% significance level.
The experimental F value, 39.0, is greater than the’F value
from tables, 3.42, which means that over 958 of the results
are significant. This 95% significance level allows no more
than 5% of the results to be accounted for in terms of experi-
mental error, and is therefore a satisfactory concept when

dealing with experimental data.

The F-test can be used to compare the graphical representa- 3

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

highest F value will have the curve with the least amount of

gcatter between the points.

2.3 Foundry Procedure and Sample Preparation . B

2.3.1 The Pattern and Sand Mould

( The casting procedure employed was sand casting. The

pattern was designed to obtain four cylindrical bars
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cal analysis of D.C. resistivi-

P tables for 958 significance
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refer to the text on statisti-
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each approximately 16 cm in lenqthvand 2 cm in diameter.

Figure 18 shows one of the castings with the gating and

riser systems attached.h Four bars were incorporated into -
each casting in order to obtain repeat ampies and in order

to provide sufficient samples for various heat treatments.

An oil bonded (Petro Bondg gsilica sand was used, and
mixing was done in a standard sand mixer. An iron flask was
used to make the mould.

2.3.3 Melting and Strontium Addition

The A356 alloy was melted in a gas fired furnace in a
silicon carbide cruciblel‘(depth 22 cm, diameter 14 cm). Thoj
melt temperature was monitored using a chromel-alumel K type
thermocouple. A calculated weightt. of strontimp was cut from -
an extruded 99% pure strdntimn bar, wrapped in aluminum foil
and introduced into the melt at temperatures between 730 C and
750 C using a graphite plunger (figure 19). Dissolution-took
apgroximately 15 ninut\:e‘s. The final strontium contents of the
various melts ranged from 0.0 wt.% Sr to 0.068 wt. § Sr. De-
gassing was performed after every strontium and alloying addi- |
tion by bubbling 1.75 litres per minute of Argon tlircugh the
melt, using a graphite lance, 'for twenty minutes. Spectrometer
samples were taken from the melt using a ladle and cast in a
standard copper mold (figure 20). Each melt vas finaﬁy poured
at temperatures of 725 C to 7'30 C. ' |

'ﬂ
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Figure 18: An Al-Si-Ng alloy casting

. showing the four test bars-
with the risers and gating
system.
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Graphite plunger used for

strontium additions

Figure 19:
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Figure 20: Copper mould used for casting
spectrometer sanples
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2.3.3 Alloy Additions

The two alloying agents used were magnesium and jron.
Calculated weights of pu;:e magnesium (99.9% pure) were added
to increase the 0.35 wt.% Mg content of the A356 alloy, pro-
ducing an A357 alloy‘ containing 0.7 wt.% Mg. The magnesium
was added in the form of rods (figure 21) (diameter 5 mm) to
the surface of the melt at a temperature of 730 C.

Iron’?additions were also made at 730 C in the form of
compressed powder pellets (figure2l) ciontaixgiﬁg 2;; “?ltminm
powder (100 mesh) and 75% iron powder (100 mesh electrolytic
99+ % pure, or 20.3 mesh, granular). No difference in disso-
lution behaviour was found between the two different iron
powders. Calculated weights of pellets were used in order to
increase the 0.2 wt.$ Pe content of the A356 alloy®o 0.48 wt.
% Fe.

2,3.4 Bar Preparation

L

2
The risers and gating systems were cut off the castings
N

leaving the bars. Metaﬁographic samples were taken from the

ends of the bars. The bars were then machined and sanded t&

a smooth surface finish to produce a dimensionally uniform bar.

2.3.5 Spectrochemical Analsysis

The spectrochemical samples cast in the copper mould were

M

disc~like and measured approximately 1.5 cm in height and 4 cm .

in diameter. They were machined to ohtain a flat smooth sur-

face for analysis in a vacuum emission spectrometer (Baird-

" Atomic Spectrovac 1000 Model No. DV2) equipped with a micro-
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Figure 21:

The magnesium rod and iron powder
pellets used for alloy:l.ng the
Al-Si-Mg melts
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computer (Baird-Atomic Spectrocamp System Model No. SCE-14).

,'Aluminum—strontium standards were used to obtain calibration

curves and the samples were analysed for the main elements
strontium, iron, magnesium and the impurities (copper, nickel,
etc.). Results of these analyses are given in appendix 1.
2.3.6 Metallography

For metallographic analysis transverse slices were cut
from the 4 bars in each casting and mounted in a cold resin
mount or a bakelite mount for polishing and grinding. Rough
grinding was done using a standard silicon-carbide belt grinder
and fine grinding was dox;e on a series of grinding wheels of
grit 240, 320, 400 and 600 in that order, using water as the
flow medium. Subsequent poliéhing was performed ;:n two polish-
ing wheels using metron polishing cloth and alumina p?:wder sus-
pended in water as the polishing agent; 5 uym and 0.3 um powder
was used for rough and fine polishi:ng respectively. After
polishing, the samples were cleaned in alcohol and dried. The
A 356 alloy samples were not etched, while’ the A357 and A356
(0.48 wt.$% Fe) alloy samples were etched in 0.5% HP solution
to darken the mgnesium and iron intermetallics.

A Neophot micrc;acope (Leco Model No. 2%) ) was used to
examine the polished samples at a magnification of X200. This
magnification proved to be sufficiently high to examine the
morphology of the eutectic yet sufficiently low to encompass a

representative area of the eutectic and primary phases.
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2.4 Electrical Resistivity Measurement

2.4.1 D.C. Resistivity Measurement

The electrical circuit used in D.C. resistiv:ity measure-
ment (figure 22) consisted of a Kepco generator capable of
passing a 40 Amp current througl'i a bar using crpcodile clips
as electrical contacts. The bar was placed in a jig (figure 23)
consisting of two knife edge contacts which touched the bar
10.03 cm apart. These two knife edges were connected to a
voltmeter. In order to obtain a representative resistivity
result the voltage was read for three different-bar positions .
between the knife edges, using forward as well as reversed
current. The resistivity was calculated using the average
of the six voltage readings and an average of three bar dia-
meter readings, (mg.asured with a micrometer screw gauge).

2.4.2 A.C. Resistivity Measurement ~ ,

A.C. resistivity mea.éurement, v}as done using an F-41
signal generator in combination with a Kikusui bipolar power
supply (Model No.( POW 35-S) which passed an A.C. current of
1 Amp and grequency 135 H, through a standard bar (A) and
sample bar /(B) in series (figure 24). The ballast resistor
served as a means to reduce the voltage in the circuit sc; that
small voltage differences between A and B could be accurately
detected. The voltmeter was used tr check the current perio-
dically. The step-up transformers increased the voltage across
the bars so that the lock-in amplifier could be used to read
‘the voltage differances. Figure 25 shows the A.C. electrical

circuit.

T
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| POWER
SUPPLY
-4
”’ SAMPLE HOLDER
: "

TEST BAR

Figure 22: Apparatus for D.C, resistivity
measurement
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Figure 23: The jig used to hold the Al-Gi-Mg
test bars in D.C. electrical
resistivity measurement
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The jig used in A.C. resistivity
measurement
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Circuit desiqn for diffcx.ntial
rolistivity measurement
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In all measurements the same unmodified, unheat-treated
standard was used so that valid result comparisons could be
made.

Since the A.C. technique is a comparison method it re-
quires the bars tolhe of the same diameter. All bars were
thnrefofe machined, however the unavoidable machining tolerances
gave bar diameters ranging from 15.17 mm to 15.35 mm. This
0.18 mm maximum bar diameter difference (s§D) that could be
exhibited between the standard and sample bars would introduce
an error on AV of % 0.212 mV (Appendix 2). In order to reduce
this error, the bars were grouped into three diameter ranges.

-

15.17 mm to 15.35 mm (6D = 0.18 mm)

Range A ;
B ; 15.22 mm to 15.31 mm (6D = 0.09 mn)v
C- 3 15.25 mm to 15.29 mm (5D = 0.04 mm)

Tﬁree graphs were produced of AV versus strontium content for
the A356 alloy. The first used bars within range A (130 bars),
the second used bars within range B (80 bars) and the third
used bars within range C (52 bars).

Although range C exhibits the greatesi‘accuracy in terms
of diameter, the resistivity values were only the average
values of a small number of bars.x Statisticsl analyses:

i.e. F tests, were therefore performed on the three graphs to
determine which gave the most accurate graphical reprgsentation
of the data, that is, which diameter range yielded the graph

with the least amount of scatter between the points.
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2.5 The Factors Affecting Resistivity

In ordgr to gain an insight into the scatter oburvﬂd
in both D.C. and A.C. resistivity results, a number of factors
that affect resistivity were examined such as temperature and
porosity. During the course of experiments it was found that
resistivity was affected by bar diameter. Factors such as
percent eutectic that could vary with bar diameter were there~
tore‘ studied. The silicon content in the aluminum phase was

also investigated in bars ~r;wrirxg various deqrees of modifica-

' tion.

2.5.1 Temperature

D.C. and-A.C. resistivity measurements were performed on
A356 bars at various temperatures from -10 C to 24 C (rooh

temperature) . ' The resistivity _jigs were placed in an insulated

box (figure 26) on a mesh stand under which was placed dry ice.

A T-type thermocouple (copper-constantin) was placed through
the box wall and attached to one of the bars. Resistivity
measurements were recorded when the temperature was at a
stzeady =10 C. The lid of the box was then removed and the
apparatus allowed to warm up. Further measurements were taker'n
at 0 C and 24 C. The standard used for the A.C. technigque was
an unmodified A356 bar.
2.5.2 Porosity

A density technique was used to me;su;e the amount of
porosity in each sample bar. This technique allows the aval-

vation of porosity in vo].u-p percent by comparison of thcointi:-
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/ f WIRE MESH

TO _ STAND
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Figure 26: Apparatus used to measure resistivity at
various temperatures
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cal . and experimental density. The experimental density was
determined using Archimedes' Principle where the mass of a

bar in air was compared with the mass of the same bar in
ancther medium of known density (e.g. water, which was .-used

in this study). Figure 27 shows the density apparatus used in
porosity measurement. A wetting agént of O.OI%Kteepol was
added to the distilled water in which 'the samples were weighed

to minimize any error arising from entrapment of air bubbles

on the surface of the éample. A thermometer monitored the

temperature of the water so that accurate water density data

could be used in the calculations.

To ensure accurate measurements, the density measuring.

,device was calibrated by evaluating the densities of pure

aluminum, copper and tin and céﬁparin(g the results with pub-
lished values. Table VIII shows that the meas\lxr_ed densities +
agreed to within 0.38% of the published values. |

The experimental density of the Al-Si-~-Mg bars was calculated
from experimental results (Appendix 3) and the theoretical
den;ity was determined from compositional bar data (Appendix 4).
Knowing the experimental and theoretical densities of the bars,

the porosity in volume percent was calculated (Appendix 3).
2.5.3 Eutectic Seqgregation

Experiments were carried out using a Zeiss interactive
i.nageiana.lysis syatem, IBAS 1, demi automatic evaluation unit
to measure the variation in amount of eutectic from the centre

to the outside of the sample bar. Four positions across the |
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measurement -«
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Figure 27: The apparatus used in porosity
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( “
Experimental Reportﬁ Difference between
Sample Density* Density 6) experimental and
gm/cm3 gm/cm3 reported density
]
Sn 7.29 7.28 0.38
Cu 8.90 8.92 0.23"
’ Al 2.69 2.70 0.14
- * average of 6 measurements-on one sample.
Table VIII: Calibration of density apparatus
- 1
, v
b {
(,, | 4
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diameter of a metallographic sample were chosen (fiqure 28):

the centre, 3.75 mm from the ¢entre, 7.5 mm from the centre,

and the edge. At each position three photographs were taken,
magniftication X200, using a Neophot microscope (Leco Model '
No. 21). Tl}e amount of eutectic in each photograph was mea-
sured by drawing around the eutectic areas with a pen (fig;u:e 28) .
on the screen surface of the IBAS 1. The system then calculated
the percent eutectic by area. At each position across the
sample diameter the results of the three photographs were
averaged. The above procedure was performed on ttilree‘ samples

of different levels of modification, (unmodified, undermodified,
and modified) .

2.5.4 Solute Concentrations

Sections of the bars were cut 2 mm thiék and mounted in
resin for grinding and polishing (see 2.3.6 Metallography).
They were ,then ca;:bon coated and analysed using an electron
m{croprobe (Cameca Cgiasnebax Microbeam system. Mddel no. MB1)
with a 15 KV voltage and a 15 nA current.

Analysis of silicon was performed. Strontium analysis,

concentration strontium standards. The analyses could not be

carried out in the "mo’dif:l.ed s;utectic phase because the eutgctic
silicon was too finely dispersed. They were therefore carried
out in the centre of aluminum dendrites. Spot ar}alises were

performed in the centre of samples with various strontium con- o

tents in order to study the variation of solute content with

-~
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28a: The positions of analysis
across the diameter of the
bar

(mag x 200)
28b: The eutectic areas outlined in pen

e g

Figure 28: Determination. of the amount of
utectic across the bar diameter
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2.6 Heat Treatment

Bach of the four bars in each casting was heat treated in
a different wvay as follows:; ' ‘

_B!.I 1. As-cast, no heat treatmént.

Bar 2. Solution treated for 8 hours at 540 C, quenched,
aged at room teupéiature for 24 hours, and aged
at 155 C for 12 hours. )

Bar 3. Solution treatgd for 24 hours at 540 C, qu.m;hcd,
aged at room temperature for 24 hours, and aged
at 155 C for 12 hours.

Bar 4. Solution treated for 48 hours at 540 C, quenched,
aged at room temperature for 24 hours, and aged
at 155 C for 12 hours.

For convenience the heat treatments on bars 2.", 3 and 4 will be
termed heat .treatménts A, B and C corresponding to 8, 24 and.
48 hour solution treatments respectively.

Solution treatment was carried out in a Blue M foﬁer
Omatic 80 Furnace (Model No RG-3080 c)' and aging in a Griffin~-
Grundy E‘.urnace‘ (Model No. 661530). In order to test the tem-
perature uniforu;ity of the f\frnaces, six therm'ocouples were
placed in various positions in the furnaces, (Tables IX and X).
The greatest variation in temperature in both furnaces occurred
between the back and front, therefore bars were placed central-
ly in the furnaces, standing vertically in a wire mesh jig
(f:;.gure 29}. A chromel- alux'nel K-type thermocouple was placed
vertically between the central bars in the jig throughout the

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

-
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Position in furnace Temperature C
Top 544
Back o 548
Left side ‘ 537 "
Bottom " 538
+ \\
\ Front - : s30 ¥
Right side . 536 ,

Table IX: Temperature variations within the Blue M .
. Power Omatic 80 Furnace (Model No RG-3080C) ~* . . °

P
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Position in furnace

Temperature C

Top

Back

Left side
Bottom
Front

Right side

159
160
153
155
149

154

Table X:

Temperature variations within the Griffin-

Grundy Furnace {(Model no. 661530)
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Figure 295

Cross section of the wire mesh jig
used to hold the bars during heat
treatment. The jig holds 16 bars.
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in order to allow air circulation and therefore uniform put-
ing. Similarly, on quenqhing the bars in the jig, cooling was
rapid and uniform. ;
‘ D.C. and A.C. resistivity measurements were made one hour
after solution treatment at’wh.tch time the bars had reached
room temperature. After 24 hours room temperature aging the
bars were aged at 155 C for another 24 hours, slowly coole&,
and their resistivities measured again. The diameters of the
bars were measured throughout the course of the heat treat-
ments and no dimensional change was found. For thf A.C.
resistivity measurements, an unmodified, nonheat treated A356
bar was used as the standard. Metallographic samples of the

heat treated bars were also ”prepared.

/‘b '
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3. RBSULTS
E

3.1 Electrical Resistivity

Resistivity was evaluated by passing a current through

a bar and measuring the potential difference between two fixed
A points along the bar. The procedure was carried out on bars

of varioqq degrees of modification and the results obtained
(Appendixjsl :vex:e presented as graphs of D.C. resistivityh
versus strontium content. -

In the. case rof the A356 alloy (figure 30), the resi-stivity
decreases by 4.07 np.m from 44.67 ng.m to 40.60 na.m with an

—

l increase in sirontium concentration from 0.000 wt.% Sr to
0.044 wt.% Sr. The resistivity then appears to increas;! with
strontium concentrations greater than 0.044 wt.% Sr, however
it must % noted that there are few points with whié:h to derive
this pori:ion of the ,curve. The corresponding microstructures
(figure 31) shgw the alloy with 0.000 wt.% Sr (figure 31 a) to
have an unmodified acicular silicon structure, 0.007 wt.% Sr
gives an undermodified structure (figure 31b) and 0,015 wt.% Sr
exhibits a modified structure. The alloy with 0.069 wt.% Sr is
overmodified.
An increase in magnesium concentration to that of an A357

alloy produces a partially modified alloy at concentrations of
0.000 wt.% Sr (figure 32a). i\t strontium contents of 0.007 wt.%

[+]
Sr and higher, the microstructures are modified and overmodified

+
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Figure 30: vVariation of D.C. resistivity with
strentium content for A356 alloy
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3la: Unmodified 0.000 wt.$ Sr

i

A

31b: Undermodified 0.007 wt.% Sr

Figure 31:

(mag x 200)

(mag x 200)

Microstructure of A356 alloy at

various strontium contents

continued. .

"~




[

RPN

A
e e i b Toen

Jtobtton s i s sonbn smivm

31c: Modified 0.015 wt.% Sr

31d: Overmodified 0.069 wt.% Sr
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Figure 32:

Modified 0.007 wt.% Sr

' L
Microstructure of A357 alloy at various -
strontium contents. Dark Chinese script
intermetallic is Mg, si
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(figure 32b,c,d) . The corresponding resistivity vers.us stron-

"tium content plot (figure 33) indicates that the resistivity

decreases by only 0.21 nQ.m from 43.75 n2.m to 43.54 n.m with
an increase in strontium concentration from 0.000 wt.$% Sr to
0.044 wt.% Sr. All microstructures of A357 alloy contain
Chinese script MgZSi incorporated in the eutectic silicon.

The correlation between D.C. resistivity and strontium .

o

content for A356 alloy with 2 high iron content (0.48 wt.%)
was evaluated (Eigure 34). The resistivity decreases by

2.41 nid.m from 46.ll nk.m to 43.70 n@:m with am increase in
strontium concentfation from 0.000 wt.$ Sr to 0.027 wt.% Sr. .
The resistivity agaih appears to increase at strontium conten‘ts
greater than 0.027 wt.% Sr, however this assumpticfn is based

on only two data points. The corresponding microstructures
(figure 35) show the alloy with 0.000 wt.% SI (figuLe 35a) to
have an unmodified structure; the alloy w:kth 0.006 wt.$ Sr to

be undermodified (figure 35b), and alloys with ‘strontium con- .

tents of 0.027 wt.% Sr and higher, to be modifiéd and over-
modified respectively, (figures 35c and 35d). All-micro-
structures-of the A356 alloy containing 0.48 wt.% Fe have o

needle-like Fe-Si-Al intermetallics dispersed throughout the
Y & ’
primary aluminum and eutectic phases. ,
LS . . .

3.1.2 A.C. Resistivity e N

The differential ‘A.C. resistivity technique, éxpla.ined )

in detail in section 2.4.2 measures the difference in voltage,

. R - .
L
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32c: Modified 0.038 wt.% Sr
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32d: Overmodified 0.068 wt.% Sr
' ) Figure 32: Microstructures of A357 alloy at
; ( ' various strontium contents
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a {mag x 200)

35a: Unmodified 0.000 wt.% Sr

(mag x 200)

35b: Undermodified 0.006 wt.% Sr

Figure 35: Microstructures of A356 alloy containing
0.48 wt.% Fe at various strontium contents.
Long coarse needles are Fe~Si-Al inter=-

metallics. continued..




35¢c: Modified 0.027 wt.% Sr

35d: Overmodified 0.061 wt.% Sr
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AV(mV), between a standard unmodified bar and a sample bar
(experimental data, Appendix 6). Due to machining tolerar}ces
there were relatively large variatiéns in diameter between the
bars. Diameter ranges A,B and C were assigned to the bars and
statistical ‘analyses were performed on the AV versus strontium
content data for each diameter range. F values, (see section -
2.2 Statistical Analysis) were found in order to determine
which diameter range yielded the graph with the least scatter
between the points, g:hat is, which yielded the most accurate
graphical represente:tion of the data. all tl;ree sets of data
for the three diameter ranges had experimental F yalues
(Table XI) greater than table F values (Table VII). Diameter
range B however; had the highest experimental F valﬁe and there-
fore yieléed the” most accurate graphical representation of the
data. For this reason, all the subsequent A.C. resistivity
work was performed only on bars within diameter range B -{15.22 mm
to 15.31 mm).

The variation of AV(mV) versus strontium content (wt.%)
for alloy A356 was correlated graphically (figure 36). av
increases by 1.00 mV £rom ~-0.13 mV to 0.87 nV with increase in
strontium concengration from 0.000 wt.% Sr to 0.042 wt.3% Sr.
At strontium concentrations above 0.042 wt.% Sr AV appears to
decrease, however as previously mentioned in the correffonding
D.C. resistivity results, there are only a few data points at
high strontium concentrations. The micrographs (figure 31) /A

show the degree of modification for the various strontium

i

contents.
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: F Values

Diameter Range

A B C
15.17 mm 15.22 mm 15.25 mm
to to N to
15.35 mm 15.31 mm 15.29 mm
Experimental F
value 21.00 36.00 31.70
F value from
tables 3.42 3.42 3.42

Table XI:

Results of statistical analyses on the AV versus

Sr wt.% data for the three bar diameter ranges

using A356 alloy
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Figure 36: Variation of AV with strontium content
for A356 alloy. (Bar diameter range B
15,22 to 15.31 mm)
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The A357 alloy with the higher magﬁesium level again
exhibits very different resistivity characteristics from the
A356 alloy (figure 37). AV increases by only O.laﬁmv from
0.16 mV to 0.34 mV with an increase in strontium concentration
from 0.000 wt.%'Sr to 0.040 wt.% Sr. There is a slight de-
crease in AV with increasing strontium contents above 0.040 wt.$
Sr. The micrographs in figure 32 show the microstructures of
the A357 bars which were used to obtain{ the data for figqure 37.

- The high iron content alloy, A356 containing 0.48 wt.$% Fe,
figure 38, again shows similar resistivity characteristics to
the A356 alloy. AV increases by 0.34 mV from 0.17 mV to 0.51mV
with increasing strontium contents from 0.000 wt.% Sr to
0.027 wt.% Sr, and there appears to be a slight decrease above
0.04 wt.% Sr. The micrographs in figure 35 show the micro-
structures of A356 alloy containing 0.48 wt.$% Fe.

3.2 The Factors Affecting Resistivity

3.2.1 Temperature

D.C. and A.C. resistivity measurements were made on A356
bars at various temperatures (see section 2.5.1l). The D.C.
results of unmodified, undermodified, modified and overmodified
bars (Table XII) show that D.C. resistivity increases linearly
with temperature (figure 39), the temperature coefficient being
0.1 na.mK~>. This relationship is evident in bars exhibiting
all degrees of modification and the temperature resistivity

coefficient is identical to that for pure aluminum(27).
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&
D.C. Resistivity Values (nf.m)
Temperature State of Modification

¢ unmodified | undermodified | modified |overmodified
24 46.47 43.02 41.72 42,51

0 44.0? 40.60 39.34 40,09

{

~10 43.00 39.64 38.35 39.08

Table XII#

various temperatures

D.C. resistivity values of A356 bars at
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Figure 39:
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Variation of D.C. resistivity with
temperature for A356 alloy.

(Gradients of graphs are 0.1 nQ.mK“1
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The A.C. resistivity results (Table XIIX) show that the’
difference in voltage between the standard and sample remain

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

ature,

3.2.2 Porosity

Porosity, evident in many of the castings, was gquantified
(Appendix 7) using the density technique explained 1n section
2.5.2. The majority of the A356 alloy castings had e; porosity
level between 0.00 vol.%¥'and 0.20 vol.$%, however porosities
up to 0.99 vol.% were measured in a few of the bars. Awverage
porosity and average resistivity values of the four bars from
the same casting were used to increase the accuracy of the
results. Comparisons that were made were therefore between
castings and not between single bars. Castings with similar
strontium contents were compared (Table XIV) and in every case
but one, the casting with the highest resistivity exhibited
the highest porosity.

Porosity was also examined by radiography. Although the
individual pores were tf)O small to be identified on the X-ray
image (figqure 40):/the bars appeared homogeneous implying that

the porosity was uniformly distributed in the casting. The

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

was also uniformly distributed.

3.2.2 Eutectic Seqgregation

®

During the course of experiments bar diameter was changed

by machining and was found to affect D.C. resistivity markedly
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A.C. Resistivity Values, AV (mV)
State of Modification
Temperature

C unmodified | undermodified |modified [overmodified
24 -0.062 0.454 0.540 0.432
0 -0.057 0.499 0.550 0.432
10 -0.061 0.454 0.547 0.430

Table XIII:

AV values from A.C. resistivity measurements at

various temperatures, for alloy A356

g e 5 e
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Strontium content of
castings (wt.%)

i

D.C. Resistivity,
average of 4 bars

Porosity, average
of 4 bars in a

in a casting casting

(nQ.m) (vol.%)
0.000 44.82 0.30
0.000 44.79 0.09
.004 44.39 0.000
.005 44.77 0.100
0.007 42.20 0.009
0.006 44.55 0.990
0.011 42,32 0.025
0.010 42.50 0.101
0.013 42.08 0.000
0.013 42.12 0.019
0.014 41.67 0.009
0.015 41.96 0.097
0.017 41,91 0,000
0.015 41.96 0.097

0.021 41.55 0.020°
0.024 42.80 0.333
0.025 40.94 0.010
0.024 42.80 0.333
0.028 42.08 0.121
0.029 42,12 0.265
0.069 41.81 0.033
0.069 42.15 0.445

Table XIV: The influence of porosity on electrical resistivity
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Figure 40:

X-ray images of the bars.
The bars were found to be
homogeneous.
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(Table XV). A decrease in bar diameter of approximately -
3.0 mn increases the resistivity by approximately 28%. Studies-
were therefore made into the change in the amount of eutectic
across the diameter of a bar (section 2.5.3). A 10% increase(
in the amount of eutectic towards the centre of thé bar was
found irrespective of whether the alloy was unmodified, under-
modified, or modified, (Table XVI and figqure 42).

3.2.4 8Solute Concentrations

ﬁicroprobe analyses were performed in the centre of samples
with various strontium contents in order to study the variation
of: solute concentration with change in strontium level. The
results, (Table XVII) graphically represented (figure 43), show
that the silicon content in the primary aluminum matrix does

not vary with strontium content or degree of modification.

3.3 Heat Treatment

3.3.1 Heat Treatment of A356 Alloy

Three different heat treatments A,B and C with solution
treatments of 8, 24 and 48 hours respectively were performed
on bars as explained in section 2.6. D.C. and A.C. resistivity
measurements were taken on the bars after solution treatment
and after complete heat treatment (solution treatment followed
by aging), (Appendix 8).

The average changes in D.C. resistivity upon solution
treatment and aging for each type of heat treatment are given

in table XVIII where each value is the average resistivity of

Mwm“ -
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Sample | Diameter] Resistivity ]| Diameter|Resistivity| Resistivity
1) mm {nQ .m) 2) mm {(nQ .m) Difference
%

A6-2A 14.80 42.36 12.50 66.88 28.3
A6-2B 16.60 41.23 12.50 66,27 27.3
A6-2C 16.85 42.09 12.50 r 66.57 28.0
A6—-2D 15.15 42.36 12.50 66.57 28.2 \

Table XV: Variation of D.C. resistivity with machined

sample diameter

jg__
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Volume Percent Eutectic

Sample Radial distance from centre of bar (mm)
Omm (centre) 3.75 mm 7.5 mm 9.45 (Edge)
Un-
modified 43 39 34 34
Under-
modified 42 40 39 36
Modified 39 36 32 32

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

[I—
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Figure 42: Variation of the amount of eutectic
with radial distance frcm the centre
of bars
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Percent Strontium
(by spectrometer analysis)

{

Percent Silicon
(by microprobe analysis)

0.000
0.000
0.101
0.013
0.021
0.028
0.029
0.044
0.069

0.069

1.55
1.72
1.42
1.55
1.46
1.4Q
l1.62
1.41
1.43
1.52

Table XVII: Cdrrelation between percentage silicon
in the aluminum matrix with strontium

content
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Figure 43: Variation of silicon content in the
primary aluminum matrix with stron-
- tium content
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Average change in D.C. Resistivity (nfi.m)

Heat
Treatment
As a result of As a result of the
solution treatment aging process only
A (8 hours)
solution treat) 3.15 -3.59
B (24 hours)
solution treat) 2.60 ~-2.69
C (48 hours
solution treat) 2.58 -1.57

Table XVIII:

The average change in D.C. resistivity as a
result of solution treatment and as a result
of aging for A356 alloy heat treatments A,B
and C.
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26 A356 alloy bars containing varying amounts of strontium.
The average increase in resistivity as a result of solution
treatment (2.78 nR.m) in all cases is approximately the same
as the average decrease in resistivity (2.62 n@.m) as a result
of subsequent aging. /

Although no clear trend is observed between the increase
in resistivity upon solution treatment and the type of heat
treatment, the resistivity change upon aging is interesting.
For heat treatment A the decrease in resistivity on aging is
larger than the increase observed on soclution treatment. The
resistivity of the completely heat treated (A) bar is there-
fore 0.44 n2.m lower than the original noﬂ7heat treated bar.
By increasing the solution treatment time (heat treatment B)
the decrease in resistivity is approximately the same as the
increase on solution treatment. ﬁith heat treatment C, the
decrease in resistivity on aging is less than the increase
ob;erved in solution treatment resulting in the completely
heat treafed (C) bar having a 1.01 n0.m higher resistivity
‘than the original non~heat treated bar.

Another approach is to consider the change in resistivity
upon heat treatment as a fuhction of strontium content. There
is one obvious trend (Table XIX}: for all heat treatments, A,
B)and C, the modified bar shows a greater increase in resistivi-
ty than the unmodified bar, upon solution treatment. Addition-
ally, for unmodified bars,. the decrease in resistivity upon

aging is always greater than the preceding increase upon
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~ .
CHANGE IN RESISTIVITY AS A RESULT OF HEAT
TREATMENT (nQ.m)
) Heat Treat- Heat Treat- Heat Treat-
ment A ment B ment C
A356 i
ALLOY Solu- Solu- Solu~
tion tion tion
Treat- |Aging Treat- |Aging Treat- |Aging
ment ment ment
{8 hrs) (24 hrs) (48.hrs)
UNMODIFIED +0.80 -2.69 +2.07 -3.26 +1.02 -2.51
MODIFIED +3,65 -3.47 +3.63 -2.,04 +2.29 -2.13
Table XIX: A comparison of the changes in resistivity brought

about by wvarious solution treatments and aging
treatments, between unmodified and modified A356

alloys
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]

solution treatment, and so heat treated modified bars exhibit
higher resistivities than as-cast modified bars. To illustrate
the resistivity changes graphically, the resistivity data from
he%f treatment A was plotted against strontium content. The
resistivity‘d?ta obtained after soclution treatment (figure 44)
for unmodifie& alloys (0.000 wt.% Sr) shows a small increase

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

creasing amounts of strontium, the change in resistivity gradu-

.ally increases by 2.85 nQ.m reaching a maximum change of 3.65

nl.m at 0.042 wt.% Sr. The corresponding A.C. resistivity plot
(figure 45) a;ain shows that unmodified alloys exhibit the
smallest change in AV (-0.26 mV) upon solution tredtﬁ;nt, and
that modified alloys of 0.042 wt.% Sr éxhibit the largest change -
in AV (-0.81 mV) on solution treatment.

L The decrease in resistivity as a result of aging exhibits
no correlation with the various heat treatments; however, as
antioned previously, completely heat treated modified bars
exhibit a higher resistivity than as-cast modified bars, and
heat treated unmodified 'bars exhibit a loweg resistivity than
the as-cast unmodified alloy. This is illustrated in figu;é
46; modified bars exhibit a 0.18 n{i.m increase in resistivity

as a result of complete heat treatment, and unmodified bars

~ exhibit a decrease of 0.19 nQ!.m as a result of complete heat

(3}

.treatment.
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A356 bars of various strontium con-
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Figure 45: The difference in pAV between as-
cast and solution treated A356
bars of wvarious strontium contents
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tium contents
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The A.C, data shows the same results as the D.C. data
(figure 47). Unmodified bars exhibit an increase in AV of
0.38 mv as a result of complete heat treatment and modified
bars exhibit a decrease in AV of 0.37 mv.

The microstructures of both modified and unmodified
samples after complete heat treatment are shown in figure 48.
The microstructures are more or less identical for all three
heat treatments and all show the heat treated modified eutectic
to be more sphercidal than the unmodified heat treated eutectic.

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

All threelheat treatments, A, B, and C were performed on
A357 alloys and A356 (0.48 wt.% Fe) alloys. D.C. and A.C.
measurements were taken after solution treatment and aging
(Appendix 8) and the results analysed in two ways as with the
A356 alloy: irrespective of strontium content and as a func-
tion of strontium content.

The average changes in D.C., resistivity upon solution
treatment and aging in the A357 alloy are given in table XX

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

ing varying amounts of strontium. The one and only significant

trend evident is the increase in resistivity on solution treat-
ment and the decrease in resistivity on subsequent aging.
Similar results are found for the A356 (0.48 wt.% Fe) alloy
{Table XXI) where there is an increase in resistivity on solu-
tion treatment, and in two of the three cases there is a de-

crease in resistivity upon aging.

b,w‘w -
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Figure 47: The difference in AV bketween as-
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bars of various strontium contents
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heat treatment A
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Metallographic samples of unmodified
and modified bars subject to heat
treatment B
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Metallographic samples of un-
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ject to heat treatment C
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Heat

Treatment

Average Change in D.C. Resistivity

(n.m)

As a result of

As a result of aging

solution treatment only
+ 4.49 - 4.26
+ 3,06 - 2,97
+ 4,23 - 0,65

Table XX: The average chanée in D.C. resistivity as a
result of solution treatment and as a result

of aging for A357 alloy.

f s
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Heat

Treatment

Average Change in D.C. Resistivity (nQl.m)
iAs a result of As a result of aging
solution treatment only

+ 2.72 - 3.20

+ 1.90 - 2.43

+ 1.82 " +0.21

Table XXI:

The average change in D.C. resistivity as
a result of solution treatment and as a
result of aging for A356 alloy containing
0.48 wt.% Fe.
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Unlike the A356 alloy, heat treatment data of the A357
and A356 (0.48 wt.% Fe) alloys could not be analysed as a
function of strontium content. Statistical analysis of the
heat treatment vs. strontium content data (Appendix 9) sug-

gested that data could not be graphically represented in a

‘satisfactory way, possibly because too few data points were

employed. There were 9 for the A357 alloy and 10 for the
A356 (0.48 wt.% Fe) alloy while 26 data points were used in

the analysis of the A356 alloy results.
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4. DISCUSSION

4.1 Experimental Inaccuracies’

A large part of experimental result analysis involves the
calculation of experimental inaccuracies. Inaccuracies can
be in an absolute form, for example £ X nl.m or t x mV, or
they can be in the form of a percentage. The percentage wvalues
indicate the relative importance of inaccuracies upon the re-
sistivity versus strontium content relationship, and can be
used in D.C. and A.C. technique comparisons. The percentage
inaccuracies were calculated on the basis that the total drop
in resistivity (4.07 nfi.m) and the total increase in AV (1.00mv)
upon modification could be represented as 100%. Thus, for
exampl;a, a 0.2 nQ.m inaccuracy is equivalent to an inaccuracy
of £5.0%, and similarly a % 0.05 mV inaccuracy is also equi-
valent to an inaccuracy of + 5.0%. ‘

4.1.1 Instrumental Inaccurac#es

The resistivity result from D.C. measurement includes the
instrumental inaccuracies of the voltmeter, ammeter, micrometer
screw gauge and vernier gauge giving a total instrumental in-
accuracy of £+ 0.20 n.mor % 4.91% (Appendix 10). Although
the AV value of the A.C. technique apparently includes only
the accuracy of the voltmeter, other factors such as the accu-
racy of the constant current setting, and of the constant wvolt-
age setting across tHe standard bar, and the accuracy of the

lock-in amplifier must be taken.into account. The total
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5

instrumental inaccuracy of the AC apparatus is % 2.0 x 10 °mV

or + 0.002% (Appendix 10).

..

+ -
4.1.2 Inaccuracies Due to Inherent Differences between Similar

Bars -
In order to obtain a representative resistivity or AV
value for a typical baz;' at a particular strontium level, the
resistivity or AV values of the four bars from one 'casting .
were averaged. Standard deviations of the four bars in each
casting were obtained and used to compute a standard error of —
£0.80 n0.m (+ 19.65%) and + 0.189. mV (18.90%), (Appendix 11).
This large wvariation or ihaccuracy in resistivity bétween i
sfmilar bars is probably due to the differences in porosity be-
tween the bars (section 4.3.2). . i | 3
i

4.1.3 Dimensional Inaccuracies ' .

The above inaccuracies are based upon the fact that four
bars are used to obt;ain the average resistivity and AV values,
and that the environmental conditions of all measurements are
the same. An additional parameter however must be taken iato
account when considering AV inaccuracies. The A.C. technique

is a comparison technique and requires the standard bar and

i
\r

- \‘galnple bar to be identical in all respects except with respect
to the morphology of the eutectic silicon. The measured volt-
age difference between the two bars is theoretically, due only -,
to the difference in fo:an of eutectic silicon. Practically,

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

1

chining tolerances produced bars ranging in diameter from

1

r-m.u...m:,w B e e a4 R
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15.17 mm to 15.35 mm, that is, a maximum diameter difference
(D) of 0.18 mm. 1In the extreme case where, for example the
standard bar is 15.17 mm in diameter, and the sample bar is
15. 35 mm in diameter, the maximum error on AV (8V) induced by
8D alone is = 0,.21.2 mV or 21.2% (Appendix 2). It should be
noted that this extreme case would rarely occur, and the
majority of measurements were taken using bars with &D less
than 0.18 mm giving a &V less than 21.2%. In order to reduce
the large inaccuracy due to varying bar diameter, the bars

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

uéralues of 0.18 mm, 0.09 mm and 0.04 mm respectivelys The

corresponding inaccuracies are then 21.2%, 10.6% and 4.7% re-
spectively.

Each set of data, that is, bars of range A, B and C were
analysed separately as a function of strontium content and
statistical tests showed range B to give the least amount of
scatter in the results (section 3.1.2). Although the diameter
rgnge with the& smallest 6D would be exp;acted to give the great-
est accuracy, the AV values of this range are only the average
values of a small number of bars. All A.C. tests were there-
fore performed using bars within the diameter range B, 15.31 mm
to 15.22 mm,

4,1.4 Total Inaccuracies of D.C. and A.C. Techniques

The inaccuracy of the D.C. technique consists of;

instrumental inaccuracies: + 0.20 nQ.m or + 4.91%

i~




RN

a

' - : 121
and N :
inherent differences between + 0.80 ng.m or + 19.65%

similar bars:
giving a total inaccuracy of £ 1.00 nog.m or + 24.56% -
The inaccuracy of the A.C. technigque comprises of;
instrumental inaccuracies: + 2.00x10”° mV or # 0.002%
inherent differences be- +0.189 mV or # 18.90% .

tween bars:

@

and . :
dimensional inaccuracies: + 0.106 mvV or + 10.60%

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

4.2 D.C. and A.C. Resistivity

4.2.1 A356 Alloy
The variation in D.C. resistivity with strontium content

(figure 30) shows the expected trend that the acicular eutectic
siliton imparts a greater resistivity to the A356 alloy than to

the modified alloy which éontains a fine fibrous eutectic. The

., drop in resistivity of 4.07 n .m between 0.000 wt. % Sr and

0.44 wt. % Sr is greater than the standard D.C. resistivity
error of + 1.00 nm, and can therefore be conside:@d signifi-
cant. Although the microstructures show modification to be
complete at 0.015 wt. % Sr, the resistivity continues to de-
crease with increasing strontium content up to 0.044 wt. % Sr.
This could either be due to a subtle continuation of the modi-

5@%¥9ng process, or the shape of the graph at strontium levels
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above 0.015 wt. % Sr could be cénsidered guestionable since it
is only based on a few scattered data points.  More experi-
mental work is needed to determine the variation in resistivity
with strontium content at high strontium levels, however it can
be concluded from present data that D.C. resistivity can be
used to distinguish modified A356 alloys from unmodified A356
alloys, provided that the two alloys are identical in every
other respect, and that the environmental conditions in which
the two are measured are the same.

The corresponding’A.C. results (figure 36) show an expect-
ed increase in 4V with increasing strontium content, since the
difference in voltage between a standard unmodified bar and a
podified sample is larger than the difference between a stand-
ard unmodified bar and a similar unmodified sample. The in-
crease in AV of 1.0 mV is greater than the standard A.C. error
+ 0.296 mV and can therefore be considered significant. The
D.C. and A.C. graphs (figures 30 and 36) can be-directly re-
lated. One 1is obviously the inverse of the other with the D.C.
graph reaching a minimum resistivity at 0.044 wt. % Sr, and the
A.C. graph reaching a maximum AV aty0.044 wt. % Sr. The form
of the A.C. graph at high strontium contents is again question-
able; however, it can be concluded that the A.C. technique is
a satisfactory metﬁéd with which to distinguish a modified

alloy from an unmodified alloy.
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4.2.2 A357 Alloy
The variation of D.C. regsistivity with strontium content

for the A357 alloy containing a high magnesium content (figure
33) is very different from the variation for the A356 alloy
(figure 30). Magnesium has a modifying effect on A356 alloys
and hence the 0.000 wt. % Sr alloy e;hibits a partially modi-
fied structure (figure 32a). There is therefore nc great

change in eutectic morphology with increasing strontium con-

© tent, and accordingly there is no great variation in resistivi-

ty. The slight decrease of 0.25 na.m at tpe low strontium
contents could well be due to the change in eutectic morphology
from partially modified to completely modified; however, with
consideration of experimental inaccuracies of ¢+ 1.00 nQ.m, the
small drop in resistivity appears to ke insignificant. In con-
clusion, D.C. resistivity cannot be used to measure modifica-
tion in A357 alloys. From the micrographs (figure 32b) modi-~
fication is complete at a lower strontium content (0.007 wt.%
Sr) than for the A356 alloy (0.015 wt. % Sr). This is due to
the modifyving effect of magnesium. The A357 alloy also differs
from the A356 alloy with respect to the resistivity value of
the modified alloy. The resistivity of the modified A357 alloy
is higher (43.350 nf.m) than that of the A356 alloy (40.75 na.m)
due to the presence of Mgzsi Chinese script within the eutectic

silicon phase.
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The A.C. results for the A357 alloy (figure 37) are again
an inverse form of the D.C. results (figure 30). There is a
slight increase in AV (0.20 mV) at low strontium concehtrétions
which lies within the inaccuracy range of £ 0.296 mV., and the
A357 modified alloys exhibit a lower &V value (0.35 mV) than
the modified A356 alloy (0.9 mV). Similar conclusions can be
drawn that the A.C. technique, like the b.c.'technique, cannot
be used to control modification of A357 alloys.

4.2.3 A356 Alloy Containing 0.48 wt. % Fe

Iron does not have the modifying effect of\magnesium. The
variation of D.C. resistivity with strontium content for the
A356 alloy with a high iron content (0.48 wt. % Fe, figure 34),
is similar to that of the A356 alloy (0.20 wt. % Fe, figure 30).
There is a significant‘decrease of 2.41 na.m between the un-
modified and%ﬁodifieg alloy, implying that D.C. resistivity can
be used to monitor modification of A356 alloys containing high
iron concentrations.

The corresponding A.C. results (figure 38) show a signifi-
cant increase in resistivity of 0.35 mV between unmodiéied and
modified alloys, and therefore the A.C. technique can also be
used to monitor modification in A356 alloys with high iron

contents.

4.3 PFactors Affecting Resistivity

Resistivity is dependent upon many variables and in order y

to contrpl these during resistivity measurement, it was

i
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necessary to investigate each factor separately. Temperature

was varied and its effects upon resistivity found. The effects
of porosity and eutectic segregation were also analysed.

4.3.1 Temperature

The variation of D.C. resistivity with temperature is
linear over the temperature range -10C to 24C (figure 39). The
temperature coefficient of resistivity, 0.1 nQ.m R-l, is the
same as that for pure aluminum because the Al-Si-Mg alloy is pri-
marily composed of an aluminum matrix. The presence of eutectic
silicon causes no change in resistivity coefficient, but it
does increase the absolute resistivity. This absolute resisti-
vity varies with the morphology of eutectic silicon (figure 39).
Unmodified alloys have the highest resistivities, undermodified
alloys have lower resistivities and the modified and over-
modified alloys exhibit the lowest resistivities.

Temperature fluctuations are especially important in D.C.
resistivity measurement. For example, an increase in tempera-
ture of only 5C will cause the resistivity to increase by
0.5 na.m. When dealing with a 4.07 nam resistivity range
{the difference in resistivity between an unmodified and modi-
fied bar) any small temperature fluctuations will result in
significant changes in resistivity. All samples to be compared
using the D.C. resistivity technique must be measured at the
same temperature. Temperature is a very difficult parameter to
control in foundry conditions, therefore the temperature in-

dependént differential technique was studied. The difference

I
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in voltage between an unmodified bar and a sample ba§\was
measured over the temperature range -10C to 24C. The\sbsolute
resistivity of each bar changed with temperature, howeﬁer, due
to their identical thermal coefficients, the difference in re-
sistivity between the two bars remained constant, (table XIIIX).
The resistivity of sample bars containing wvarious leve¥? of
strontium was measured. The unmodified sample exhibiteé\{he
smallest constapt/ﬁg va%gfiﬁii~expected, and the modified ?ar

exhibited the/ largest constant AV value. \

\
\
\

In s ary, resiétivity is considerably temperature de- \

\

pendent thHerefore the temperature independent A.C. technique
would be/favoured over the D.C. technique in foundry practice.
4.3.2 /Porosity

Hydrogen porosity is a well known defect in aluminum
castings. Although all melts were degassed for the same time
period, the castings showed various porosity contents ranging
from 0.00 vol ¢ to 0.99 vol %. Average porosity and average
resistivity values of four bars from the same casting were
used to increase the accuracy of the results. Comparisons
that 'were made were therefore between castings and not between
individual bars. No two castings of identical strontium con-
tents were obtained due to the unpredictable dissolution be-
haviour of strontium, and so castings with similar strontium
contents were compared, (table XIV). 1In all comparisons but
one, the casting with the highest resistivity exhibited the

highest porosity content. The two unmodified castings were the
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exception, with tﬁe highest resistivity occurring in the cast-
ing with lowest porosity. Strontium is knhown ta increase
hydrogen pick up in melts, and therefore has some effect upon
porosity.

In summary, an increase in porosity will cause an increase
in resistivity. In order to quantitatively analyse porosity,
the standard deviations of porosity for‘the four bars in each
casting were obtained and used to compute a standard error of
t 0.110 vol & porosity for each porosity result (Appendix 11).
In other words, four bars, identical in every respect, can vary
in porosity content by + 0.110 vol % porosity. The errors
computed in section 4.1 show that the inaccuracies due to in-
herent differences between identical bars are 19.55% for the
D.C. technique and 18.9% for the A.C. technique. Since porosity
was the only parameter found to vary between idé tical bars, it
can be assumed that the inherent differences betﬁéen identical
bars are due to porosity differences. The variation of + 0.110
vol % porosity therefore produces + 19.55% and % 18.90% in-
accuracies in the D.C. and A.C. results respectively. In-
accuracies due to porosity are very large when compared with
total inaccuracies of % 24.63% and + 29.6% of the D.C. and A.C.
techniques. The scatter of results in the D.C. and A.C. versus
strontium content curves can therefore be attributed largely to

porosity wvariations.

PCTRIN




128

4.3.3 Eutectic Segregation

During the course of the work, sample bar diameter was
changed by machining and was found to affect D.C. resistivity.
Microscopic examination revealed the presence of more eutectic
in the centre of bars and hence experiments‘here conducted to
measure the amount of eutectic across the sample bar diameter.
A 10% increase in the amount of eutectic towards the centre of
the bar was found and could certainly account for the increase
in resistivity with decreasing bar diameter.

This variation is caused by normal segregation where the
first solid phase to freeze during solidification (primary
aluminum) is depleted in silicon. The liquid ahead of the
solid-liquid interface which proceeds toward the centre of the
bar is consequently enriched in silicon content. Thus the
cent;e which is the last part of the bar to solidify, has a
highgr silicon content than the rest of the bar and therefore
contains a greater proportion of eutectic. The variation is
the same for unmodified, undermodified and modified bars be-~
cause the change in silicon content across the bar only affects
the amount of eutectic and not the eutectic morphology.

4.4 Heat Treatment

4.4.1 Introduction

The total inaccuracies of the D.C. and A.C. techniques
were * 1.00 nq.m and % 0.296 mV respectively and were calculated
taking inte account instrumental inaccuracy, variation in

resistivity between bars of the same strontium content, and in
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‘the case of the A.C. technique, also taking into account the

effects of machining tolerances. These inaccuracies were based
on the premise that the resistivity values for the D.C. tech-
nigque were an average of the resistivity of four bars, and the
AV values were an average of AV values for two, three or four
bars. (This variation in number of values for the average
stems from the use of bars within range B diameter limits,
section 2.4.2).

The heat treatment results, however, were those of single
bars. WNo average values coﬁld be used because each of the bars
obtained from one casting was heat treated differently. It is
therefore valid to assuﬁg that the inaccuracies in the heat
treatment results are at least t 1.00 no.m and £ 0.296 mV and
could well be greater than these values.'

4.4.2 Heat Treatment and Resistivity

Three heat treatments, A, B and C were performed on bars
as explained in section 2.6. The resistivity values of all
26 A356 bars after solution treatment and after complete heat
treatment were averaged (table‘XVIII), and it was found that
the bars exhibited an average increase in resistivity on solu-
tion treatment of 2.78 nqa.m and an average decrease in resisti-
vity on subsequent aging of 2.62 n{.m. These are significant
changes since the standard D.C. error is + 1.00 na.m.

The increase in resistivity on solution treatment is main-
ly due to the effect of ripening and dissolution. The ripening

process increases the resistivity of the alloy because it is a
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eutectic coarsening process. Dissolution produces a solid
solution which after quenching contains relatively high con-
tents of silicon and magnesium. The atomic lattices of the
solid solution are distorted to accomodate the excess silicon
and magnesium atoms, and therefore impart a high resistivity
on the alloy.

Spheroidization does in fact decrease resistivity because
it changes plates and needles ‘to spheroidal particles. An aci-
cular eutectic is well knownltowgive an alloy a higher resisti-
vity than a spheroidal eutectic.

Homogenization would also be expected to decrease resisti-
vity to a small extent because the aluminum matrix becomes more
uniform, as the solute concentrations become uniform.

In conclusion, it can be postulated that the increase in
resistivity due to solution treatment occurs because the re-
sistivity effects of ripening and dissolution are dgreater than
those of spheroidization and homogenization.

The decrease in resistivity on aging can possibly be
attributed to the depletion of the silicon and magnesium con-
centrations in the matrix, however more extensive experimental
work is necessary to substantiate this. It is thought that the
depletion of solute content in the lattice allows the distorted
lattice to become more uniform, and that a uniform lattice will
impart a low resistivity to the alloy.

Ripening and spheroidization have different effects upon

médified and unmodified structures and therefore studies were
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performed to examine heat treatment as a function of strontium
content. (

For all types of heat treatment the modified alloy showed
a greater increase in resistivity than the unmodified alloy up-
on solution treatment (table XIX). 1In every case, these differ-
ences were greater than the standard D.C. resistivity error of
+ 1.00 no.m. Ripening, an effect which increases resistivity .
occurs more readily in modified alloys than in unmodified
alloys’due to the small interparticle distances in modified
alloys. Spheroidization, however, an effect which decreases
resistivity occurs to a lesser extent in modified alloys. In
conclusion, the resistivity of modified alloys increases great-
ly on solution treatment due to extensive ripening and little
spheroidization, while the resistivity of unmodified élloys in-
creases slightly due té some ripening and much spheroidization.

Upon aging, all samples exhibit a decrease in resistivity
and there 1is every }ndication that the decrease was approximate-—
ly the same for all bars, irrespective of previous solution
treatment time or state of modification. All bars were subject
to the same aging treatment and all exhibited the same decrease
on aging (table XIX} within the D.C. standard range of error
(which is at least £ 1.00 ni.m).

Throughout the work no significant trend could be found be-
tween type of heat treatment and resistivity values and the

micrographs of all modified and all unmodified alloys after

vy
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complete heat treatment were very much the same. Recent

k(28) suggests that dissolution, ripening and spheroidizing

wor

processes occur within the first few hours of solution treat-

ment and therefore no significant resistivity differences

would be expected when comparing bars subjected to 8, 24 and
]

48 hours of solution tfeatment.

4.5 Comparison between D.C. and A.C. Resistivity Technigques

The D.C. resistivity of a caézxAl—Sing alloy is the sum of
the resistivities due to eutectic morphology, dissolved impuri-
ty atoms, dislocations, vacancies, grain boundaries and porosi-
ty and yields no information about the effect of a single
factor upon the total resistivity. The differential A.C. tech-
nigque however, is a comparison technique and can measure
changes in’ individual resistivity effects. The method uses a
standard reference specimen and compares this with the sample
under examination. 1In this;wéy, the effects of resistivity due
to factors that are present in both the standard and the sample

g

are eliminated.

E Although porosity was present in both standard and sample
bars, it was not presen£ in equal amounts. The effect of re-
sistivity due to porosity was therefore partially eliminated
using the A.C. technique where only the difference in porosity
between thé standard and sample affected the results.

Although porosity produces some inaccuracy in the results,

the difference in resistivity due to porosity variations as

measured in the A.C. technique is certainly less than the

U — ro—
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absolute resistivi;y due to porosity measured in the D.C.
technique. Tﬂe inaccuracies due to porosity were cgiculated
as 19.55% for the D.C..technique and 18.90% for t%e A.C. tech- ~
nique, {Appendix 11).

Instrument errors of the A.C. technigue were less than
those of the D.C. technique. This is to be expected since the
direct AV values of the A.C. technigque are not calculated from
other parameters which themselves exhibit inaccuracies.

Congldering solely the inadcuracies due to porosity and
instrumental errors, it can be seen that the A.é. technique is
more favourable, exhibiting 19% inaccuracy as compared with the
24.6% inaccuracy of the D.C. technique. -

B An additional factor howeve£ that had to be considered in
the experimental work was the machining tolerances of the bars. ..
These had no effect on D.C. resistivity but a 10.6% effect on
A.C. results. The experimental results therefore showed a
24.6% inaccuracy in D.C. data and a 29.6% inaccuracy in A.C.
data. Although the D.C. experimental data had the smaller
inaccuracies the A.C. technique would certainly be favoured in

foundry practice over the D.C. technique if bar machining

tolerances could be eliminated.
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5. SUMMARY

Both D.C. and A.C. resistivity techniques are satisfactory
non-destructive techniques that can distinguish an unmodified
A356 alloy from a modified A356 alloy and the results of both
techniques can be directly related, where one is the inverse of
the other. The work conducted on A357 alloys and A356 alloys
containing 0.48 wt. § Fe, was limited, and further data points
should be obtained to reach more satisfactory conclusions.

The trends that were observed, however, do correspond to the
microstructures and do suggest that modification can also be
monitored in A356 alloys with 0.48% Fe contents. Magnesium,
on the other hand, was found to have a modifying effect upon
Al-Si~Mg alloys, and modification of A357 alloys cannot be
studied using resistivity techniques.

Both D.C. and A.C. techniques apparently produced the same !
amount of scatter in the results implying that the scatteriaés
due to some inherent variations in the castings and not resisti- '
vity measurement technique. There is sufficient evidence to
assume that the inherent variations in the castings were due to
porosity, and produced inaccuracies of approximately 19% in the :
results. If the resistivity technigues are to be improved it is
imperative that the porosity of all castings must either be
eliminated or kept constant.

Another factor to be considered if improvements are to be

made is sample bar diameter. Firstly the presence of eutectic
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segregation suggests that all bars must be cast to the same
diameter, and secondly the sensitivity of the A.C. technique to
variations in machined bar diameter suggests that bars must not
be machined. Ideally, a mold should,K be developped which pro-
duces bars of constant diameter and good surface finish. The
A.C. technigque would then certainly be favoured in foundry
practice; it has a low instrumental error and is insensitive

to local temperature fluctuations.

Resistivity techniques can also be used in the heat treat-
ment study of Al-Si-Mg alloys. The resistivity of bars in-
creases on solution treatment and decreases on subsequent age- h
ing. Modified alloys show a greater ‘increase in resistivity
upon solution treatment than unmodified alloys. The actual
reasons for this are unclear at present but no doubt involve

the processes of dissolution, spheroidization ripening and

homogenisation.
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6. CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

In undertaking this work, the general obj:active was to
study the resistivity te‘chnique in order to discover if it
could be used in the foundry to monitor modification of
Al-Si-Mg alloys. More specifically, the following gquestions
were to be answered:

1. Is the change in resistivity between modified and un-
modifiec}j Al-Si~Mg alloys due to the change in the form of the
eutectic silicon or due to some other change such as composi-

tion of the aluminum matrix?

2. To what degree does resistivity due to porosity affect

the resistivity measurements?

\

3. Are the inaccuracies observed in the results by Closset

and Gruzleski (15)

(figure 16) due to poor apparatus or sample
variation, and does differential electrical resistivity yield
more accurate results?

4. Can electrical resistivity techniques be used to
study compositional influences at various levels of modifica-
tion?

5. Can the electrical resistivity technigue be used to
study heat- treatment of Al-Si-Mg alloys at various levels of
modification?

From the experimental results and discussions presented
in the preceding chapters it 1s possible to use electrical re-

sistivity tc monitor modification of Al-Si-Mg alloys. 1In

general, the foilowing conclusions can be made:
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1. There is/every indication that the change in resistivi-
ty upon modification is due to changes in eutectic morphology:;
result; show that there is no change in silicon content in the
aluminum matrix upon modification.

2. Porosity increases the resistivity of Al-S5i-Mg alloys
and if the resistivities of bars are to be accurately compared
then the porosity content of the bars must be the same.

3. The scatter in D.C. resistivity results is not due to
poor instrumentation but due to sample variations. These sample
variations are largely due to porosity and are therefore also
observed in the differential A.C. technique.

4. Differential resistivity techniques will yield more
accurate results than D.C. techniques pr;vided that bars are
produced with identical diametérs.

5. The differential resistivity technique would be
favoured in foundry practice primarily because it is tempera-
ture independent.

6. Both D.C. and A.C. resistivity techniques can be
used to study compositional influences at varicus levels of
mod;ficatlon. The results from these studies indicate that
resistivity can successfully monitor modification in A356 alloys
and A356 (0.48 wt. % Fe), however, 1t cannot successfully moni-
tor modification in A357 alloys with higher magnesium contents.

~

7.7 Both D.C. and A.C. resistivity techniques can be used

to study the heat treatment of Al-Si-Mg alloys at various levels
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of modification. Results have shown an increase in resistivity
on solution treatment and a decrease on subseguent aging. Addi-
tionally, modified alloys exhibit a greater increase in resisti-

ity Eﬁzi)solution treatment than unmodified alloys.

The author suggests further work based on th; results of this
thesis:
1. The improvement of the resistivity techniques for use
in the foundry;
4

a) A method must be developed by yhich the porosity

) of cast samples can be monitored, in order to pro-
duce bars of constant porosity level.

b) A mold should be developed that can produce bars
with identical diameters and smooth surface
finishes.

c) Studies of resistivity and modification should
be pefformed on all Al-Si-Mg foundry alloys in
order to identify the alloys that are sensitive
to resistivity techniques.

2. The use of resistivity to monitor heat treatment in
situ;

a) Studies of the variation in resistivity during
heat treatment could be performed to gain an in-
sight into the microstruc£ura1 changes that occur
upon heat treatment.

- b) In situ resistivity data could be used to predict

optimum heat treatment conditions.
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¢c) Molds of different diameters could be developed
in order to study the effects of cooling rate on

heat treatment.
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APPENDICES

Introduction

%he experimental data for each sample bar are given where
each sample is identified by using its sample number as follows:
VX-YZ

(1) V denotes the type of Al-S1-Mg alloy used; A (A356

-alloy)i B (A357 alloy): C (A356 alloy containing
0.48 wt. % Fe).

(i1} X denotes the number cé the experiment in which
two castings were poured.

{iir} Y denotes the casting number within the particular
experiment; 1 (first casting to be poured); 2 (second
casting to be poured, usually having a higher stron-
tium content than the Efirst).

(iv) 2 denotes the bar location within the casting

{(figure 49).

When reference is made to a particular casting rather than

a particular bar, the casting is identified as VXi~-Y.

L



Figure 49: An Al-Si-Mg alloy casting showing
: the location of bars A,B,C and D.
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APPENDIX 1

Spectrochemical Analyses of the Castings

. Casting Element (wt. %)
Number
si Fe Cu Mn Mg
Al-1 7.076 0.061 0.008  0.000 0.366
Al-2 7.088 0.055 0.008 0.000 0.345
A2-1 7.038 0.058 0.008 0.000 0.361
A2-2 7.105 0.066 0.015 0.000 0.370
A3-1 7.485 ~  0.069 0.007 0.008 0.372
A3-2 . 7.144 0.074 0.007 0.006 0.382
Ad-1 7.333 0.069 0.006 0.004 0.369
A4-2 7.202 0.072 0.007 0.009 0.381
AS-1 7.209 0.056 0.006 0.009 0.355
AS-2 7.454 0.063 0.006 0.009 0.350
A6-1 7.385 . 0.059 0.007 0.011 0.364
A7-1" 7.538 0.069 0.007 0.011 0.357
ag-1 7.332 0.066 0.007 0.012 0.375
A8-2 7.423 0.071 0.007 0.011 0.350
A9-1 6.913 0.061 0.008 0.021 0.356
A9-2 6.908 0.062 0.008 0.021 0.335
Alo-1 7.037 0.058 0.007 0.021 0.340
Al0-2 6.937 0.073 0.008 0.021 0.360
All-1 6.993 0.064 0.008 0.022 0.359
All-2 6.987 0.075 0.008 0.022 0.331
Al2-1 7.035 0.062 0.007 0.022 0.373
Al2-2 6.972 0.065 0.007 0.021 0.370
Al3-1 7.266 0.050  0.007 0.021 0.360
Al3-2 . 6.197 0.065 0.007 0.021 0.362
Al4-1 6.990 0.074 0.000 0.003 0.323
Al4-2 " 6.575 0.081 0.000 0.000 0.306

continued.
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Spectrochemical Analysis of Cas\tings {cont'd)

Casting
Number

Cr
Al-1l 0.000
Al-2 0.000
A2-1 0.000
A2-2 0.000
A3-1 0.000
A3-2 0.000
A4-1 0.000
A4-2 0.000
A5-1 0.000
AS5-~2 0.000
A6-1 0.000
A7-1 0.000
AB-1 0.000
AB8-2 0.000
A9-1 0.006
A9-2 0.006
Al0-1 0.006
AlQ=-2 0.006
All-1 0.007
All-2 0.007
Al2-1 0.007
Al2-2 0.006
Al3-1 0.005
Al3-2 0.005
Al4-1 0.002
Al4-2 0.001

N.B.

Ni

0.024
0.Q26
0.025
0.022
0.020
0.022
0.023
0.022
0.021
0.021
0.019
0.019
0.019
0.019
0.012
0.012
0.012
0.012
0.012
0.012
0.012
0.012
0.008
0.008
0.001
0.001

Element (wt. %)

Zn-

0.000
0.000
0.000
0.037
0.015
0.095
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.028
0,028
0.028
0.028
0.049
0.056
0.029
0.029
0.028
0.028
0.011
0.010

Ti

0.060
0.059
0.060
0.061
0.064
0.059

0.063 .

0.063
0.061
0.059
0.059

0.061

0.060
0.061
0.063
0.063
0.065
0.064
0.063
0.062
0.06%
0.063
0.068
0.069
0.065
0.061

The compositional balance is aluminum.

Sr

0.000
0.015
0.002
0.006 .
0.000
0.005
0.003
0.008 .
0.007
0.013
0.004
0.014
0.017
.0.013
0.011
0.069
0.012
0.069
0.010
0.028
0.024
0.029
0.021
0.025
0.044
0.058

continueé.

E e
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Casting
Number

B1-1
B1-2
B2-1
B3-1
B3-2
B4-1
B4-2 -
B5-1
B5-2

Cl-1
Cl-2
C2-1
Cc2-2
C3-1
C3-2
C4-1
C4~-2
C5-1
C5-2

Spectrochemical Analysis of Castings (cont'd)

Si

7.097
7.172
7.077
7.338
7.158
6.482
6.678
8.143
8.654

7.681
7.826
7.762
7.850
7.319
7.101
6.789
7.002
7.305
7.447

Fe

0.056
0.062
0.057
0.056
0.055
0.070
0.074
0.089
0.091

0.456
0.477
0.514
0.526

'0.434

0.456
0.464
0.480
0.478
0.493 .

Element

Cu

.007
.007
.007
.007
.007
.000
.000
.000
.000

o O 0O O O O o o ©

.000
.000
.000
.000
.009
0.009
0.000
0.000
0.000
0.000

o O O o o

(wt.

Mn Mg
0.023 0.759
0.023 0.783
0.023 0.766
0.023 0.783
0.023 0.756
0.000 0.653
0.001 0.665
0.007 0.682
0.009 0.724
0.007 0.348
0.006 0.347
0.007 0.348
0.007 0.349
,0.011 0.335
0.010 0.320
0. 009 0.309
0.010 0.319
0.011 0.337
0.013 0.334

continued.
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Spectrochemical Analysis of Castings (cont'd)

Casting
Number
Cr

Bl-1 0.007
Bl-2 0.007
B2-1 0.007
B3-1 0.007
B3-2 0.007
B4-1 0.002
B4-2 0.002
B5-~1 0.006
B5-2 0.006
cl-1 0.005
Cl-2 0.010
c2-1 0.000
c2-2 0.004
Cc3-1 0.001
c3-2 0.001
C4-1 0.055
C4-2\\‘ 0.052
cs5-1 0.034
C5-2 0.046

Ni

0.012
0.012
0.012
0.012
0.012
0.001
g.002
0.003
0.003

0.002
0.002
0.002
0.002
0.002

0.002’

0.002
0.002
0.002
0.002

Element (wt.

in

0.027
0.027
0.027
0.027
0.027
0.011
0.012
0.000
0.000

0.000
0.000
0.000
0.000
0.011
0.011
0.000
0.000
0.000
0.000

O O O O O C O O O

O O O O O o o O o o

Ti

.068
.068
.068
.068
.068
.062
.062
.063
.064

.063
.062
.063
.062
.064
.063
.063
.064
.065
.067

N.B. The compositional balance is aluminum.

Sr

¢.000

0.014 =

0.007
0.023
0.037
0.000
0.020
0.044
0.068

0.000
0.015
0.014
0.022
0.006
0.011
0.016
0.017
0.061
0.086

RS WERTEES AT U
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APPENDIX 2

Calculation of Errors in 4V due to Machining Tolerances

Unavoidable machining tolerances gave bar diameters rang-
ing from 15.17 mm to 15.35 mm, that is, a maximum diameter
difference between bars of 0.18 mm. The error incurred on AV

can then be calculated as follows:

sV . 26D
v D
where 6V = error induced on AV

V = voltage across standard bar = 9.,0mV
§D = maximum diameter difference between bars

D = average bar diameter = 15.26 mm

For bars included in diameter range A, the maximum difference
in diameter between bars is 0.18 mm giving an error on AV of

t+ 0.212 mv.

For bars included in diameter range B, the maximum difference
in bar diameter between bars is 0.09 mm giving an €rror on AV

of + 0.106 mv.

For bars included in diameter range C, the maximum difference

in bar diameter between bars is 0.04 mm giving an error on AV
of + 0.047 mv. <
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APPENDIX 3

y

Illustration of the Density Technigue for Quantitative
Determination of Porosity

Step 1l: Calculate the experimental density - use weight of

sample in air and in water.

Experimental _ Mass in Air
Density Mass in Air - Mass in Water

b4 Density of Water

The density of water was taken from published values(zg).

Step 2: Calculate theoretical density (Appe\x:xdix 4)

Step 3: Calculate amount of porosity.

Theoretical Density-Experimental Density
Theoretical Density

- Porosity, vol. % =

X 100%

AW

P——
P

o
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- APPENDIX 4

Sample Calculation of Theoretical Density

152

Alloy Composition: 7.076% Si, 0.061% Fe, 0.008% Cu, 0.366% Mg,

0.024% Ni, 0.060% Ti, balance Al.

Assume a 100 gm sample and calculate the mass and volume of

each species in the alloy.

Element 1/Density, Amount Present,
cm3/gm gm

si | 0.429 7.076

Fe . 0.127 0.061

Cu 0.112 0.008

Mg 0.575 0.366

Ni 0.112 0.024

T4 "0.220 0.060

Al 0.371 ) 92.405
Total | 100.000

Total Amount Present, gm
Total Volume, cm3

Theoretical Density =

100 _ 3
= Iy eey = 2.663 gm/cm

1

Volume,
cm

3.035
0.008
0.001
0.210
0.003
0.013

34,282

37.552

- R o Ak AR
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APPENDIY 5 @
D.C. Resis;vit)g Data '

J

Sample D.C. Resistivity Average D.C. Resistivity
{nf2.m) {nQ.m)
Al-1la 44.39 )
Al-1B 45,38
. 44.82
aAl-1c ~ 44.68 4 ;
Al-1D 41.90
Al-2a 42,40 ,
Al-2B 41.71
41.96 .
Al-2C 41.72 .
Al-2D 41.99 \
N
A2-1A 43.39
A2-1B 42.80
. 42.90
A2-1C 42.34 .
A2-1D 43,08
* ‘\...)
A2-22 45.01 |
A2-2B 44.43
‘ 44.59
A2-2C 44.08 .

A2-2D 44.84

e it ——
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D.C. Resistivity Data {cont.)

Sample D.C. Resistivity Average D.C. Resistivity
(ng.m) (ni2.m)
A3-1A 46.47
'A3-1B 46.10
A3-1C 45.73 44.79
- y
A3-1D . 44.85 |
A3-2A 44.56
A3-2B 44.44
a3-2¢ 43.94 44.21
A3-2D 43.88
Ad-1A 45.14
A4-1B 44.27 44,66
A4-1C 44.31
A4-1D 44.90
Ad4-2A 44.28
A4-2B 43.28
A4-2C 43.53 43.73
A4-2D 43.84
A5-1A 43.42
A5-1B 42.79
A5-1C 42.62 42.74
) A5-1D 42.31
AS5-2A 42.34
A5-2B 41.88
AS5-2C 41.93 42.12 .

A5-2D 42.34




D.C. Resistivity Data (cont.)

Sample

A6-1A
A6-1B
A6-1C
A6-1D

A7-1A
A7-1B
A7-1C
A7-1D

A8-1A
A8~1B
AB8-1C
A8-1D

A8~2A
AB8-2B
A8-2C
A8-2D

A9-1A
A9~-1B
A9-1C
A9-1D

A9-2A
A9-~2B
AS-2C
A9-2D

44.16
44.51
44.84
47.93

41.72
41.48
41.59
41.89

42.40
41.48
41.99
41.77

42.34
41.80
41.70
42.48

42.82
42.05
41.97
42.46

41.84
42.16
42.13
42.75

44,

41.

41.

42.

42.

42.

155

D.C. Resistivity Average D.C. Resistivity

(ng.m) (nR.m)

50

67

91

08

32

22




Sample

AlO-1a
Al0-1B
AlO~-1C
Al0-1D

AlQ-2A
Al0-2B
Al0-2C
Al0-2D

All-1lA
All-1B
All-1cC
All-1D

All-2A
All-2B
All-2C
All-2D

Al2-1A
Al2-1B
Al2-1C
Al2-1D

Al2-2A
Al2-2B
Al2-2C
Al?—ZD

D.C. Resistivaty Data (cont.)

156

D.C. Resistivity Average D.C. Resistivity

{(na.m)

42.45
41.71
41.70
42.51

42.51
41.14
41.77
42.96

43.02
42.33
41.75
42.91

42.51
41.54
41.91
42.34

43.14
41.35
42.22
43.71

' 42.74
41.77
42.27
41.71

{n.m)

42.09

42.10

42.50

42.08

42.60

42.12



Sample

Al3-1A
Al3-1B
Al3-1C
Al3-1D

Al3-2A
Al3-28
Al3-2C
A13-2D

Al4-1A
Ald-1B
Al4-1C
Al4-1D

Al4-2A
Al4-2B
Al4-2C
Al4-2D

B1l-1A
B1-1B
B1-1C
B1-1D

Bl-2Aa
¢Bl-2B
Bl1-2C
Bl1-2D

D.C. Resistivity Data (cont.)
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D.C. Resistivity Average D.C. Resistivity

(nf.m)

41.26
40.46
40.38
41.54

41.66
40.38
40.24
© 41.47

41.83
40.85
40.84
42.11

‘ 42.16
40.59
40.57
42.94

44.68
43.53
44.05
44.45

43.99
42.84
42.84
43.94

(ne2.m)

40.91

40.94

41.41

41.31

44018 o

43.40




158

1

D.C. Resistivity Data (cont.)

Sample D.C. Resistivity Average D.C. Resistivity
(nQ.m) (n2 .m)

B2-1A 43.70

B2-1B 43.02 43,31

B2-1C 42.79

B2-1D 43.76

B3-1A 43.99

B3-1B 43.42

B3-1C 43.02 43.59

B3-1D - 43.94

B3-2a 44.16 )

B3-28B _ 43.35 3. 67

B3-2C 43.36

B3-2D 43.93

B4-1A 43.99

B4-1B 43.30

B4-1C 43.53 43.68

B4-1D 43.93

B4-2A ‘ 44.51

B4-2B 43.12

B4-2C 43.53 43.66

B4-2D 43.47

BS-1A 43.71

BS~-1B ' 43.13

B5-1C ' 43.30 43.63

B5-1D 44.39



Sample

B5-2A
B5-2B
B5-2C
B5-2D

Cl-1A
Cl-1B
Cl-1C
Cl-1D

Cl-2a
Cl-2B
Ccl-2C
Cl-2D

C2-1A
C2-1B
c2-1C
C2-1D

C2-2A
C2~2B
Cc2-2C
C2-2D

,C3-1A
C3-1B
c3-1cC
C3-1D

D.C. Resistivity Data (cont.)

D.C. Resistivity
(nfi.m)

43.93
43.35
43.12
44.16

47.19

46.41
46.21
47.17

45.03
43.76
43.87
44.39

45.66
43.85
43.82
44.58

44.22
43.52
42.95
42.94

44.62
44.08
43.36

" 44,34

159

Average D.C. Resistivity
(ng.m)

43.64

46.74

44.26°

44.47

43.41

44.10




Sample

C3-2a
C3-2B
ci3-2¢C
C3-2D

C4-1A
C4-1B
c4-1C
C4-1D

C4-2A
C4-2B
C4-2C
C4-2D

C5-1A

C5-1B

C5~-1C
C5-1D

C5-2A
C5-2B
C5-2C
C5-2D

D.C. Registivity Data (cont.)

D.C, Resistivity
(nQ.m)

44.37
43.94
43.42
43.82

45.32
44.71
44.59
45.32

44.32
43.91
44.46
44.42

45.01
43.79
43.71
44.92

45.27
44.92
44.22
44.16

43.82

44.98

44.28

44.36

44.64

160

Average D.C. Resistivity
(nQ.m)

L R S VAV
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APPENDIX 6

A.C. Resistivity Data

16l

A. Bars Within Diameter Range A {15.17 mm to 15.35 mm)
(includes all 130 bars)

Sample

Al-1B
Al-1lC
Al-1D

Al-2A
Al-2B
Al-2C
Al-2D

A2-1A
A2-1B
A2-1C
A2-1D

A2-2A
A2-2B
A2-2C
A2-2D

A3-1A
A3-1B
A3-1C
A3-1D

AV (mV)

-0.395
0.036

0.485
0.650

0.500

-0.086

0.305
0.393
0.324
0.290

-0.059
0.183

- 0.244

-0.068

-0.792
-0.062
-0.164
-0.988

AV average (mV)

-0.321

-0.387

0.328 :

»
0.075

* 0.502

continued ..
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A.C. Resistivity Data (diameter range A cont.)

Sample AV (mV} AV average (mV)
A3-2A 0.056

A3-2B 0.089 ) 0.091
A3-2C 0.212

A3-2D " 0.008

A4-1A -0.100

A4-1B -0.017 .
Ad-1C 0.042 -0.013
A4-1D 0.023

a4-2A 0.074

A4-2B 0.235 o
Ad-2C 0.147 -125
Ad4-2D 0.042

AS5-1A 0.352

A5-1B 0.478

AS-1C 0.438 ‘0 - 416
AS5-1D 0.397 :

A5-2A 0.499

A5-2B 0.651 6 567
A5-2C 0.589 -26
A5-2D 0.527

A6-1A -0.086 ‘
A6-1B \ 0.062 0.238
A6-1C ‘ -0.122 .
A6-1D ‘ -0.805 ,

continued ..
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A.C. Resistivity Data (diameter range A cont.)

Samplte

A7-1a
- A7-1B
A7-1C
A7-1D

- A8-1a
A8-1B
AB-1C
AB-1D

AB8-2A
AB-2B
A8-2C
AB-2D

A9-1A
A9-1B
A9-1C
AS9-1D
R A9-22
A9-2B
A9-2C
A9-2D

Al10-1a
A10-1B
Al0-1C
A10-1D

\

AV(mV)

0.548

0.713

0.667
0.461

0.497

0.629
0.674
0.564

0.499
0.677
0.657
0.456

0.458
0.593
0.458
0.617

© 0.206

0.560
0.418

0.008

0.433
0.543
0.580
0.296

%

~

AV average (mV)

0.597

0.591

0.572

'0.532

0.298

0.463 °

continued..
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A.C. Resistivity Data (diameter range A cont.) ‘

Sample

Al0-2A
Al0-28B
AlO-2C
Al0-2D

‘All-1A

All-1B
All-1C
All-1D

All-2A
All1-2B
All-2C
All-2D

Al2-1A
Al2-1B
Al2-1C
Al2-1D

Al2-2A
Al2-2B
Al2-2C
Al2-2D

Al3-1A
Al3-1B
Al3-1C
Al3-1D

|

AV (mV)

0.324
0.680
0.605

0.439

0,454
0.604
0.467
0.435

0.432
\\

P 732

0.820
0.501

. 0.304

0.593
-0.352

0.416
0.666
0.571
0.673

0.746
0.983
1.025
0.770

AV average (mV)

©0.512

0.490

0.621

0.480

0.582

0.881

continued. .
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A.C. Resistivity Data (diameter range A cont.)

Sample

Al3-2A
Al3-2B
Al3-2C
Al3-2D

Al4-~-1A
Al4-1B
Al4-1C
Al4-1D

Al4-2A
Al4-2B
Al4-2C
Al4-2D

?{q

AV (mV)

0.702

0.910
0.881

.0.698 " -

0.605

0.828 °

0.895
0.630

0.691
0.968
0.908
0.736

AV average (mV)

0.973

0.740

0.858

s e
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A.C. Resistivity Data

B. Bars Within Diameter Range B (15.22 mm to 15.31 mm)
(includes 80 bars)

Sample AV (mV) AV average (mV)
Al-2A 0.485
Al-28 0.650 0.387
al-2c 0.500
Al-2D - =0.086
A2-1A ( 0.305
A2-1B 0.393 | 0.329
A2-1D 0.290 |
I ‘ '
A2-2K -0.059 -0.059
A3-1A -0.792 .
LN
A3-1B -0.062 ‘ -0.339
A3-1C -0.164 ‘
A3-2A - 0.056 §
A3-2B 0.089 0.057 :
A3-2D 0.008 §
o i
. 1
A4-1n -0.100 "“ék ;
Ad4-1B -0.017 -0.013 :
A4-1C 0.042
A4-~1D 0.023
.- ,
A4-2A 0.074 0.155
Ad-2B 0.235

| continued..
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A.C. Resigtivity Data (diameter range B cont.)
Sample AV{(mVv) AV average (mV)
AS-1A 0.352
A5-1C 0.438 - . 0.396
A5-1D 0.397
. 4 ® .
A5-2a 0.499 i
A5-2C 0.589 '
A5-2D 0.527
A6-1A -0.086
AG‘IB ; 0.062 _o 238
A6-1C '-0.122
A6~-1D ~0.805
A7~-1A 0.548
A7-1C 0.667 “ §
H
!
A8-1a 0.497 §
A8-1B ‘ 0.629 !
A8-1C 0.674 0.331 :
A8-1D 0.564 :
A8-2A 0.499 3
ag-2cC 0.657
A8-2D 0.456 0.537
A9—-1A 0.458
A9-1B 0.593
A9-1D 0.617 0.556
continued,.
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Resistivity Data (diameter range B cont,)

Sample

A9-2B
A9-2C

Al0-~1A
Al0~1B
AlO-1C
Al0-1D

AlO-2A
Al0-2B
Al0-2C
Al0--2D

All-1A
All-1D

All-2A
All-2B
All-2C

Al2-1A
Al2-1C
Al2-1D

Al2-2A
Al2-2B
Al2-2D

Al3-1A
Al3-1C
Al3-1D

AV (mV)

0.560
0:418

0.433
0.543
0.580
0.296

0.324
0.680
0.605
0.439

0.454
0.435

0.432
0.732
0.501

0.304
0,593
0.352

0.416
0.666
0.673

0.746
1.025
0.770

AV average (mV)

0.489

0.463 ~

0.512

0.445

0.555

0.416

——

oy

0.585

0.847

continued..
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A.C. Resistivity Data (diameter range B cont.)

Sample

Al3-2A
Al3-2B
Al3-2C
Al3-2D

Al4-1A
Al4<1B
Al4-1C
Al4-1D

Al4-2A
Al4-2C
Al4-2D

AV(mV)

0.702
0.910
0.881
0.698

0.605
0.828
0.895
0.630

0.691

0.908
0.736

L7

s

AV average (mV)

0.798

0.740

0.778

e
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A.C. Resistivity Data (Cont.)

170

C. Bars Within Diameter Range C (15.25 mm to 15.29 mm)

(includes 52 bars).

Sample

Al-2A
Al-2B
Al-2D

A2-1A

Al-1A
A3-1B

A4-1A
A4-1C
A4-1D

A4-22
A4-2B

A5-1A
A5-1C

A5-2A
A5-2B
A5-2C

' A5-2D

“A6-1A

A6-1B
A6-1C
A6-1D

B ]

)

AV {mV)

0.485

T 0.650

-0.086

0.305

-0.792
-0.062

-0.100
0.042
0.023

0.074

0.235

0.352
0.438

0.499
0.651
0.589
0.527

-0.086
~-0.062
-0.122
-0.805

AV average {(mV)

0.350

0.305

-0.427

-0.012

0.155

0.395

0.567

-0.238

continued..
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Sample

A7-1A
A7~-1B
A7-1C

A8-1A
AB-1B
AB-1D

A8-2a
A8-2D

A9-1A
A9-1B

A9-2C

Al0-1A
Al0-1B
A10-1D

Al0-22
Al10-2B
Al1l0-2C

'A10-2D

All-lAa
All-1D

All-2B
All-2D

171

A.C. Resistivity Data (diameter range C cont.)

AV(mV)

0.548
0.713
0.667

0.497
0.629
0.564

0.499
0.456

0.458
0.593

0.418

0.433
0.543
0.296

0.324
0.680
0.605

©0.439

0.454
0.435

0.732
0.501

AV average (mV)

0.643

0.563

0.478

0.526

0.418

0.424

0.512

0.445

0.617

continued..

-
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A.C. Resistivity Data (diameter range C cont.)

Sample AV (mv) AV average (mV)
) *rage {mv
Al2-1C 0.593 0.473
Al2-1D 0.352 -
: » L
Al2-2B 0.666 ) 0.670
Al2-2D 0.673
Al3-1A 0.746 ,
Al3-1D 0.770 7 0.758
Al13-2A . 0.702 0.702
Al4-1B 0.828 i
Al4-1D 0.630° 0.729
O
Al4-2C 0.908
0.822

Al4-2D 0.736

e - Bt T USSP S —- e m———
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‘{ APPENDI¥X 7

Experimental Porosity Data

-
»

Average % Porosity

Sample % Porosity

Al-1a 0.19

Al-1B 0.38 0.30
Al-1C 0.38

Al-1D 0.26

Al=-2A 0.18

Al-2B © 0,00 o'bo
Al-2C 0.21 v

Al-2D .0.00

A2-1A 0.15

A2~-1B 0.11

A2-1C 0.11 0.14
A2-1D 0.18

A2-27 0.97

A2-2B 0.86

"a2-2¢C 1.01 0.99
A2-2D . 1,12

A3-1a 0.11

A3-1B 0.18

a3-1C 0.03 ° 0.09
A3-1D 0.03

continued..




Sample "°

A3-2A
A3-2B
A3-2C
A3~2D

A4~1lA
Ad4-1B
A4-1C
A4-1D

A4-2A
A4-2B
A4-2C
A4-2D

AS5-1A
A5-1B
AS-1C
A5-1D

A5-2A
A5-2B
A5-2C
A5-2D

A6-1A
A6-1B
A6-1C
A6~-1D

~—

Porosity Data (cont.)

- % Porosity

0.00

0.11

0.11
"0.18

0.27
0.37

0.49 .-

0.3§

- 0.15
0.45
0.45
0.00

0.00
0.04,
0.00
0.00

0.00
0.00
0.08
0.00

0.00
0.00
0.00
0.00

e s A, e e b oo . o ieemna—————— oo
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Average % Porosity

0.10

0.26

. 0.01

continued..
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Sample

A7-1A
A7-1B

A7-1C

A7-1D

A8-1 )
A8-1 .
ag-1 LJ

A8-1

A8-2
A8-2
A8-2
A8-2

A9-1
A9-1
A9-1
A9-1

A9-2
A9-2
A9-2
a9-2

Al0-1
AlQ-1
Al0-1
Al0-1

Porosity Data (cont.)

* Porosity

0.00
0.00
0.04
0.00

0.00
0,00
0.00
0.00

0.00
0.00
0.00
0.00

0.10
0.00
0.00
0.00

0.13
0.00
0.00
0.00

0.09
0.00
0.00.
0.05

o s
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Average % Porosity

0.0l

0.00

e
.

0.00 ;

P

0.03

continued. .
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Porosity Data (cont.)

M

N
%

¥
54
&

| Sample % Porosity Average & Porosity %
Al0-2 0.67 5
- 4
A10-2 0.22 0. 45 1
Al0-2 . 0.22 3
A10-2 0.67 g
\ aAll-1A 0.08 " w
i , - &
| All-1B 0.11 0.10
All-1C 0.11
All-1D 0.11 3
g
\;11—2». 0.22
R 11-28 0.08 0.12
All-2C 0.00 .
Al1-2D 0.19
. Al2-1a . 0.44
" Al2-1B . 0.26
al2-1C 0.22 . 0.33 v
’ Al12-1D 0.41 !
. : |
: A12-2A 0.35 : 3
* ' Al12-2B 0.15
f ’ Al2-2C 0.45 0.27 E
A12-2D 0.11 g
i
Al3-1A 0.00 i
Al3-1B 0.00 \
A13-1C 0.00 0.02
) A13-1D 0.08
( ' continued..
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) 4
Porosity Data” (cont.)
Sample . § Porosity Average & Porosity 3
é

Al3-2A 0.04 ]
A13-2B 0.00 b.01 ]
A13-2C 0.00 _
Al3-2D 0.00 ;
Al4-1A ‘ 1.01
Al“‘ln 0071 0.86 4
Al4-1C 0.78
Al4-1D 0.93
Al4-2A 0.67
Al4-2B 0.30
Al4-2C | 0.15 0.39
Al4-2D 0.45
Bl-1A 0.18
Bl1-1B 0.18
B1-1C 0.15 0.16
Bl-1D 0.10
Bl-2A 0.19
B1-2B 0.30
B1-2C 0.19 0.29 . |
Bl1-2D 0.45
B2-1A 0.21 .
B2-1B , 0.10
B2-1C 0.04 T 0.12
B2-1D 0.00

continued..




Sample

B3-1A
B3-1B
B3-1C
B3-1D

B3-2A
B3-2B
B3-2C
B3-2D

B4-~-1A
B4-1B
B4-1C
B4-1D

B4-2A
B4-2B
B4-2C
B4-2D

B5~1A
B5-1B
B5-1C
B5-1D

B5-2A
B5-2B
BS5-2C
B5-2D

Porosity Data (cont.)

$ Porosity

0.24
0.11
0.04
0.56

0.10
0.15
0.07
0.00

0.47
0.00
0.23
0.53

0.38
0.11

- 0.26

0.56

0.43
0.26
0.44
0.64

0.42
0.08
0.00
0.45

178

Average % Porosity

0.24

0.11

0‘33

0.329

0.44

10.315

continued..
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/

7
Porosity Data (cont.)

Sample % Porosity Average 9 Pz:rosity
Cl-1A 0.76
Cl-1B 0.50 . 0.60
Cl-1cC 0.64
Cl-1D i 0.50
Cl-2a ‘ 0.53 .
Cl-2B 0.34 0.40
Cl-2C 0.26
Cl-2D 0.48
C2-1A 0.00
C2-1B 0.41
0.35
C2-1C 0.27
C2-1D 0.37
c2-22 0.36
C2-2B 0.06
0.20

c2-2C 0.06
Cc2-2D 0.32
C3~1A 0.33
C3- .

1B 0.19 0.28
C3-1cC 0.30
C3-1D ( 0.30
C3-2Aa 0.13
C3- .

2B 0.58 0.49
C3-2C 0.47
C3-2D 0.77

continued..
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Porosity Data (cont.)

Sample ‘ % Porosity Average % Porosity
C4-1a 1.33
C4-1B l.22 1.25
C4-1C 1.22
C4~1D 1.25
C4-2a 1.30
C4-2B 1.15 0.19
C4-2C 1.08
C4-2D 1.22
C5-1A 0.86
C5-1B 0.45 0.71
Cc5-1C 0.38
C5-2D ‘ 1.16
C5-2A 0.86
C5-2B 0.60 0.69
C5-2C 0.52

0.78

C5-2D
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APPENDIX 8

Heat Treatment Data

Three alloys were heat treated, A356 alloy, A357 alloy
and A356 alloy containing 0.48 wt. % Fe. D.C. and A.C., re-
gistivity measurements were taken after solution treatment and

after aging when the bars had attained room temperature.



A

" Heat Treatment Data =-A356 Alloy

Heat Treatment A (B8 hours solution treatment)

Sample Resistivity after

Solution Treatment

(nQ.m)
A1-1B 44.13
Al-2B 44.90
A2-1B 43.48
A2-2B 46.28
A3~-1B 46.79
A3-2B ‘ 45.35
A4-1B 47.'68
A4~-2B 44.87
AS5-1B 44.63
A5-2B 44.16
A6-1B 45.65
A7-1B 44.73
A8-1B 44.45
A8-2B 44,57
A9~1B 44.56
A9-2B 43.99
Al0-1B 43.54
A10-2B 44.34
All-1B 44.63
All-2B 43.59
Al2-1B 43.88
Al2-2B 44.05
Al3~1B 44.37
Al3-2B 44.51
Al4-1B 44.01 ’
Al4-2B 44.51

{nQ.m)

41.46
42.40
41.44
43.50
43.36
43,08
43.14
42.37
42.79
41.88
43.36
42.18
41.48
42.26
42.50
41.93
41.71
42.74
43.02
42.45
42.27
42.68
42.30
42.67
42.45
42.90

182

Resistivity after
aging
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Heat Treatment Data - A356 Alloy

Heat Treatment & (8 hours solution treatment)

Sample AV after solution AV afterx
treatment aging
{mv) (mv)
Al-1B -0.124 0.463
Al-2B -0.124 0.383
A2-1B 0.122 0.497
A2-2B -0.203 0.368
A3-1B -0.487 0.287
A3-2B -0.203 0.169
A4-1B -0.235 0.202
A4-2B ' -0.034 0.406
A5-1B 0.017 0.427
A5-2B 0.101 | 0.521
A6=1B -0.229 © 0.278
A7-1B " 0.000 0.420
AB-1B . 0.019 . 0.639
A8~2B , 0.144. ) 0.569
A9-1B 0.070 . 0.453
A9-2B 0.112 ‘ 0.531
AL0-1B 0.241 0.655
AL0-2B . 0.031 0.467
All-1B 0.044 . 0.489
All-2B 0,207 _ 0.528
al2-1B ) 0.200 ©0.604
Al2-2B 0.077 ' 0.451
Al3-1B 0.147 0.689
A13-2B 0.021 0.504
Al4-1B 0.124 0.520
Al4~2B 0.128 : 0.492

£ ¥ + - 3
Akt ansea il vl T



184

Heat Treatment Data - A356 Alloy

Heat Treatment B (24 hours solution treatment)

Sample

Al-1C
Al-2C
A2-1C
A2-2C
A3-1C
A3-2C
aAd4-1C
Ad-2C
AS-1C
A5-2C
A6-1C
A7-2C
AB~1C
A8-2C
A9-1C
A9-2C
Al0-1C
Al0-2C
All-1lC
All-2C
Al2-1C
Al2-2C
Al3-1C
Al3-2C
Al4-1C
Al4-2C

Resistivity after
Solution Treatment

{(ng.m)

46.07
46.71
45.95
47.08
47.20
47.85
47.05
46.01
44.90
45.16
45.53
43.42
46.12
45.14
45.58
44.85
44.45
46.19
44.69
44 .45
44.51
45.49
44.74
45.01
43.36
44.45

Rosistivity after
Aging
(nQ.m)

43.76
41.72
42.12
42.93
43.99
42.56
43.16
42.18
41.94
41.97
43.48
41.82
42.90
42.62
43.04
42.79
42.16
43.14
41.98
41.91
42.68
42.73
42.44
42.28
41.53
42.40



Heat Treatment Data ~ A356 Alloy

Heat Treatment B (24 hours solution treatment)

Sample

Al-1C
Al-2C
A2-1C
A2-2C
A3-1C
A3-2C .
A4-1C
A4-2C
A5-1C
A5-2C
A6-1C
A7-1C
A8-1C
A8-2C
A9-1C
A9-2C
A10-1C
A10-2C
A11-1C
Al1-2C
A12-1C
A12-2C
Al3-1C
AL3-2C
Al4-1C
ALl4-2C

(mv)

NO RESULTS

AV after soclution
treatment

AV rafter
aging

(v}

0.208
0.317
0.321
0.345
0.108
0.487
0.212
0.355
0.490
0.503

-0.080

0.543
0.415
0.392
0.459
0.362
0.528
0.287
0.317
0.543
0.414
0.337
0.486
0.374
0.595
0.388

185
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Heat Treatment Data - A336 Alloy
Heat Treatment C (48 hours solution treatment)
Sample Resistivity after Resistivity after
Solution Treatment aging ;
(n2 .m) (nQ.m)
[}

Al-1D 45.36 42,50
Al=-2D . 45.87 43.59
A2-1D , 45.60 43.31
A2-2D 45.29 42.57
A3-1D 44.76 41.85
A3-2D 43.19 41.60
A4-1D 44.67 42,40
A4-2D 45.20 42.71
A5-1D © 44.36 41.86
A5-2D 45.07 . 41.88
A6-1D 49.30 46.10
A7-1D 43.70 40.99
A8-1D 41.99 40.40
A8~-2D 44.53 42.25
A9-1D 43.82 ) 41.32
A9-2D 44.06 43.18
Al0-1D 44.79 42.97
Al0-2D 44.34 41.82
All-1D o, 44051 42.45
All-2D 43.25 41.92
Al2-1D 43. 48 41.88
Al2-2D 45.13 41.94
Al3-1D 54.96 41.54
Al3-2D « 45,14 42.62
Al4-1D 45.07 42.79

Al4-2D 43.99 41.71
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Heat Treatment Data -—-A356 Alloy

Heat Treatment C (48 hours solution treatment)

Sample Resistivity after Rasistiwvity after
Solution Treatment aging
(n0.m) (n.m)
‘Al-1D -1.237 -0.549
Al-2D -0,230 0.392
A2-1D © =0,104 0.437
A2-2D ‘ -0.154 0.39
A3-1D ~0.996 -0.333
A3-2D -0.343 0.679
A4-1D 0.151 0.544
A4-2D -0.204 0.306
A5-1D 0.061 0.592
A5-2D ~-0.059 0.595
A6-1D ~-0.938 ) ° -0.193
A7-1D 0.215 0.663
A8-1D 0.575 0.933
A8-2D 0.128 0.543
A9-1D 0.191 0.681
A9-2D -0.353 0.024
Al0-1D ~0.014 0.460
A10-2D 0.213 0.626
All-1D 0.050 0.518
All-2D 0.322 0.658
al2-1D 0.324 0.722
Al2-2D 0.012 0.590
Al3-2D ' -0.014 0.787
Al3-1D -0.009 0.505
Al4-2D -0.041 0.476

Al4-1D 0.223 0.587
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Heat Treatment Data of A357 Alloy and
A356 (0.48 wt.% Fe) Alloy

Heat Treatment A (8 hours splution treatment)

Sample Resigtivity after Resistivity after

Solution Treatment aging
" (nQ.m) (nf.m) ‘
;
B1-1B 47.20 43.08 ’
B1l-2B 47.85 44. 40
B2-1B 47.47 42,224 5
B3-1B 48.53 43.81 |
B3-2B 47.47 43.82 ;
B4-1B 48.09 43.96
B4-2B 48.33 43.73 ;
B5-1B 16.13 2,71 -
B5-2B 48.41 : 43.36 ,
C1-1B 48.93 45.72 i
C1-28 46.07 43.30 /
C2-1B 45.61 42.84
C2-2B 47.71 43.52
C3-1B 46.62 4 43.62
C3-2B 46.01 43.48
C4-1B 47.94 44.71
C4-28 - 47.00 43.82
C5-1B 46.53 43.34
C5-2B 47.71 43.75

e St st s
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Heat Treatment Data of A357 Alloy
and A356 (0.48 wt.% Fe) Alloy

Heat Treatment A (8 hours solution treatment) '

Sdmple AV after solution AV after i
: treatment aging y
: (mv) (mv) X
i
; Bl-1B -0.330 0.247 3
: B1-2B . -0.408 0.187 1
B2-1B -0.361 0.440 j
B3-1B -0.751 0.067 3
B3-2B -0.423 0.261 ;
. B4-1B ‘ -0.483 0.184
B4-2B - . =0.555 0.191
B5-1B -0.145 0.362
, BS5-2B ' -0.456 0.239 '
. C1-1B ' ~0.547 © -0.171
C1-28B \ -0.057 , 0.351
c2-18B -0.045 0.423
c2-2B ~0.281 0.295
c3-18 ) ~0.230 " 0.284
, C3-2B " ~0.106 . 0.328
f c4-1B -0.547 ~0.003
§ cd-28 o ~0.399 0.084
: C5-1B -0.335 0.331 1
‘ C5-2B ' " -0.193 : 0.351 g
~
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€
Heat Treatment Data of A357 Alloy
and A356 (0.48 wt.% Fe) Alloy
Heat Treatment B (24 hours solution treatment)
Samplé Resistivity after Resistivity after
Solution treatment aging

(n2.m) (nQ.m)
Bl-1C 47.26 44.10
Bl-2C 47.72 44.05
B2-1C 43.99 42.40
B3-1C 47.67 42.88
B3-2C ) 47.34 ) 44.82
, B4-1C 45.83 43.31
B4-2C 47.18 K 43.99
B5-1C 47.78 44.57
BS5-2C . 44.68 42.62
~ Cl-1C 47.58 44.39
cl-2C 46.65 43.88
c2-1C 45.65 43.82
c2-2¢  46.19 43.18
C3-1C 45.41 : 42.68
C3-2C 45.26 43.41
Cc4-1C . 46.13 43.87
: C4-2C 46.67 ) 44.60
‘ © C5-1C 44.84 42.57

C5-2C 45.14 42.85

|

> AR A AR s st o e e T P ¢



191

Heat Treatment Data of A357 Alloy
and A356 (0.48 wt. % Fe) Alloy

Heat Treatment B (24 hours solutiog treatment)

~

Sample AV after solution AV after
treatment aging
(mV) (mV)
Bl-1C -0.609 0.075
Bl-2C ‘ -0.598 0.195
B2~1C g 0.115 0.546
B3-1C -0.657 0.340
B3-2C -0.543 0.054
B4-1C . -0.150 0.338
B4-2C -0.394 0.154
B5-1C -0.619 0.067
BS=-2C 0.024 g.46C
Cl-1cC -0.616 0.022
Cl=-2C -0.304 0.281
C2-1C -0.187 0.258
€2-2C -0.165 0.372
c3-1C . -0.186 ' 0.344
c3-2C ~-0.045 0.417
C4-1C -0.383" 0.126
C4~-2C -0.359 0.104
¢5-1C 0.032 ) 0.417

C5-2C -0.113 - 0.4653




Heat Treatment Data of A357 Alloy
and A356 {(0.48 wt.% Fe) Alloy

Heat Treatment C {48 houxrs solution treatment)

Sample

Bl-1D
Bl-2D
B2-1D
B3-1D
B3-2D
B4-1D
B4-2D
B5-1D
B5-2D

C1-1D
C1-2D
C2-1D
c2-2p
C3-1D
C3-2D
C4-1D
C4-2D
C5-1D
C5-2D

AV after sclution
treatment
{mV'}

48.61
48.26
48.44
48.35
48.09
48.54
46.50
48.00
49.26

48.22
45.31
46.86
45.90
45.26
46.33
47.17
46.740
46.51
45.98

AV after
aging

{(mV)

46.56
46.89
47.52
46.30
46.27
47.46
45.81
45.95
47.66

46.53
44,35
45.95
45,22
45.26
45,15
46.25
46.01
45.38
45.75
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Heat Treatment Data of A357 Alloy
and A356 (0.48 wt.3 Fe) Alloy

Heat Treatment C (48 hours solution treatrent)

Sample av afte
tr

B1~-1D
Bl-2D
B2-1D
B3-1D
B3-2D
B4-1D
B4-2D

C1l-~1D
C1l-2D
C2~1D
C2-2D
C3~1D
C3-2D
C4~1D
C4-2D
C5-1D
C5-2D

r colution
aatmont

(mv)

-1.135
-0.816
~1.021
-2.899
~0.826

-0.102,

~0.629
-1.222
-1.173

-1.711
~0.286
~0 4608
~0.,462
-0.308
-0.580
-0.559
-0.615
-0.676
~0.457

AV after

oging
{mV)

~1.20

-0.883
-3.950
~0.707
-0.718
~0.992
~0.682
~0.659
-1,390

-1.403
-0.115
~0.365
~0.214
-0.174

~-0.273 .
-0.376

~0.367
~0.350
-0.415
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APPENDIX 9

Results of Statistical Analysis of Heat Treatment Data

Heat treoatment measuremants were taken after solution

U

treatment and after aging. One part of the result analysis
invelved the study of the changes in resistivity that occur
upon heat trqgtment as a function of gstrontium content. For
cach alloy and for cach heat treatment two relationships werep
aexanined:
i) The difference in resistivity between an as-cast
and a solution treated bar versus strontium content

ii) The difference in resistivity between an as~cast

and an aged bar versus strontium content

The data was statistically analysed‘(section 2.2} and graéhs
plotted of the two relationships. Each relationship was
characterized Ey a gpecific F value. If this F value was
higher than the table F values (table VII) then the graphs

were satisfactory representations of the data.
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Results of Statistical Analysis of Heat Treatment Data
A356 Alloy '
Statistical F values
Heat Difference in D.C. resistivity between an as-cast

Treatment

bar and a hcat treated bar
content

(X) vs. strontium

X = solution treated bar

x

= completely heat
treated bar

11l.61

3.38

1.29

(3.42)

{3.42)

(3.42)

32.50 {3.42)
18.16, (3.42)

2.31 (3.42)

The corresponding table F values for 95% significance level are

shown in brackets pegide the experimedtal F values.
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i

Results of Statistical Analysis of Heat Treatment Data

A357 Alloy

Heat

Treatnent

Statistical

w

£

values

Difference in D.C. resistivity between an as-
cast bar and a heat treated bar (X)

strontium content.

vE.

X = solution treated bar

X

= completely heat
treated bar

6.19  (6.39)
28.95  (9.01)
2.11  (5.14)

0.52

3.36

2.36

(6.39)

(5.41)

N

(5.41)

’

The corresponding table F values for 95% significance level

are shown in brackets beside the experimental F values.
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Results of Statistical Ahalysis of Heat Treatment Data
A3S56 Allov containing 0.48 wt.% Fe
Statistical F values
Heat Difference in D.C. resistivity between an ag-
y cast bar and a heat treated bar (X) vs.
Treatment strontium content.
2
¥ = golution treated bar X = completely heat
treated bar
A 2.59  {5.19) 4,19 (4.74)
o B 3.89  (4.74) 12.34  {4.76)
C 1.34 (4.76) 2.72 (4.76)

The corresponding table F values for 95% “significance level

are shown in brackets beside the experimental F values.
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APPENDIX 190

Calculation of Instrument Inaccuracies for the D.C. and A.C.

Technigues

1. D.C. Technique

.

Accuracy of voltmater = +06.03 _ of recading
Accuracy of Ammeter = +0.4 of reading
Accuracy of vernier gauge = +0.0005% of reading

U

Accuracy of micrometer screw gauge +0.03 % of reading

Total error in resistivity reading

f

(+0.038) + (+0.40%) + (+0.0005%) + 2(+0,03%)

i

+0.491% of reading.

Taking the resistivity reading as the lowest resistivity
measurement -~ 40.91 nqa.m
+0.491 % of 40.91 n .m = +0.20 nam

Instrumental Inaccuracy of D.C. technique = +0.20 nQm

2. A.C. Technigue

]

Accuracy of voltmeter +0.03% of reading in mV

i

Atcuracy of current éetting +0.1 % of reading in mV

Atcuracy of voltage setting = +0.01% of reading in mv

]

Accuracy of lock-in amplifier +0.01% of reading in mV

Vst o



Total error in AV reading

(+0.03%) + (+0.1%) + (+0.01%) + (+0.01%)

il

+0.15% of reading

Taking the AV reading as the smallest AV measurement;

0.013 mV +0.15% of 0.013 mV = +2.0 x 10°° mv

Instrumental Inaccuracy of A.C. technique = +2.0 X 10~

199
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APPENDIX 11

Calculation of the Standard Resistivity Error between

The

Bars of the Same Strontium Content

resistivity between similar bars from the sdme cast-

ing was found to wary. In order to quantify the variation in

2
resistivity between similar bars the following procedure was
performed; .

1. The standard deviation of resistivity values of the

The same
standard

content.

four bars in each casting was calculated = SD'
The sum of the squares of the standard deviations was
found, and divided by the number of castings = ESDZ%ZG
The square root of ESDZ /. 26 was determined to give

the standard error in resistivity between similar bars.

procedure was performed on porosity data to find the

porosity variation between bars of the same strontium

>y
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