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RESUME

En tant qu'une des familles principales des alliages d'aluminium, les alliages Al-Si offrent
une excellente coulabilité, une bonne résistance a la corrosion et des bonnes propriétés
physiques et mécaniques. L'alliage A356.2 commercialement populaire, appartenant au
systtme Al-Si-Mg, a d'excellentes caractéristiques de coulée, soudabilité, étanchéité de
pression et résistance a la corrosion. L'alliage est généralement soumis & un traitement
thermique (traitement T6) pour fournir de diverses combinaisons des propriétés de traction
et physiques qui sont attrayantes pour plusieurs d’applications en industrie de 1’automobile
et de ’aérospatiale telles que des blocs de moteur, des tétes de cylindre et des roues. De tels
composants critiques exigent que les pieces coulées présentent des propriétés conformes de
résistance et de ductilité dans tout le matériel solidifié.

Il est bien connu que la morphologie des particules eutectiques de silicium dans les alliages
Al-Si soit un facteur principal qui détermine les propriétés mécaniques de ces alliages.
Dans les conditions de tel que coulé, la microstructure d'alliage contient des particules
fragiles et aciculaires de silicium sous forme de plaquettes avec des cotés pointus aux
extrémités. D'un point de vue mécanique, la présence de telles particules sous forme
plaquettes dégradera les propriétés mécaniques parce que des efforts inhérents seront
centralisés sur les cotés et les extrémités pointus, ce qui entraine une rupture rapide. D'autre
part, si les particules eutectiques de silicium sont obtenues sous une forme fine et fibreuse
(silicium fibreux), une telle morphologie contribue aux meilleures propriétés de traction
avec des valeurs légerement plus élevées de résistance a la traction finale et a des valeurs de
ductilité considérablement plus grandes.

En plus de la taille et de la forme des particules eutectiques de silicium, la taille de grain et
le DAS (espacement de bras de dendrite) sont également importants pour les propriétés de
I’alliage. Le DAS est déterminé par le taux de refroidissement. En effet, des taux de
refroidissement plus élevés menent a une taille de grain plus fine et a une plus petite valeur
de DAS qui améliorent les propriétés. Tandis qu'un taux de refroidissement élevé peut
également produire des particules eutectiques de silicium plus fines, leur morphologie,
cependant, demeure la méme (c.-a-d. aciculaire).

La modification ou le changement de la morphologie de particules de silicium d’une forme
aciculaire a une forme fibreuse est habituellement provoquée en ajoutant un modificateur
au métal liquide. Pour cet effet, le strontium est généralement utilisé sous forme d'alliage
meére d'Al-10%Sr. Le role du strontium est d'affecter principalement la nucléation et la
croissance de la phase de silicium en développant un habillage efficace d'impureté devant la
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croissance de silicium présent dans l'alliage solidifié. Par la suite, cet habillage d'impureté
produit des particules fines de silicium qui contiennent une forte densité.

Les particules fines de silicium peuvent également étre produites en utilisant d'autres
moyens, par exemple un taux de refroidissement élevé, traitement de mise en solution ou
un traitement thermique du liquide. Un taux de refroidissement élevé a comme
conséquence un degré élevé de surfusion décalant le point Al-Si eutectique de l'alliage a
une plus basse température. Le taux de refroidissement élevé méne a la formation des
particules plus fines de silicium comparées a un taux de refroidissement bas.

Autres moyens pour obtenir des particules fines de silicium est 1'utilisation du traitement
thermique du liquide, ou le processus de MTT. Dans ce cas-ci, I’utilisation de basses et de
hautes températures pour I’alliage produit une structure fine de silicium. L'effet de
modification est réalisé par des noyaux résultant de la dégénération de grands amas
d'atomes et quelques solides réfractaires dans la basse température quand I’alliage est
chauffé a hautes températures. Dans ce processus aucune addition d'élément n'est exigée.
C'est une technique relativement récente qui semble &tre une alternative prometteuse a la
modification au strontium Sr, car elle n'exige aucune addition d'élément, de ce fait
ramenant le risque de porosité accrue normalement liée & 1'addition du strontium au métal
liquide.

L'utilisation de la surchauffe du métal liquide s'avére également un moyen pour produire
l'amélioration de la structure eutectique de silicium. Dans ce cas-ci, aussi, la température
élevée de la fonte aide a la dégénération des amas d'atomes, fournissant plus de noyaux
pour la formation de dendrite d'a-Al fournissant un affinage de la microstructure.

Dans les alliages d'aluminium traitables thermiquement, les propriétés mécaniques sont
augmentées par l'utilisation des traitements thermiques. Ces deriers qui sont appliqués sur
les alliages A356 se composent de trois €tapes : un traitement thermique de mise en
solution (& 540 °C) pendant un temps indiqué, une trempe (dans 1'eau chaude), suivie d’un
vieillissement artificiel & 155 °C. La partie de traitement de mise en solution du processus
affecte directement les particules de silicium et, dépendant d'un temps optimum de
traitement, produit des particules sphéroidisées de silicium. Des temps plus grands de
traitement de mise en solution peuvent mener a des particules aciculaires de silicium.

Ainsi, n'importe quel facteur qui peut affecter la morphologie des particules eutectiques de
silicium aura un effet sur les propriétés mécaniques des alliages Al-Si. Le but du travail
actuel est d’étudier de divers moyens d'obtenir une structure eutectique fine de silicium
dans I’alliage A356.2 et d'améliorer de ce fait les propriétés mécaniques de celui-ci. Les
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effets du taux de refroidissement, la modification au Sr, le traitement thermique de mise en
solution et le traitement thermique du métal liquide sur les caractéristiques des particules de
silicium de l'alliage A356.2 (Al-7%Si-0.4%Mg) ont été étudiés. Les parameétres des
particules mesurés étaient la surface moyenne, la longueur moyenne, le rapport de la
rondeur et le rapport longueur/largeur en utilisant I'analyse d'image et la microscopie
optique. Basé sur les résultats obtenus a partir des caractéristiques microstructurales, des
propriétés de traction (la limite ultime, la limite élastique et I’allongement a la rupture) des
échantillons choisis ont été examinées au moyen d’une presse INSTRON universelle pour
déterminer l'effet de ces facteurs sur les propriétés mécaniques.

Les résultats ont prouvé que les alliages qui ont subi une modification au strontium Sr
accompagnée d’une surchauffe et qui ont subi le processus de modification MTT
fournissent trés bien des particules eutectiques fines de silicium, le processus de Sr-MTT
donne de meilleurs résultats de modification.

La taille et la morphologie des particules eutectiques de silicium sont affectées par le
procédé de modification utilisé. Les alliages SrM, SH et StIMTT coulés montrent des
particules fibreuses de silicium bien modifiées, tandis que les alliages MTT qui montrent
des particules de silicium, bien que raffinées dans une certaine mesure, maintiennent
toujours leur morphologie aciculaire.

Le taux de refroidissement affecte la dimension particulaire du silicium eutectique puisque
un taux de refroidissement plus élevé produit des particules plus fines de silicium.
Cependant, dans la marge des taux de refroidissement fournis par les extrémités froides du
moule utilisé dans ce travail, le taux de refroidissement n'affecte pas la morphologie des
particules de silicium.

Pendant le traitement thermique de mise en solution a 540 °C, les particules eutectiques de
silicium subissent une fragmentation, une sphéroidisation, et grossissement affectant la
morphologie des particules de silicium. Le processus de sphéroidisation est déterminé par
la taille et la morphologie des particules de silicium dans les conditions tels que coulés. Les
alliages subissant une modification au Sr, une surchauffe et un processus de ST(MTT avec
leurs particules de silicium raffinées ont besoin moins de temps de traitement de mise en
solution pour le processus de sphéroidisation que les alliages non modifiés et alliages MTT.

Une analyse des essais de traction pour les diverses coulées de l'alliage A356.2 (NM, SRM,
MTT SH et StMTT) dans la condition tel que coulé montre que le taux de refroidissement
et le procédé de modification n'avez aucune influence sur la limite élastique. La limite
ultime (UTS) peut étre améliorée par SrM, SH, et un traitement de STMTT. Le processus de
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MTT n'a aucune influence apparente sur I'UTS. Le traitement de StM et de SIMTT peuvent
considérablement améliorer le pourcentage de 1’élongation a la rupture de l'alliage A356.
Les processus SH et de MTT montrent aucune amélioration significative dans le
pourcentage de I'élongation. Un pourcentage d’allongement plus élevé peut étre produit a
un taux de refroidissement plus élevé.

L'effet du traitement thermique de mise en solution sur les propriétés de traction des
diverses coulées de l'alliage A356.2 peut étre résumé comme suit. La limite élastique des
diverses coulées de l'alliage A356.2 est sensiblement améliorée aprés le traitement
thermique de mise en solution de 8 h di & la précipitation de Mg,Si. La limite élastique
demeure plus ou moins la méme avec un accroissement plus ultérieur & un temps de
traitement a 80 h. La limite ultime UTS est également considérablement améliorée dans les
8 premiéres heures du traitement thermique de mise en solution et reste alors au méme
niveau avec le temps augmentant jusqu'a 80h. L'amélioration est attribuée a la précipitation
de Mg,Si, a la dissolution du silicium dans la matrice d’aluminium et au changement de la
morphologie de particules de silicium (sphéroidisation). La ductilité des alliages A356.2
qui ont subi le processus de NM, SH, et MTT peut &étre améliorée considérablement avec le
traitement thermique de mise en solution (par exemple de ~ 6% dans 1’alliage non modifié
et dans la condition de tel que coulé a ~ 10% apres un traitement de mise en solution de 80
heures). Cependant, les alliages qui ont subi le processus StM et SIMTT ne montrent
aucune amélioration remarquable.



ABSTRACT

As one of the major families of aluminium alloys, Al-Si alloys offer excellent
castability, good corrosion resistance, as well as a wide range of physical and mechanical
properties. The commercially popular A356.2 alloy, belonging to the Al-Si-Mg system, has
excellent casting characteristics, weldability, pressure tightness and corrosion resistance.
The alloy is generally heat-treated (T6 treatment) to provide various combinations of tensile
and physical properties that are attractive for several aircraft and automobile applications
such as engine blocks, cylinderheads and wheels. Such critical components require that the
casting parts exhibit consistent strength-ductility properties throughout the casting.

It is well known that the morphology of the eutectic silicon particles in Al-Si alloys
is a key factor which determines the mechanical properties of these alloys. In the as-cast
condition, the alloy microstructure contains brittle, acicular silicon particles in the form of
plates with sharp sides and ends. From a mechanical point of view, the presence of such
plate-like particles will degrade the mechanical properties because inherent stresses will be
centralized on the sharp sides and ends and induce fracture more rapidly. On the other
hand, if the eutectic silicon particles are obtained in a fine, fibrous form (fibrous silicon),
such a morphology contributes to much better tensile properties with somewhat higher
values of ultimate tensile strength and greatly increased values of ductility.

In addition to the size and shape of the eutectic silicon particles, grain size and DAS
(dendrite arm spacing) is also important for alloy properties. The DAS is determined by
cooling rate. Higher cooling rates lead to a finer grain size and a smaller value of DAS
which improve the properties. While a high cooling rate can also produce finer eutectic
silicon particles, their morphology, however, remains the same (i.e. acicular).

The ‘modification’ or change in the silicon particle morphology from acicular to
fibrous is usually brought about by adding a ‘modifier’ to the alloy melt, for which
strontium is commonly employed in the form of Al-10%Sr master alloy. The role of
strontium is to primarily affect the nucleation and growth of the silicon phase by
developing an effective impurity buildup in front of silicon growth fronts present in the
solidifying alloy. Eventually, this impurity buildup produces the fine silicon particles which
contain a high density of twins.
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Fine silicon particles can also be produced using other means, e.g. a high cooling
rate, solution heat treatment or melt thermal treatment. A high cooling rate results in a high
degree of undercooling, which results in shifting the Al-Si eutectic point of the alloy to a
lower temperature. The high cooling rate leads to the formation of finer silicon particles
compared to a low cooling rate.

Another means of obtaining fine silicon particles is through the use of melt thermal
treatment, or the MTT process. In this case, the mixing of low and high temperature melts
of the alloy produce a fine silicon structure. The modification effect is achieved by nuclei
resulting from the degeneration of big atom clusters and some refractory solids in the low
temperature melt when it is heated by the high temperature melt. In this process no element
addition is required. This is a relatively recent technique that appears to be a promising
alternative to Sr modification, as it requires no element addition, thus reducing the risk of
increased porosity normally associated with the addition of strontium to the alloy melt.

The use of melt superheat is also found to produce refinement of the eutectic Si
structure. In this case, also, the high melt temperature assists in the degeneration of atom
clusters, providing more nuclei for a~Al dendrite formation, and a resulting refinement of
the microstructure.

In heat-treatable aluminum alloys, the mechanical properties are enhanced by the
use of heat treatments. Heat treatment of A356 alloys consists of three steps: solution heat
treatment (at 540°C) for a specified time, quenching (in warm water), followed by artificial
155°C aging. The solution treatment part of the process directly affects the silicon particles
and, depending upon an optimum treatment time, produces spheroidized silicon particles.
Larger solution treatment times lead to coarsening of the Si particles.

Thus, any factor that can affect the morphology of the eutectic silicon particles will
have an effect on the mechanical properties of Al-Si alloys. The aim of the present work
was to investigate various means of obtaining a fine eutectic silicn structure in A356.2 alloy
and thereby improve the alloy mechnical properties. The effects of cooling rate, Sr
modification, solution heat treatment and melt thermal treatment on the silicon particle
characteristics of A356.2 (Al-7%Si-0.4%Mg) alloy were studied. The particle
characteristics measured were the average particle area, average particle length, average
particle roundness and average particle aspect ratio, using image analysis and optical
microscopy. Based on the results obtained from the microstructural characteristics, tensile
properties (yield strength, ultimate tensile strength and percentage elongation) of selected
samples were tested, using an Instron Universal MT machine, to determine the effect of
these factors on the mechanical properties.

The results showed that Sr modification, superheat, and Sr-modification-MTT
processed castings provide fine eutectic Si particles, the SIMTT process giving the best
modification results .
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Both size and morphology of the eutectic silicon particles are affected by the
modification process used. The SrM, SH and StMTT castings show well modified fibrous
Si particles, whereas the MTT casting exhibits Si particles that, although refined to a certain
extent, still retain their acicular morphology.

Cooling rate affects the eutectic Si particle size in that a higher cooling rate
produces finer Si particles. However, within the range of cooling rates provided by the end-
chill mold used in this work, the cooling rate does not affect the morphology of the Si
particles.

During solution heat treatment at 540°C, the eutectic Si particles undergo
fragmentation, spheroidization, and coarsening, affecting the Si particle morphology. The
spheroidization process is determined by the size and morphology of the Si particles in the
as-cast condition. The Sr-modified, superheat and StMTT processed castings with their
refined Si partcles require much less solution treatment time for the spheroidization process
to take place that do the non-modified (NM) and MTT castings.

An analysis of the tensile test data for the various A356.2 alloy castings (NM, SRM,
SH MTT and StMTT) in the as-cast condition shows that both cooling rate and
modification process have no influence on the yield strength. UTS can be improved by
SrM, SH, and StMTT treatment. The MTT process has no apparent influence on the UTS.
Both SrM and SrMTT treatment can greatly improve the percentage elongation of A356
alloy castings. SH and MTT processes do not show any significant improvement in the
percentage elongation. Higher percentage elongation can be produced at higher cooling
rate.

The effect of solution heat treatment on the tensile properties of the various A356.2
alloy castings can be summed up as follows. The yield strength of the various A356.2 alloy
castings is significantly improved after 8 h solution heat treatment due to the precipitation
of Mg;Si. The yield strength remains more or less the same with further increase in solution
treatment time to 80 h. The UTS is also greatly improved within the first 8 h of solution
heat treatment and then remains at the same level as solution time increases up to 80h. The
improvement is attributed to Mg,Si precipitation, dissolution of Si within the Al-matrix,
and change in the Si particle morphology (spheroidization). The ductility of the NM, SH,
and MTT processed A356.2 alloy castings can be improved considerably with solution heat
treatment (e.g. from ~6% in the non-modified casting in the as-cast condition to ~10% after
80 h solution treatment). However, that of the StM and STMTT processed castings shows
no remarkable improvement.
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CHAPITRE 1

INTRODUCTION

As one of the major families of aluminium alloys, Al-Si alloys offer excellent
castability, good corrosion resistance, as well as a wide range of physical and mechanical
properties. In addition, Al-Si alloys are also characterized by their low specific gravity, low
melting point, and negligible gas solubility with the exception of hydrogen which has
considerable solubility in molten aluminum at high temperature.

The commercially popular A356.2 alloy, belonging to the Al-Si-Mg system, has
excellent casting characteristics, weldability, pressure tightness and corrosion resistance.
The alloy is generally heat-treated (T6 treatment) to provide various combinations of
tensile and physical properties that are attractive for several aircraft and automobile
applications such as engine blocks, cylinderheads and wheels. Such critical components
require that the casting parts exhibit consistent strength-ductility properties throughout the
casting.

It is well known that the morphology of the eutectic silicon particles in Al-Si alloys
is a key factor which determines the mechanical properties of these alloys. In the as-cast
condition, the alloy microstructure contains brittle, acicular silicon particles in the form of
plates with sharp sides and ends. From a mechanical point of view, the presence of such

plate-like particles will degrade the mechanical properties (e.g., the tensile and impact



properties) because inherent stresses will be centralized on the sharp sides and ends and
induce fracture more rapidly. On the other hand, if the eutectic silicon particles are obtained
in a fine, fibrous form (fibrous silicon), such a morphology contributes to much better
tensile properties with somewhat higher values of ultimate tensile strength and greatly
increased values of ductility. The ‘modification’ or change in the silicon particle
morphology from acicular to fibrous is usually brought about by adding a ‘modifier’ to the
alloy melt, for which strontium is commonly employed in the form of Al-10%Sr master
alloy. The role of strontium is to primarily affect the nucleation and growth of the silicon
phase by developing an effective impurity buildup in front of silicon growth fronts present
in the solidifying alloy. Eventually this impurity buildup produces the fine silicon particles
which contain a high density of twins.

Fine silicon particles can also be produced using other means, e.g. a high cooling
rate, solution heat treatment or melt thermal treatment. A high cooling rate results in a high
degree of undercooling, which results in shifting the Al-Si eutectic point of the alloy to a
lower temperature. The high cooling rate leads to the formation of finer silicon particles
compared to a low cooling rate.

Another means of obtaining fine silicon particles is through the use of melt thermal
treatment, or the MTT process. In this case, the mixing of low and high temperature melts
of the alloy produces a fine silicon structure. The modification effect is achieved by nuclei
degenerated from the big atom clusters and some refractory solids in the low temperature
melt when it is heated by the high temperature melt. In this process no element addition is

required.



In heat-treatable alloys, the mechanical properties are enhanced by the use of heat
treatments. Heat treatment of A356 alloys consists of three steps: solution heat treatment (at
540°C) for a specified time, quenching (in warm water), followed by artificial aging (at
150°C). The solution treatment part of the process directly affects the silicon particles and,
depending upon an optimum treatment time, produces spheroidized silicon particles. Larger
solution treatment times lead to coarsening of the Si particles.

Basically speaking, any factor that can affect the morphology of the eutectic silicon
particles will have an effect on the mechanical properties of Al-Si alloys. The aim of the
present work was to study the effect of various combinations of the above four factors i.e.,
cooling rate, Sr modification, solution heat treatment and MTT on the silicon particle
characteristics of A356.2 (Al-7%Si1-0.4%Mg) alloy, the particle characteristics measured
being the average particle area, average particle length, average particle roundness and
average particle aspect ratio. Based on the results obtained from the microstructural
characteristics, tensile properties (yield strength, ultimate tensile strength and percentage
elongation) of selected samples were tested to determine the effect of these four factors on

the mechanical properties.



1.1 OBJECTIVES

The present research work was undertaken to investigate various means of obtaining
a fine eutectic silicon structure in A356.2 alloy and thereby improve the alloy mechanical
properties. The main objectives of the study were as follows:

1) Investigate the effects of cooling rate, strontium modification, melt thermal
treatment (MTT process) and solution heat treatment on the eutectic silicon
particle characteristics in A356.2 alloy;

i1) Study the effect of the above parameters on the alloy tensile properties (yield
strength, ultimate tensile strength and percentage elongation);

1i1) To date, there are very limited studies reporting on the effect of the MTT
process on the modification of eutectic silicon particles in A356 alloys. The
data collected in this study will help to bridge the existing gap in the

literature in this area.
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LITERATURE REVIEW

2.1 ALUMINUM-SILICON CASTING ALLOYS

Aluminum casting alloys with silicon as a major alloying element are an important
class of alloys, widely employed due to their superior casting characteristics compared to
other aluminum alloys, as well as their high corrosion resistance, low thermal expansion
coefficient, weldability, and elevated mechanical properties. Today, Al-Si alloys are used
extensively in the automobile industry for engine components including blocks, cylinder
heads, pistons, intake manifolds and brackets, and are replacing cast iron components
because of their light weight. '

One of the main features of Al-Si alloys is their excellent castability. This refers to
the high fluidity of the molten alloy and its ability to flow into and fill the areas of a mold
before it becomes too solid to flow any further. This feature of high fluidity is characterized
by one thermal property of Al-Si alloys: the heat of fusion. It is known that aluminum has a
high heat of fusion, i.e., a lot of heat must be absorbed by the mold and its surroundings in
the course of solidifying aluminum (more, in fact, than any other of the commonly-cast

metals). However, the heat of fusion of silicon is even higher, and several times greater



than that of aluminum (cf. 55.55 kJ mol™ with 10.79 kJ mol for Al). In this case, alloying
silicon into aluminum significantly increases the heat that must be removed from the Al-Si
alloy melt for it to solidify. The more heat that must be removed, the longer the time it will
take, and the further the alloy can flow, i.e., the higher its fluidity. Although the fluidity of
Al-Si alloys can be increased by increasing the Si content, however, when the Al-Si alloys
contain 18-20% or more silicon, the formation of primary silicon crystals in the melt may
mechanically impede the flow. That is why the silicon content of most Al-Si alloys is
controlled to within 18%, with only a few exceptions (e.g., 392 and 393 alloys). '

With the addition of certain elements to Al-Si alloys, a wide range of physical and
mechanical properties including high corrosion resistance, good weldability, low
shrinkage/thermal expansion, and high tensile properties can be achieved in different Al-Si
alloys. However, not every element can be an alloying element of aluminum, as it must
have a considerable solubility in aluminum, especially in the solid state.

Table 2.1 shows the solubility of various elements in aluminum. In practice, only a
few elements with sufficient solid solubility such as silicon, zinc, magnesium, and copper
can be used as alloying additions.

In AI-Si alloys with silicon contents of 11-13%, an Al-Si eutectic can be formed
during solidification. Such alloys are named as Al-Si eutectic alloys (e.g., 336 and 413
alloys). The two other groups of Al-Si alloys are the Al-Si hypoeutectic alloys with silicon
content between 5 and 10% (e.g., 319 and 356 alloys) and Al-Si hypereutectic alloys with

silicon content between 14 and 20% (e.g., 390 and 393 alloys), as shown in Figure 2.1.



Table 2.1 Solubility of various elements in binary aluminum alloys 2
Temperature(a) Liquid solubility Solid solubiiity
Eloment °C °F wit% at.% wt% at.
Ag. ...... 570 1060 60.9 55.6 23.8
Au....... 640 1180 0.7 0.36 0.049
B........ 660 1220 . 0.054 <0.001 <0.002
Be....... 645 1190 ) 2.56 0.063 0.188
Bi....... 660(b) 1220(b) 3.4 0.45 <0.1 <0.01
Ca....... 620 1150 7.6 5.2% <0.1 <0.05
Cd....... 650(b) 1200(b) 6.7 1.69 0.47 0.11
Co....... 660 1220 1.0 0.46 <0.02 <0.01
Cr....... 660(c) 1220(c) 0.41 0.21 0.77 0.40
Cu....... 550 1020 33.15 17.39 5.67 2.48
Fe....... 655 1210 1.87 0.91 0.052 0.025
Ga........ 30 80 98.9 97.2 20.0 8.82
Gd....... 640 1180 11.5 2.18 <0.t1 <0.01
Ge....... 425 800 53.0 29.5 6.0 2.30
Hf....... 660(c) 1220(c) 0.49 0.074 1.22 0.186
In....... 640 1180 17.5 4.65 0.17 0.04
Li....... 600 1110 9.9 30.0 4.0 13.9
Mg...... 450 840 35.0 37.34 14.9 16.26
Mn...... 660 1220 1.98 0.97 1.82 0.90
Mo...... 660(c) 1220(c) 0.1 0.03 0.25 0.056
Na ...... 660(b) 1220(b) 0.18 0.21 <0.003 <0.003
Nb. ...... 660(c) 1220(c) 0.0t 0.003 0.22 0.064
Ni....... 640 1180 6.12 2.91 0.05 0.023
Po....... 660 1220 1.52 0.20 0.15 0.02
Pd....... 615 1140 24.2 7.5 <0.1 <0.02
Rh....... 660 1220 1.09 0.29 <0.1 <0.02
Ru....... 660 1220 0.69 0.185 <0.1 <Q.02
Sb....... 660 1220 1.1 0.25 <0.1 <0.02
Sc....... 660 1220 0.52 0.31 0.38 0.23
Si....... 580 1080 12.6 12.16 1.65 1.59
Sn....... 230 450 99.5 97.83 <0.01 <0.002
Sr....... 655 1210
Th....... 635 1180 25.0 3.73 <0.1 <0.01
Ti....... 665(c) 1230(c) 0.15 0.084 1.00 0.57
Tm...... 645 1190 10.0 1.74 <0.1 <0.01
U........ 640 1180 13.0 1.67 <0.1 <0.01
Voo, 665(c) 1230(c) 0.25 0.133 0.6 0.32
Y...o..... 645 1190 7.7 2.47 <0.1 <0.03
Zn....... 380 720 5.0 88.7 82.8 66.4
Ze. ... 660(c) 1220(c) 0.1 0.033 0.28 0.085

(a) Eutectic reactions unless designated otherwise. (b) Monotectic reaction. (c) Peritectic reaction.
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Figure 2.1 Part of the Al-Si phase diagram showing composition ranges of various

Al-Si alloy types. °

From Figure 2.1 it can be seen that the solidification process of Al-Si hypoeutectic
alloys includes:

1) Formation of the a-aluminum dendrite network;

2) The aluminum-silicon eutectic reaction to produce the Al-Si eutectic; and

Precipitation of secondary eutectic phases, such as Mg,Si and Al,Cu also takes
place depending on whether the alloy contains magnesium and copper, €.g., such as in the

case of Al-Si-Mg, Al-Si-Cu, and Al-Si-Cu-Mg alloys.

According to the three-digit designation system of the Aluminum Association,* Al-
Si base alloys belong to the 3XX and 4XX series of aluminum casting alloys, as shown in

Table 2.2 below.
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Table 2.2 Classification of aluminum casting alloys *

Series Alloy family

1XX 99.0% min Al

2XX Al-Cu

3XX Al-Si-Mg, Al-Si-Cu, Al-Si-Cu-Mg
4XX Al-Si

5XX Al-Mg

6XX Unused

7XX Al-Zn

8XX Al-Sn

9XX Unused

In AI-Si alloys, Mg and Cu are the two most important alloying additions. Within
Al-Si alloys, Al-Si-Mg, Al-Si-Cu, and Al-Si-Cu-Mg are the three major alloy systems in
the 3XX series, for which A356.2, A319.2, and B319.2 are typical examples. The main
function of Mg and Cu is to aid in Mg,Si and Al,Cu precipitation, which can improve the
alloy mechanical properties upon heat treatment.

At the same time, because of the presence of some impurity elements such as Fe and
Mn, some intermetallic phases also precipitate during solidification. The iron intermetallics
AlsFeSi and a-Al s(Mn,Fe);Si, are two phases often seen in Al-Si alloys. The (-AlsFeSi
phase tends to form thin platelets which appear as needles in cross-section. These platelets

are very hard and brittle and have a relatively low bond strength with the matrix.” The j-
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iron phase also increases porosity by blocking feeding channels between solidifying a-Al
dendrites.

Among Al-Si alloys, hypoeutectic alloys such as 319 (Al-6.5%Si-3%Cu) and 356
(Al-7%Si-0.3Mg) offer good castability and corrosion resistance, while 380 alloy (Al-
8.5%8Si-3.5%Cu) is popularly used in die casting for the silicon provides good casting
properties and the alloy can be strengthened by adding small amounts of Cu, Mg or Ni.
Eutectic alloys such as 413, 443 and 444 alloys provide high corrosion resistance, good
weldability and low specific gravity. Hypereutectic alloys such as 390 alloy which contain
high silicon levels have outstanding wear resistance, a lower thermal expansion coefficient,
and very good casting characteristics.

Table 2.3 shows the characteristics of some major Al-Si alloys, where the

characteristics are rated on a scale of 1 to 5, from best to worst.

Table 2.3 Characteristics of aluminum-silicon casting alloys®

Alloy Casting Resistance  Pressure  Flui- Shrinkage Corrosion Machin- Weld-
Method To Tearing  Tightness dity  Tendency Resistance ability  ability

319.0 S,P 2 2 2 2 3 3 2
332.0 P 1 2 1 2 3 4 2
355.0 S,P 1 1 1 1 3 3 2
A356.0 S,P 1 1 1 1 2 3 2
A357.0 S,P 1 1 1 1 2 3 2
380 D 2 1 2 - 5 3 4
390 D 2 2 2 - 2 4 2
413.0 D 1 2 1 - 2 4 4
443.0 P 1 1 2 1 2 5 1

S: sand casting; P: permanent mold casting; D: high pressure die casting
Rating: 1 Best, 5 Worst
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2.2 A356 TYPE Al-Si-Mg ALLOYS

The Al-Si-Mg alloy system has excellent casting characteristics, weldability, pressure
tightness, and corrosion resistance. With heat treatment, Al-Si-Mg alloys can provide a
wide range of physical and mechanical properties. The heat treatment includes the
processes of solution heat treatment, quenching, and natural or artificial aging. Such alloys
are commonly used in automobile components such as engine blocks and wheels. >

Among Al-Si-Mg alloys, A356.2 alloy is a commercially popular alloy, used for its
excellent mechanical properties and high strength-to-weight ratio. Its chemical composition
is given in Table 2.4.

Table 2.4 Chemical composition of A356.2 alloy

AA Designation Si % Mg % Fe % Cu% | Mn% | Zn%
A356.2 6.5-7.5 0.30-0.45 | 0.13-0.25 0.10 0.05 0.05

The excellent mechanical properties of A356.2 alloy can be attributed to the effects
of Si and Mg after heat treatment of the alloy. Solution heat treatment at 540°C followed by
quenching and natural or artificial aging allows for the formation of interdendritic non-
equilibrium precipitates of Mg,Si and changes in the Si particle characteristics.””® In
general, A356.2 alloy contains 0.3 to 0.45% Mg which can induce age hardening through
the precipitation of Mg,Si. The higher the Mg content, the more the age hardening that can
be achieved. However, when the Mg content exceeds 0.7%, no further hardening is
observed. Increase in Mg content up to 0.7% has been reported to result in higher yield

strength or lower ductility and fracture toughness.’
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The Si particle characteristics, especially the morphology, also influence the
mechanical properties, where a change from an acicular to a fibrous morphology improves
the properties, in particular, the ductility. In this regard, the molten metal processing (melt
treatment) and casting techniques, and the type of heat treatment used are the different

factors by which the form and size of the silicon particles can be controlled.”®

2.3 SOLIDIFICATION OF A356 ALLOY

Although stable equilibrium solidification seldom exists in a practical casting
process, the study of equilibrium systems is still very valuable because it constitutes a
limiting condition from which actual solidification conditions can be estimated.'’ In a real
casting process, the extent of deviation from equilibrium conditions has a significant effect
on the actual microstructure observed.

Solidification of hypoeutectic Al-Si alloys can be characterized by a short
nucleation event, the subsequent growth of equiaxed dendrites until they impinge onto each
other at the dendrite coherency point, the growth and coarsening of secondary dendrite
arms, and a final eutectic precipitation in the case of a binary alloy. In the case of A356
(Al-Si-Mg) alloy, precipitation of a secondary eutectic Mg,S1 phase takes place in the final

stages of solidification, following the Al-Si eutectic reaction.
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Figure 2.2  Cooling curve of A356 alloy'*

Figure 2.2 shows the cooling curve and its first derivative (dT/dt) obtained from the
thermal analysis of A356 alloy. The cooling curve indicates the precipitation sequence in
A356 alloy at different stages of solidification process, viz., formation of the a-Al dendrite
network, followed by the Al-Si eutectic reaction and the precipitation of Mg,Si towards the

end of solidification. The dT/dt curve delineates the peaks corresponding to each reaction.

2.3.1 Formation of o - Al Dendrite Network

During solidification, precipitation of the o-Al phase from the liquid melt takes
place in the form of dendrites. With subsequent growth, these dendrites impinge onto each

other at the dendrite coherency point, followed by the growth and coarsening of secondary
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dendrite arms. Figure 2.3 provides examples of the dendrites observed in A356 alloy

samples obtained under high and low cooling rate conditions.
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Figure 2.3  Morphology and size of a-Al dendrites observed in A356.2 alloy under

(a) high cooling rate, and (b) low cooling rate conditions.

The secondary dendrite arm spacings (SDAS) is popularly used to indicate the size
of the a-Al dendrites and hence provide an estimation of the fineness of the microstructure.
Many studies''*'?>'51¢ have pointed out that the SDAS is basically controlled by the
cooling rate, since the cooling rate dictates the speed at which mass diffusion occurs.'* It
takes time for the Al atoms to diffuse to the dendrites from the liquid. Thus, the higher the
cooling rate, the less time it will take for the Al atoms to diffuse, and the smaller will be the
SDAS, as shown in Figure 2.4.

The following equation is commonly used to describe the effect of cooling rate on

the size of the a-Al dendrites:'>'°
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A=BR™
where A is the dendrite cell dimension, B and « are constants, and R = dT/dt is the average
cooling rate during solidification of the primary o-Al dendrite cells. This equation is

supported by several published experimental results, some of which are plotted in

. 11,12,13,15,16
Figure 2.4.
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Figure 2.4  Dendrite cell size as a function of cooling rate.

The fineness of the microstructure is also determined by the grain size. A grain
refers to a family of o-Al dendrites which origihate from the same nucleus. While a high
cooling rate reduces the dendrite arm spacing, it also refines the grain size. This effect is
called chilling grain refinement. Grain refinement can also be achieved by the addition of
certain elements such as Ti and B into the melt. This is known as chemical grain
refinement. In this process, the grain refiner is added to the melt in the form of a master

alloy or flux, to provide an enhanced number of nuclei for the nucleation of new o-Al
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crystals. In the present study, grain refinement of the A356.2 alloy employed was carried
out using Al-5%Ti-1%B master alloy.

The SDAS is an important parameter that controls the alloy tensile properties. The
smaller the dendrite cell size, the higher the tensile properties. A high cooling rate which
results in a small dendrite arm spacing can improve the tensile properties of A356 alloy.
Similarly, small grain sizes achieved with the addition of grain refiner will also improve the

tensile properties.

2.3.2 Formation of the Al-Si Eutectic

During solidification of A356 alloy, as the melt temperature drops down to 577.6°C,
which is widely accepted as Al-Si eutectic temperature,'’ the Al-Si eutectic reaction takes
place, as shown in Figure 2.1 and Figure 2.2. The eutectic reaction occurs at 577.6°C, at a

Silevel of ~ 12%.
A356 alloy liquid > Aleyt + Sieut

During the eutectic reaction, the liquid alloy is completely transformed to nearly
pure Si and Al in solid solution. The solid solution of Al can contain up to 1.5 wt.% Si at
the eutectic temperature. However, the solubility of silicon in aluminum decreases with
temperature, e.g., to 0.05 wt.% at 300°C."® The Al-Si eutectic nucleates on the primary
aluminum dendrites and grows into the interdendritic regions during the reaction. From the
Al-Si binary phase diagram, it can be estimated that A356 (Al-7%Si-0.4%) alloy contains

approximately 50% Al-Si eutectic.
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2.3.3 MgSi Precipitation

Towards the end of solidification, the Mg,Si will precipitate from the supersaturated
solid solution of Mg and Si in aluminum. The final characteristics of the Mg,Si is
determined by the cooling rate. Mg,Si precipitated at low cooling rates will be present as
coarse incoherent non-hardening particles, as shown in Figure 2.5. On the other hand, at
high cooling rates, Mg and Si atoms can be frozen in solid solution to form a supersaturated
solid solution (SSS) of Mg and Si in aluminum. Mg and Si atoms in the SSS state are ready

to be heat treated for age hardening, which will be elaborated in section 2.7.1.
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Figure 2.5 Optical microstructure showing precipitation of Mg,Si particles
in an Al-Si-Mg alloy at low cooling rate.
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2.4 MODIFICATIOIN OF Al-Si ALLOYS

From the time (1921) that Pacz'® discovered that Al-Si alloys containing 5 to 15%Si
could be treated with alkali fluoride (viz., sodium fluoride) to improve their ductility and
machinability, the study of modification has attracted many researchers.”**'*’ Early studies
dealt primarily with the use of sodium (Na) as the modifying agent.

In the 1970s, Hess and Blackmun® reported on the potential of strontium (Sr) as a
better and more reliable alternative for modification purposes. This was the starting point of
the numerous investigations that followed through the next two decades on the effect of Sr
as a modifier of Al-Si alloys in terms of both the enhancement in mechanical properties
obtained, as well as the increased porosity observed in the Sr-modified alloys.

Today, modification is one of the melt treatments commonly carried out for Al-Si
alloys where, through the addition of a ‘modifier’, the eutectic silicon morphology is
changed from its brittle, acicular plate-like form to a fibrous form that improves the alloy
properties.

Several elements are known to cause eutectic silicon modification. Group IA and
Group IIA elements of the Periodic Table, rare earth elements (e.g., La, Ce), As, Sb, Se and
Cd have all been reported to exert a modification effect. 2*%*" However, only Na, Sr and
Sb have been used in general. Among them, antimony (Sb), due to its toxic effects, is not
used in North America. Due to its low boiling point, the ‘fading’ or poor retention of
sodium in the melt once added, leaves Sr as the modifier of choice in present-day foundry

operations.
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The amount of each modifier element needed depends on the alloy composition, with
a higher silicon content requiring a larger addition of the modifier. Sodium is generally
used in the range of 0.005 to 0.01wt%. Strontium is used in the amount of ~ 0.02 wt% to
modify hypoeutectic alloys such as A356 (with 7%Si), while up to 0.04 wt% may be
needed for eutectic alloys such as 413 containing about 12 wt%Si.

Figure 2.6 shows how, with the addition of Sr-modifier to the melt, the unmodified

acicular eutectic Si plates become modified into fine particles, exhibiting a fibrous

morphology.
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Figure 2.6  Optical micrographs showing the eutectic Si morphology in as-cast A356
alloy samples in: (a) unmodified, and (b) 200ppm Sr-modified condition.

As can be seen, in the unmodified state (a), the eutectic Si particles are present in the
form of acicular flakes with a low density. By density is meant the number of Si particles
observed per unit area or field. However, with the addition of 200 ppm Sr, these flakes are
modified and refined into well-distributed fine fibres with a high density (b). This is

demonstrated more clearly by the SEM images of Figure 2.7.
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Figure 2.7  SEM images of : (a) eutectic Si flakes; (b) eutectic Si fibres.”

Apart from the use of modifiers (viz., chemical modification), the eutectic silicon can
also be modified through solution heat treatment or the use of high cooling rates (i.e.,
quench modification). As full modification is difficult to achieve by increasing the
solidification rate of the casting alone, Al-Si alloys are generally modified chemically,
using modifying agents.”

Superheating the Al-Si alloy melt is also known to refine the eutectic silicon.** More
recently, the melt thermal treatment (MTT) process has been reported as a promising
alternative method of modification of Al-Si alloys, by Japanese and Chinese

researchers. 238394142

2.4.1 Mechanism of Eutectic Silicon Modification

With respect to the Al-Si eutectic reaction, the silicon phase plays a critical role in the
modification process. In the unmodified state, the silicon particles assume a flake-like
morphology when they grow at solidification rates of 5-100 ums™, and at temperature

gradients of the solid-liquid interface of 50 -150°Cem™.>® The shape of the silicon particles
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(or flakes) can be described in terms of the facets on the close-packed {111} faces of the
diamond cubic structure, generally combined with a few twins on the same planes.
Transmission electron microscopic examination also shows that silicon flakes have < 211 >
preferred growth direction. These aspects are shown in the schematic diagram of

Figure 2.8 (a),%® while Figure 2.8 (b) shows how twinning occurs in a crystal.?’

(2) (b)

Figure 2.8  (a) Schematic model of eutectic Si flakes with twin configuration shaded,?®
(b) Twinning in a crystal showing the continuity of the atom planes across
the twin plane.?’

Crystallization of silicon takes place by the addition of atoms to form steps which
move across the solid-liquid interface. These steps originate at twins across the {111}
planes, as shown in Figure 2.9. By the means of a twin-plane reentrant (TPRE) growth
mechanism, the reentrant edge at the growth tip formed by the twin planes tends to retain
silicon atoms from the melt and promotes growth along the <112> direction. The modified

silicon, although imperfect crystallographically, is highly twined with a rough microfaceted
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structure. This type of growth of the modified silicon allows free and easy branching to
occur, to form the fibrous structure. The twin spacing is typically around 0.4-1.0 pum.

Both conventional and high resolution transmission electron microscopy (TEM and
HRTEM) studies on Al-Si alloys have shown that chemically modified eutectic Si contains

a much higher twin density than the unmodified eutectic.”®

{111)
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Figure 2.9  Schematic of twin planes and resultant grooves at the solid-liquid interface
during the growth of an unmodified Si particles.28

According to Shamsuzzoha et al. % modifying agents such as Sr or Na lead to an
impurity build up in front of the silicon growth front. It is this impurity buildup that affects
the growth of the eutectic Si particles during solidification by retarding the growth of the
faceted eutectic Si over the nonfaceted a-Al phase to give enough time for coupled eutectic
Si to grow. During the process of retarding eutectic Si growth, the impurity buildup induces
a TPRE-assisted zigzag growth mechanism to promote a high twin density in the eutectic Si

in Al-Si alloys treated by chemical modification.”
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2.5 METHODS OF EUTECTIC SILICON MODIFICATION

In general, modification of Al-Si alloys can be classified into two types: quench
modification and chemical modification. In the former, no additional element is added to
the melt and the eutectic Si flakes are refined under high cooling rates (growth rates of
1 mm's’ or higher). In the case of chemical modification, with low level additions of
certain chemical elements, the eutectic Si flakes are modified into branched fibres, while
primary Si particles (polygonal in shape) assume more nearly spherical shapes. The
chemical element addition or “modifier” or “modifying agent” can be Na, Sr, Ca, Ba or
selected rare earth metals (La, Ce, Pr, Eu, Yb).23

Recently, the melt thermal treatment or MTT process has also been reported to
refine the Al-Si eutectic in Al-Si alloy. In this process, low and high temperature melts of
the alloy are mixed to produce refinement of the eutectic silicon. The use of melt superheat

is also known to refine the eutectic silicon particles.

2.5.1 Quench Modification

Under rapid cooling rates, eutectic silicon particles can be refined from the large
and coarse flakes formed under slow cooling conditions. This is referred to as quench
modification. The information obtained from TEM observations indicates that the twin
density in quench-modified fibres is very low, and some fibres even appeared to be twin
plane-free.”” Such investigations have revealed that quench modified fibres actually have
the same characteristics of flakes refined by a large undercooling. Thus, in the case when

the Al-Si eutectic is quench modified, flake to fibre morphology transition is not related to
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a massive increase in the twin density in eutectic Si as is observed in the case of chemical
modification.

1.,* the transition of the eutectic Si particle morphology

According to Khan ef a
from flake to quench-modified fibrous is determined by the growth velocity, V, in that both
the undercooling and interparticle spacing are function of V. As Figure 2.10 shows, the
interparticle spacing decreases as the growth velocity increases,”® which means that any
factor that increases the growth velocity will produce a finer microstructure. At the same

time, the increase in undercooling with increase in growth velocity helps in promoting the

transition of the Si particles from flake to quench-modified fibrous form.
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Figure 2.10 Undercoolings (a) and interparticle spacings (b) for unmodified (o,®) and
quench modified (m,4) Al-Si eutectic plotted as function of growth velocity
for different temperature gradients: (o,m) 122°C cm ', (0,4) 76°C cm™.*°
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2.5.2 Chemical Modification

With the addition of a low concentration of a modifying agent to an Al-Si alloy
melt, the eutectic Si flakes can be modified into branched fibres which contain a high
density of twins. An effective modifying agent or modifier should be evaluated against the

following criteria:

. Size ratio of modifier atom to Si atom
. Melting point

. Vapour pressure

. Oxidation potential

The essential requirement for a modifier to induce twinning in eutectic Si crystals is
that the ratio of the modifier element atom size to that of the Si atom must be in the range
of 1.54 - 1.85. According to Lu and Hellawell”’, the ideal value of this ratio is around
1.646. From this point of view, many elements can be used as modifiers, e.g., Ca and La, as
shown in Table 2.5. Actually, these elements have been reported to have a modification
effect on Al-Si alloys.”?” However, sodium and strontium are the two most popularly used
commercial modifiers on account of some other important factors, as indicated in
Table 2.5.

A modifier with a low melting point can promote its rapid dissolution in the Al-Si
alloy melt which is usually held around 1000K. Thus, the dissolution of sodium with a
melting point of 371K is much easier than that of strontium which melts at 1042K. Calcium
and lanthanum are even more difficult to dissolve even though their atom ratios (1.68 and

1.59) are closer to the ideal value than that of strontium (1.84).
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Table 2.5 Properties of possible modifiers®’

Atomic Melting  Vapour Pressure -AG oxide
Element Radius, r T/Ts;i Point at 1000K (kjmol’ at  Koxidation
A) X) (atm) 1000K)

Ba 2.18 1.85 998 5x 107 482 20
Sr 2.16 1.84 1042 1x 107 480 15
Eu 2.02 1.72 1095 1.8x 10" 500 -
Ca 1.97 1.68 1112 2.6x10* 509 400
Yb 1.93 1.65 1097 56x 107 500 1500
La 1.87 1.59 1193 10° 487 -
Na 1.86 1.58 371 0.2 367 2.7x 107
Ce 1.83 1.56 1071 107 497 -
Pr 1.82 1.55 1204 10" 524 -
Nd 1.82 1.55 1283 10" 452 -

Vapor pressure also affects the choice of modifier. While a high vapour pressure is
helpful for dissolving the modifier into the melt more rapidly, it can also causes the element
to boil off and be lost from the melt, producing a ‘fading’ effect. Thus, sodium, which has
the highest vapour pressure (0.2 atm at 1000K), fades very easily compared to other
elements.

In addition to vapour pressure, oxidation potential is another important factor which
can lead to fading.23 The equilibrium constant Koyigation in Table 2.5 represents the oxidation

tendency of the reaction,

x ALLOs3 + y Modifier 2 2x Al + 3 Modifier, O,
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An element with a high value of K tends to be oxidized more easily than those with low K
values. Although Na is very easily oxidized when exposed to air, its oxidation tendency in
Al-Si alloy melts is very low. Other elements such as Ca and Yb have a high tendency for
oxidation in the melt and hence are not effective modifiers. In comparison, the oxidation of
Sr is very slow and so does not affect its efficiency as a modifier.

Through a comparison of eutectic Si particle characteristics observed in 200 ppm
Sr-modified permanent and sand mold castings of A356 alloys, Paray and Gruzleski’
highlighted the importance of chemical modification in situations where the Si particles
cannot be refined by increasing the solidification rate (as in the case of sand castings).

Combining the above criteria, among all the elements shown in Table 2.5, only
sodium and strontium have been used as effective modifiers for commercial application.
3132 A third element, antimony, is often used as a modifier in European foundries. Unlike
Na or Sr, Sb modifies the eutectic Si into a lamellar rather than a fibrous structure. The
modification is permanent and has less gas pick-up and porosity formation tendency.”
However, antimony does not work well at low cooling rates and is incompatible with other
modifiers. In addition, the recycling of metal containing Sb is very difficult. More
importantly, antimony is regarded as a health hazard and its commercial application is
banned by law in North America.

While sodium is capable of producing very fine eutectic Si fibres within a very
short time, there are several factors that limit its application. First of all, it is usually
available in the form of pure metal, stored in kerosene as it is very easily oxidized in air.

Thus, its addition to the melt is quite problematic, and its concentration in the melt very
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hard to control. Secondly, due to its high vapour pressure, it fades very quickly, providing
only a short-term modification effect. Thirdly, it is sensitive to porosity and has adverse
effects in terms of oxidation and agressivity against mold coatings or electrical
resistances.>

Compared to sodium, while strontium does not have an immediate modification
effect and has a tendency to cause porosity (which is not preferable for the mechanical
properties), it has its own advantages. Due to its low vapor pressure and less tendency for
oxidation, the loss rate of strontium is distinctly lower than that of sodium. Thus strontium
can provide a very durable modification effect. Strontium-modified melts can be cast and
remelted and will still exhibit a modified structure when re-cast. Also, strontium is very
easy to store without any special requirements. It is available in the form of master alloys
which makes its addition to the melt very convenient. Strontium can be used in many types
of castings including sand mold and permanent mold casting.

In practical application, strontium is added to the Al-Si alloy melt in the form of
master alloys, Al-10%Sr and Al-16%Si-10%Sr being the two most commonly used master
alloys, as they are economical and very convenient to use, with excellent recovery and no
fuming.>*

Master alloys may be obtained in various shapes, e.g., waffle form or rods. After the
master alloy is added to the melt, a certain holding time is required to achieve optimum
modification. For master alloy in waffle form, about 30 to 45 min are required, whereas in

the case of rods, only 15 to 20 min are sufficient to achieve maximum modification®
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Figure 2.11  Effect of holding time on degree of modification achieved in a 150ppm

Sr-modified A356 alloy using different Al-Sr master alloys.*

Chai and Bickerud®® conducted a study on the effect of holding time on the degree

of modification achieved in 150 ppm Sr-modified A356 alloys using different Al-Sr master

alloys. The degree of modification is based on a rating of 1 to 6, covering unmodified,

lamellar, undermodified, well-modified and overmodified structures.”® Figure 2.11 shows

the results of their study, while details of the master alloys used are given in Table 2.6.

Table 2.6 Compositions of master alloys listed in Figure 2.11.%®
Master Composition (wt%) ALST
alloys Sr Fe Si Al (um)
A 10.92 0.19 0.07 remain 400*100
B 3.60 0.15 0.06 remain 130*10
C 9.78 0.17 0.06 remain 10*1

* Size of Al,Sr particles present in the master alloy

From Figure 2.11 it can be seen that about 10-20 min are required to achieve

maximum modification. According to Chai and Bickerud,*® it is the size of the Al,Sr
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particles in the master alloy that affect the degree of modification. A master alloy with finer
Al4Sr particles will produce a higher degree of modification within a few minutes, like the
C master alloy does. In the present work, the Al-10%Sr master alloy was employed to

modify the A356.2 alloy melts.

2.5.3 Melt Thermal Treatment

Melt Thermal Treatment (MTT), which was first reported by Valanbun in the
1960s,”” has received much attention from Japanese and Chinese researchers in recent
years.z“’w’”"”’42 To a certain degree, it appears to be a promising alternative to chemical
modification in that it can reduce some of the negative influences of chemical modification
such as increased porosity. Microstructure analysis of MTT processed Al-Si alloy castings
show that the resulting microstructure is refined significantly, resulting in a considerable
increase in the tensile strength-to-elongation ratio.

In the MTT process, a low temperature melt (LTM) and a high temperature melt
(HTM) are mixed in preset weight proportions, stirred, and cast. When the temperature of
the LTM is just above the liquidus, the melt contains a lot of atom clusters and refractory
heterogeneous phases. The bonding force of these clusters is much lower than that of the
solid phases. The effects of heating with the addition of the HTM and stirring enable these
larger clusters to be easily broken into smaller ones which disperse in the melt uniformly,
acting as the nuclei. As the temperature of the clusters is higher than that of the solid phase,
the growing rate of these cluster nuclei will be slower than that of the solid phase, and the

secondary dendrites will also grow slowly, decreasing the dendrite arm spacing.
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Essentially, the LTM contains the nuclei, while the HTM provides instant thermal energy
for nuclei multiplication.>**’

Figure 2.12 shows the microstructure of eutectic Si particles observed in A356.2
alloy without and after MTT processing. It can be seen that in the non-modified state, the
silicon particles are present in the form of coarse acicular flakes after solidification, as
shown in Figure 2.12 (a). After MTT processing, the Si flakes are refined into finer and
more fibrous particles, as shown in Figure 2.12 (b). However, so far little study has been

reported on the research of the twin plane content in the Si particles formed in MTT

processed Al-Si alloys.

Figure 2.12 Effect of MTT on eutectic Si in A356.2 alloy, as cast: (a) without
MTT treatment; (b) MTT treated (2kg LTM at 600°C mixed with
4kg HTM at 900°C), cast at 720°C.

There are three factors which are critical to the modification effect of the MTT

process: the LTM structure, the holding time from the time of mixing the HTM into the

LTM until casting, and the cooling rate of the mixed melt.”’
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The structure of the LTM determines the solidification structure of MTT-processed
alloys. If the primary oAl phase of the LTM has a tree-like dendritic structure in the case
when the LTM is not stirred, the dendrite size will become smaller after the MTT process,
but the morphology of the dendrites will still remain tree-like, as shown in Figure 2.13(a).
On the other hand, if the dendritic structure of the LTM is broken into a rosette-like form
with stirring, as shown in Figure 2.13(b), the resulting solidification structure of the MTT
treéted melt will also be in non-dendrite, rosette-like or spherical morphology, as shown in

Figure 2.13 (c).*!

Figure 2.13 Solidification structure of A356: (a) unstirred LTM, 600°C; (b) stirred
LTM, 600°C; and (c) final structure by mixing HTM (850°C) into stirred
LTM (600°C).*!

There is a holding time between the mixing of the LTM and HTM melts and pouring.
During this period, the gas entrapped in the melt will escape, which can lower the gas

content in the solidified alloys and thus improve the soundness of the casting. However, on
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the other hand, the effect of the MTT process fades as the holding time increases. The
combination of these two factors results in a critical holding time at which the tensile
properties can reach their peak values. The study by Wang et al.*' shows the critical time is
60 seconds (see section 2.8.4, Figure 2.28).

Cooling rate can also affect the refining effect of the MTT process. There is a cooling
rate range for which the MTT process can improve the tensile properties most effectively.

According to Wang er al. *!, this range lies between 0.6 and 8.5 Ks™.

2.5.4 Melt Superheat

In addition to the MTT process, the effect of melt superheat on the eutectic Si
structure in A356.2 alloy was also studied in this work. When A356 alloy is heated to
temperatures above 800°C, the amount of clusters and crystalline particles in the melt
decrease to a very low level. If the A356 melt is solidified at a high cooling rate from the
superheated condition, the solidification structure will contain very fine Si particles, as
shown in Figure 2.14.

1.,*? if the heat treatment temperature is kept below 800°C, there

According to Jie et a
is no obvious effect on the refinement of the Si particles in A356 alloy. However, over
800°C, the Si particles are significantly refined. At melt temperatures of 900°C, the
refinement of the Si particles by superheat treatment is comparable to that obtained with
100 ppm Sr modification. Jie et al.** have contributed this refinement effect of superheat to

the existence of Mg in the A356 alloy, as they did not find any such effect in Al-Si binary

alloys (i.e., containing no Mg).
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Figure 2.14  Microstructures of eutectic Si in A356.2 alloy, obtained from melts:
(a) at 750°C; (b) superheated at 900°C for 20 minutes.

2.6 OTHER FACTORS AFFECTING EUTECTIC SILICON MODIFICAION

In order to achieve optimum modification, a number of other factors must be taken
into consideration. Both the chemical composition of the alloy and the solidification rate
will determine the structure of the eutectic Si in the as-cast condition, i.e., in the non-
modified state. The original size of the Si particles will determine the amount of modifier
addition required to bring about proper modification. Obviously, coarser Si particles will
require a higher modifier level to achieve a well-modified eutectic structure. Improper

additions could result in undermodification or overmodification.
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2.6.1 Chemical Composition

In the case of Al-Si-Mg alloys, Si and Mg are the main alloying elements. The Si
content will determine the amount of modifier required. Thus, for example, to achieve the
same degree of modification, an A413 alloy (with 12%Si) will require a higher addition of
modifier than will an A356 alloy containing 7%Si only.

In those Al-Si-Mg alloys containing a high level of Mg, such as A332 alloy
(1.0% Mg), Mg also has a slight refining or modification effect on the non-modified
acicular Si particles, resulting in an eutectic structure that is a mixture of fibrous, lamellar
and acicular particles. In A356 alloy, however, where the Mg content is only 0.4%, the Mg
does not affect the Si particles. Nevertheless, it does affect the modification process (using
Sr) as, due to the formation of the complex intermetallic compound Mg,SrAl4Si3, which
forms prior to the Al-Si eutectic, the modification effect of Sr is reduced, resulting in a
partially modified eutectic Si structure rather than a fully modified one. **

Phosphorus, an inevitable impurity in Al-Si alloys, can also reduce the effect of
modification by reacting with the modifier.* When strontium is added to A356 alloy, the
reaction between the phosphorus and strontium is the main reason for the strontium fading
that results. As shown in Figure 2.15, phosphorus has little effect on the degree of
modification during the first 10 minutes after the addition of strontium to the melt.*
However, since the melt must be held for a period of time (normally more than 10 minutes)
to render the strontium effective, the effect of modification will be distinctly reduced. In

this case, with 50 ppm phosphorus present in an A356 alloy containing 150 ppm strontium,

the modification degree afier 60 minutes holding time is reduced to 3 for the C master
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alloy, and to as low as 2 with the A and B master alloy’® (see Table 2.6 for details of these

master alloys). This problem can be solved by increasing the Sr level of the melt.

8
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Figure 2.15  Effect of phosphorus on modification in A356 alloy.*®

2.6.2 Solidification Rate

As the alloy microstructure and its constituents, including the eutectic Si particles,
can be refined under rapid cooling rates, a high solidification rate will also enhance the
effect of chemical modification. On the other hand, a very slow solidification rate could
degrade the modification effect even in the presence of a modifier level sufficient enough
to produce a fine fibrous eutectic Si structure. According to Pan et al.,* with 200 ppm Sr, a
fully modified structure can be achieved in a casting at a high cooling rate (0.75°C/s), while

only partial modification is obtained with a low cooling rate (0.34°C/s).
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Paray and Gruzleski’ quantified the effect of solidification rate on strontium
modification in A356 alloy, using permanent-mold and sand-mold castings, representative
of high and low solidification rates. Table 2.7 shows the Si particle parameters measured in

the two cases.

Table 2.7 Silicon particle size analysis for the effect of solidification rate on
modification.’

Parameter Permanent-mold casting Sand-mold casting
(modified by 200ppm Sr) | (modified by 200ppm Sr)
Particles/mm? 64866 48156
Area (um?) 0.24 £ 0.21 2.11£2.95
Perimeter ( (um) 2.19+1.14 5.84+4.29
Average diameter ( ym) 0.60 £ 0.26 1.64 + 1.08
Aspect ratio 1.74 £ 0.51 1.79 £ 0.57

It can be seen that for the same level of strontium (200 ppm), the permanent mold
casting produces much finer particles than the sand mold casting. However, the aspect ratio
of the Si particles is not affected by the solidification rate, i.e., solidification rate does not
affect the Si particle shape as does Sr modification.

Based on various experimental results reported in the literature,>>*®:47-4

it is
suggested that about 50-150 ppm Sr should be sufficient for relatively thin-section
permanent mold castings, but at least 150-300 ppm Sr is required to achieve full

modification in heavy sand mold castings that solidify at a low solidification rate.
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2.6.3 Undermodication and Overmodification

In chemical modification, the use of improper amounts of the modifier can lead to
either undermodification or overmodification.
With an insufficient modifier addition, the eutectic Si will exhibit a mixture of

modified Si fibres and unmodified Si flakes, as shown in Figure 2.16.
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Figure 2.16 Undermodified eutectic Si particles in A356 alloy
modified with 200 ppm Sr, as-cast condition.

When a modifier level in excess of that required is used, changes in the eutectic Si
termed “overmodification” will occur, as shown in Figure 2.17. When Sr is used as the
modifying agent, the overmodified eutectic Si appears larger than that in fully modified
state. Overmodification can be caused by two phenomena: (a) the coarsening and joining of
refined Si particles, and (b) the formation of different kinds of intermetallic particles

containing strontium, such as AlsSrSiy AlSrSiy and Al:SrSi,***® which will deplete the
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melt of the Sr needed to modify the Si particles in the regions where these intermetallics

occur.
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Figure 2.17  Internal structure of Si particles in Al-Si alloy
overmodified by 200ppm Na.*
Both undermodifiation and overmodification exert a deleterious effect on the
mechanical properties of Al-Si alloys. Thus a proper level of modifier is essential to

achieve the required enhancement in properties.

2.6.4 Porosity

Porosity is one of the main problems associated with the use of strontium as a
modifier. An increase in porosity is usually observed with the addition of strontium. As
hydrogen is the only gas which has a considerable solubility in aluminum in the liquid
state, the gas porosity observed in a casting is attributed to the hydrogen present in the melt.
Shrinkage porosity, on the other hand, results from the reduction in volume (shrinkage)
accompanying solidification. It has been suggested that the increase in porosity in Sr-

modified alloys may be attributed to an increase in the hydrogen level of the alloy melt
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with the Sr addition.

Many studies have been carried out in this context. Hurley and Atkinson®> have
shown that the hydrogen level in Sr-modified A356 alloy does not increase until the
temperature of the melt exceeds 1375 K (1101.85°C), as shown in Figure 2.18. As the melt
temperature for most Al-Si alloys is kept below 1000°C, the increase in porosity is not
expected to be caused by the increase in hydrogen content.

According to Argo and Gruzleski,* strontium addition results in the redistribution
of the porosity throughout the casting: an increase in the microshrinkage and a decrease in
the macroshrinkage (or piping), the total shrinkage remaining unchanged. The exact
reasons for this redistribution of microshrinkage are still not clear. Emadi and Gruzleski™
have proposed two possibilities: changes in interdendritic feeding or in the physical

properties of the liquid metal/alloy.
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According to Bian et al.,”' strontium modification results in a change in the porosity
morphology. In unmodified Al-10%Si alloys, the porosity is present in long, fissured,
irregular form. With the addition of strontium, however, the porosity has a more rounded,
regular and smooth shape, as shown in Figure 2.19. They suggest that the change in the
morphology characteristics may be caused by the change in surface tension, inclusion

content, and eutectic solidification with the addition of strontium.

(b)

Figure 2.19  Porosity observed in reduced pressure castings of Al-10%Si alloys in:
(a) unmodified, and (b) Sr-modified conditions.’

The problem of porosity in Sr-modified Al-Si alloys can easily offset the benefits
that modification brings to the mechanical properties, particularly with respect to the
ductility. Effective action should be taken to reduce the gas content, such as degassing after
strontium addition, redesigning the gating and riser of the mold, controlling the hydrogen
level in the liquid melt, and the use of chilling and directional solidification. In addition,
new processing methods, such as hot isostatic pressing, are reported to be very efficient in

reducing the porosity problem in Sr-modified alloys.”®
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2.7 EFFECT OF HEAT TREATMENT ON EUTECTIC SILICON PARTICLES

The presence of Mg in A356 alloy renders it a heat-treatable alloy, viz., one whose
mechanical properties can be enhanced with the use of a suitable heat treatment. Any heat
treatment process involves three steps: (i) solution heat treatment, (ii) quenching, and (iii)
natural or artificial aging. The improvement in properties is brought about through the

precipitation of Mg,Si within the alloy matrix during the aging process.

2.7.1 Role of Solution Heat Treatment

The main purpose of solution heat treatment is to dissolve as much Mg and Si into
solid solution in the matrix, homogenize the casting, and change the morphology of the
eutectic Si particles.*

Figure 2.20 shows that the solubility of Mg and Si in the Al-rich o-phase decreases
with temperature. Therefore, in order to dissolve as much as Mg and Si into solid solution,
the temperature of solution heat treatment must be as close as possible to the eutectic
temperature. At the same time, this temperature should never exceed the melting point in
order to avoid any local melting at the grain boundaries which can irreversibly reduce the
mechanical properties. In most cases, for A356 and A357 alloys, the temperature of
solution heat treatment is controlled at 540 + 5°C to achieve a solubility of about 0.6% Mg
in the solid solution.”

In the as-cast A356 alloy, the segregation of solute elements (Mg, Si) may affect the
mechanical properties. As the solubility of Si increases with temperature, the Si content

will be highest in the center of the o~Al dendrites which form first during the solidification
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Figure 2.20 Equilibrium solubility of Mg and Si in solid aluminum when
both Mg,Si and Si are present.7
process. The Mg content, on the other hand, increases slightly from the center of the
dendrite to the edge. However, these segregations are not very strong and can be eliminated
within 30 min at 550°C, without any impact on modification.

During the solution heat treatment, the morphology of the eutectic Si particles
changes with increase in the solution treatment time. This change includes three stages:
fragmentation, spheroidization, and coarsening. Fragmentation occurs in the initial stages
of solution heat treatment, when the Si particles start necking and then break into
segments.5 ? Then the Si particles are gradually spheroidized to a more rounded shape.
Following spheroidization, with further solution treatment, the Si particles begin to increase
in size, i.e. they undergo coarsening.’® Both spheroidization and coarsening are driven by

surface energy, while the alloy system tries to reduce the surface area to a minimum.
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It has been found that the change in morphology of the Si particles is more
dependent on the solution heat treatment temperature rather than the solution time.” In
addition, the initial as-cast Si structure also has a great influence on the change in
morphology that can take place during solution heat treatment. Fine as-cast Si particles
need less solution treatment time to spheroidize, as shown in Figure 2.21. Highly
spheroidized eutectic Si particles are observed in the modified alloy after only 8 h solution
time, whereas in the unmodified alloy, the eutectic Si is still present mainly in flake
morphology. The higher spheroidization rate achieved in the modified eutectic Si particles
can be explained on the basis of the different interfacial instabilities in the two cases:
Compared to the unmodified Si particles, the modified eutectic Si particles are more

interfacially instable and tend to break down into fragments and then spheroidize.

Figure 2.21 Microstructures showing eutectic Si particles observe in A356.2 alloy
samples solution heat treated at 540°C. Unmodified alloy: (a) as-cast;
(b) 2 h; (c) 8 h, and Sr-modified alloy: (d) as-cast; () 2 h; (f) 8 h.”
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On the other hand, the growth rate of unmodified eutectic Si particles during
solution heat treatment is higher than that of modified particles. Growth rates of
0.024 ,um3/h and 0.01 pm’/h have been reported by Parker et al.>’ and Meyer™® in the two
cases, respectively. In the unmodified case, the large diversity in the size and shape of Si

particles provides a greater driving force in the coarsening process.

2.7.2 Role of Quenching

Following solution heat treatment, the alloy is quenched; the purpose of quenching
is to form a supersaturated solid solution of Mg,Si in the alloy at a low temperature. The
cooling rate must be very high to prevent any Mg,Si precipitation from the solid solution.
To obtain a high cooling rate, the quenching media must have sufficient volume and heat
extracting capacity. Water is the most common quenching media, and for very thin parts,
oil or air can also be employed. In addition, the quench interval is also critical, especially in
the temperature range where Mg,Si has the maximum precipitation rate. For A356 alloy,
between 250 to 400°C, Mg,Si can precipitate from the solid solution in 45 to 60 seconds,®
which means the quench interval in this temperature range must be shorter than 45 seconds
to produce a fully solid solution.

However, the cooling rate cannot be too high as it will cause distortion of the
casting and induce residual stresses. In the case of water quenching, the temperature of

water is normally controlled between 25°C to 100°C to provide a proper cooling rate.
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2.7.3 Role of Aging

After solution heat treatment and quenching, A356 alloy castings are aged, typically
at 155 to 175°C for 4 to 6 hours, for further enhancement of the mechanical properties
through the process of age or precipitation hardening. The purpose of aging is to precipitate

Mg,Si from the solid solution in the following sequence:
SS aphase = GP zones = = 8

where SS « phase refers to the supersaturated a-Al phase; GP zones or Guinier-Preston
zones, correspond to an early stage of the precipitates, characterized by an enrichment of
solute atoms (Mg, Si) on the lattice sites of the o~Al matrix;>® 8’ has a composition of
Mg,Si but appears in the form of rods that are semi-coherent with the o~ Al matrix; and ( is
the final precipitate of Mg,Si in the form of platelets which are coherent with the aluminum
matrix at room temperature.

The whole aging process in A356 alloy begins with the decomposition of the SS «
phase with a clustering of silicon atoms. This clustering leads to the formation of needle-
shaped GP zones in the a-Al matrix, about 0.1 nm in diameter and 10 nm in length, and
oriented along <100>. As the aging time increases, the GP zones grow to form the rod-like
semi-coherent phase (3°, with an f.c.c. structure and long axis parallel to the <100>
direction. With further increase in aging time, the equilibrium phase 8 (Mg,Si) forms, with
an f.c.c. structure, and a lattice parameter of the 0.639 nm. In addition, large Si particles are
also formed if the alloy contains excess silicon.

The precipitation rate of Mg,Si is dependent on the Si content. If the Si content is

higher than that stoichiometrically necessary for the formation of Mg,Si, the excess Si,
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even in small amount, can result in a much higher precipitation rate. In A356 alloy, there is
about 1.35% excess Si, which can reduce the solid solubility of Mg,Si, but can also lead to
an increase in the solvus temperature at a given Mg,Si level. Therefore, at any given
temperature, a greater degree of supersaturation can be achieved and a finer dispersion of
precipitates will be obtained.®

In addition to Si, Mg and Ti are two other alloying elements in A356 alloy which can
influence the aging process. A higher Mg content can result in a greater supersaturation of
Mg in the o-Al matrix, leading to a higher tendency for Mg,Si precipitation. On the other
hand, with the aid of electron microprobe and TEM analysis, Apelian et al.,” found that the
presence of Ti, in the form of needle-shaped TiAl; in A356 alloy, delays the precipitation
of Mg,Si.

As a result of precipitation hardening, the mechanical properties of A356 alloy are
improved. The aging temperature and aging time are two primary variables used to control
the effect of precipitation hardening. Different hardening effects can be obtained with
different combinations of aging temperature and aging time, as shown in the Time-
Temperature-Transformation (TTT) curve of in Figure 2.22. According to the TTT curve, if
the aging temperature is 300°C, it takes only 10 s for Mg,Si to start precipitating, and after
less than 2 min the maximum hardness is achieved. However, if the aging temperature is
lowered down to 200°C, it takes about 2 min for the onset of Mg,Si precipitation, and
around 16-20 minutes to reach the peak hardness value. Generally speaking, it has been
observed that increasing the aging temperature by 10°C is equivalent to enhancing the

aging time by a factor of two.?
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Figure 2.22 Proposed TTT curve for A356 alloy with 0.3%Mg: A) Onset of

Mg,Si precipitation; B) Curve of maximum hardness.’

If A356 castings which have been solution heat treated and quenched are stored at
room temperature, the strength properties will be found to decrease. This decrease is
attributed to a phenomenon known as natural aging, in order to distinguish it from the
artificial aging process mentioned above. Figure 2.23 provides an example of how the

hardness varies with natural aging in T6-treated A356 alloy.
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Figure 2.23  Effect of natural aging on T6 hardness (Rockwell F) of A356.°
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Natural aging is not caused by Mg,Si precipitation since, according to the TTT curve,
over 1000 h are required at room temperature for Mg,Si to start precipitating, whereas the
phenomenon of natural aging can be observed only after 10 h, as shown in Figure 2.23.
Apelian et al.” attribute natural aging to the interaction of vacancies and solute elements
that constitute the precipitating phase. However, the effect of natural aging can be
minimized by adding small amounts of Cu, Sn, In, or Cd into the castings or a short, high-
temperature treatment prior to artifical aging. Storing the casting at a low temperature can

also reduce the effect of natural aging on the strength properties.

2.8 TENSILE PROPERTIES

The tensile properties of an alloy are evaluated in terms of the yield strength (YS),
ultimate tensile strength (UTS), and percentage elongation (% El) or ductility.

The tensile properties of A356 alloy castings are controlled by the fineness of the
microstructure (i.e., the dendrite arm spacing), Mg,Si precipitation, and the eutectic Si
particle characteristics, as well as by the presence of other intermetallics, inclusions and
porosity in the casting. In view of the fact that all the parameters studied in this work, viz.,
cooling rate, Sr modification, superheat, MTT process, and solution heat treatment affect
the eutectic Si particle characteristics, the tensile properties will also be affected,
correspondingly, by these factors.

The tensile properties can be calculated from the engineering stress-strain curve
shown in Figure 2.24.%° The stress, or the average longitudinal stress, in the tensile

specimen is given by,
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S=P/Ao

where S stands for stress, P is the longitudinal load on the specimen, and A, is the original

cross-section area of the specimen.

The yield strength (YS) is the stress when the elongation of the specimen reaches
0.2% under load. The ultimate tensile strength (UTS), or tensile strength in short, is the

maximum stress the curve reaches during the tensile testing process. Percentage elongation
(%EY) is calculated by the equation,

%E1=0/L0

where 0 is the elongation measured and Ly is the original length of the specimen.
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Figure 2.24 The engineering stress-strain curve.*
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2.8.1 Effect of Eutectic Si Particle Size and Morphology

The fracture mechanism during tensile testing takes place via three stages: particle
cracking, microcrack formation and growth, and local linkage of microcracks.®® When a
longitudinal load is applied to the specimen and plastic deformation occurs, the increasing
internal stress induces cracking the Si particles as also in the Fe-rich intermetallics. The
initial cracks in the eutectic Si particles form intraparticle microcracks which keeps
growing. As strain continues, more and more intraparticle cracks are formed. When the
volume fraction of cracked particles reaches a critical value, cracks in certain orientations
are linked up very rapidly, resulting in fracture. According to Wang et al.,%* fracture occurs
when the cracked particles reach approximately 45 % volume fraction (or 20 % number
fraction).

Wang et al.% also studied the effect of Si particle size and shape on the tensile
properties of A357 alloy (Al-7%Si-0.55%Mg). As shown in Figure 2.25, for two applied
stains, €f, of 0.010 and 0.035, the cracking tends to occur in particles of larger sizes and
high aspect ratio. For example, at the strain ¢; = 0.035, all particles larger than 20 ym have
cracked while none of those smaller than 4 pm have cracked. This tendency does not
change with the applied strain. In other words, the larger, elongated particles are first to
crack, followed by the smaller and rounder ones.

Thus, through the use of various modification processes and solution heat treatment,
the eutectic Si particle characteristics of an alloy can be suitably altered so that it exhibits

improved tensile properties.
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2.8.2 Effect of Cooling Rate

As discussed in section 2.6.2, a high cooling rate can produce finer and fibrous
eutectic Si particles. Since a refinement of the eutectic Si structure can improve the tensile
properties (especially the ductility), A356 alloy castings obtained at high cooling rates will
exhibit higher tensile properties.

Table 2.8 shows the results of the study carried out by Paray and Gruzleski’ on the
effect of cooling rate on the tensile properties of A356 alloy. The cooling rate in
permanent-mold casting is much higher than that in sand-mold casting. It can be seen that
with the higher cooling rate, the YS and UTS of the permanent-mold casting are increased
about 10% and 40%, respectively. Also, the standard deviation values indicate that the
tensile properties are more homogeneous in the permanent-mold castings. The biggest
improvement appears in the ductility, where the percentage elongation increases to about
2.5 times that observed in the sand-mold casting. The improvement in properties is
attributed to the change in morphology of the eutectic Si particles achieved with the high

cooling rate.

Table 2.8 Effect of cooling rate on tensile properties of
unmodified A356 alloy, as-cast.’

Tensile Properties | Permanent-mold casting Sand-mold casting
UTS (MPa) 219+ 8 157+ 12
YS (MPa) 109+ 1 99 + 12
El % 62+1.6 2.4+0.5
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2.8.3 Effect of Strontium Modification

The effect of strontium modification on the tensile properties of A356 alloy has
been investigated by many researchers. Closset® reported that the percentage elongation of
Sr-modified low pressure 413 alloy castings is greatly upgraded, while the tensile strength
is also improved, but to a lesser extent. Mahmoud and Toshiro® compared the mechanical
properties of unmodified and Sr-modified Al-Si alloys cast in steel and graphite molds.
Their results, as depicted in Figure 2.26, also show that tensile properties, particularly
ductility, can be improved with strontium modification, i.e. by modifying the morphology

of the eutectic Si particles from acicular to fibrous.
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Figure 2.26 Influence of solidification rate and Sr level on the tensile properties of
eutectic Al-Si alloy.**
Figure 2.26 shows the effect of various strontium modification level on tensile
properties under different solidification rate. It can be seen that with 200ppm strontium, YS
is slightly increased while UTS has a very remarkable improvement, and the percentage

elongation is increased from 8.03% in the unmodified alloy to 22.2% in the 240 ppm
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strontium modified alloy, that is, by almost three times.** In addition, the modification is
not affected significantly by the cooling rate (i.e. under either the high (steel mold) or low
(graphite mold) solidification rates).

In their studies of investment-mold A356 alloy castings, Closset and Fay® also
found that even at low solidification rates, Sr modification worked well in improving the

mechanical properties.

2.8.4 Effect of Superheat and MTT Processes

Tensile properties of A356 alloy can also be improved by superheating the alloy
melt. Table 2.9 shows the results of the study carried out by Jie et al.*? on A356 alloys,
where it can be seen that the tensile properties increase with the melt superheat temperature
until they reach maximum strength (340 MPa UTS) and ductility (8.5%) at 845°C, after
which, the tensile properties begin to decline, as the melt superheat is increased to a higher

temperature.

Table 2.9 Effect of superheat treatment on tensile properties of A356 alloy.*

Superheat Ultimate Tensile Yield Strength Percenta'tge
Temperature Strength (MPa) Elongation
9 (MPa) (%El)
720 305 260 5.0
810 330 280 3.0
845 340 270 8.5
945 330 275 7.0

To date, there are very few studies in the literature that report on the effect of melt

thermal treatment (MTT) on the tensile properties of A356 alloy. The investigations by
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39,41,42 1 41

Wang and coworkers are probably the only references to be found. Wang et a
studied the effect of the MTT process on the mechanical properties of hypoeutectic A356
alloys, Figure 2.27, where, compared to the control sample (poured at 720°C without any
treatment), MTT processed alloys exhibit a slightly higher UTS but a remarkably increased
ductility, where A, B and C are A356 alloys containing, respectively, 3.2%Cu, 0.75%Fe,

and 1%Mg levels compared to the base alloy (Al-7.1%Si-0.4%Mg-0.096%Fe-0.052%Cu).

[ contre!l sample
250 - [Jtreated sample I control sample
10 [l treated sampie

U.T.S.(MPa)

Elongation Ratio (%)

AloyA  AlloyB Alloy C ]

A358 Alloy A AloyB  AlloyC

(2) (b)

Figure 2.27 Effect of MTT process on tensile properties of Al-Si alloys:
(a) UTS; (b) E1%.*!

Wang et al.*! also investigated the effect of holding time, viz. the time from mixing
the HTM into the LTM to pouring, on the tensile properties, as shown in Figure 2.28. It can
be seen that the UTS increases sharply in the first 20 seconds, gradually reaches its peak
value after a holding time of 60s, then drops down rapidly as the holding time is further

increased.
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Figure 2.28  Effect of holding time on UTS of A356 alloy treated by MTT process.”!

2.8.5 Effect of Solution Heat Treatment

The effect of solution heat treatment on the tensile properties of A356 alloy has
been investigated by many researchers.”®%-¢7:88:% Their studies show that the tensile
properties of A356 alloy can be significantly improved after solution heat treatment,
followed by artificial aging. This improvement can be attributed to the changes in the
eutectic Si particle size and shape that occur during the solution heat treatment and the
precipitation of Mg,Si during artificial aging.

Temperature and time are the two main parameters of solution heat treatment.
Shivkumar ez al.% reported that increasing solution heat treatment temperature from 540°C
to 550°C can enhance the tensile properties of ASTM B 108 test bars of A356 alloy cast in
permanent mold. However, they also pointed out that the solution treatment temperature
should be controlled under 560°C since solution treatment at temperatures higher than

560°C will cause grain boundary melting and have a detrimental effect on the tensile
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properties. An investigation of the effect of solution time on the tensile properties of Al-Si-

1°% showed that the effect of

Mg/SiC, composite castings carried out by Samuel and Samue
solution treatment (at 520°C) on the tensile properties was observed during the first 4 h, and
thereafter little improvement was observed as the solution time continued to increase, even
when the solution temperature was increased from 520°C to 550°C.

Tsukuda et al.*® conducted an investigation on the effect of solution heat treatment
temperature and time on the tensile properties of A356 alloy. Their results are presented in
Figure 2.29. It can be seen that both UTS and %El improve with solution time at solution
temperatures of 520°C and 530°C, while the YS decreases somewhat with increase in
solution time. Peak properties are obtained at 540°C in 2 h solution time, but then show a
slight decrease as the solution time is extended. While the changes in UTS and YS are
relatively small from one solution temperature/time to the next, the percentage elongation

shows much greater variations in comparison. Overall, the best tensile properties are

obtained at 540°C/2 h.

% Elongation

Strength (ksi)

Figure 2.29 Effect of solution heat treatment temperature and time on tensile
properties of A356 alloy.*
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Following solution heat treatment and artificial aging, the tensile properties of A356
alloy can be greatly improved to desirable levels. This effect is attributed to the
precipitation of Mg,Si within the o-Al matrix. Tsukuda ez al 70 studied the effect of
artificial aging temperature and time on the tensile properties of A356 alloy. Their results
are presented in Figure 2.30. It can be seen that increasing either aging temperature (from
120°C to 180°C or aging time (up to 12 h) increases the YS and UTS, but reduces the
ductility. Aging at 180°C/6h provides high strength, whereas aging at 140°C/4h gives a
high elongation. According to Shivkumar et al.,® with an increase in aging time, YS and
UTS reach a peak value after 10 h aging while %FEl reaches a minimum value. Further
increase in the aging time is found to reduce the YS and UTS, with a corresponding

increase in %El.
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Figure 2.30 Effect of aging temperature and time on tensile properties of A356 alloy
solution heat treated at 540°C for 9 hr and quenched at 15°C before aging.”®
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2.8.6 Quality Index

Drouzy et al”! brought forth the concept of quality index, Q, in the mid of 1970s.
Instead of using ductility alone, the utilization of quality index, Q, is based on the
considerations of the relationships between UTS, YS and %El. The quality index, Q, is

defined as
Q =UTS +klog %El

with an unit of MPa and k a coefficient (equal to 150 MPa for the Al-7%Si-Mg alloys).
Therefore, for A356.2 alloys studied in the present work, the quality index, Q, can be

defined as
Q (MPa) = UTS (MPa) + 150 (MPa) log %El

The quality index, together with yield strength, Y'S, can be represented by two sets
of iso-lines (iso-YS and is0-Q) in a UTS-%EIl diagram. The effect of various casting and
heat-treatment variables on the quality index, Q, as well as on yield strength, YS, has been
summarized by Gruzleski and Closset,”® as shown in Figure 2.31. Some parameters (e.g.
Mg content and aging condition) have an influence on YS but not on Q. On the other hand,
soundness of the casting, modification process, cooling rate, and solution heat treatment
can affect the quality index, Q. Generally speaking, sounder, well-modified, and solution

heat-treated castings possess a higher quality index, Q.
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Figure 2.31 Relationship between UTS, El, YS and Q for an Al-7%Si-Mg alloy.28
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CHAPTER 3

EXPERIMENTAL PROCEDURE

The A356.2 aluminum casting alloy used in the present study was received in the

form of 12.5 kg ingots. Table 3.1 lists the chemical composition of the as-received ingots.

Table 3.1 Chemical composition of as-received A356.2 ingot.

Ingot Type | Si% | Mg% | Fe% | Cu% | Mn% | Zn% | Ti% | Pb% | Al %
A3562 | 6.78 | 033 | 0.11 | 0.02 | 0.04 | 0.04 | 0.08 | 0.03 | bal.

The A356.2 alloy ingots were cut into smaller pieces, cleaned, dried and melted in a
7-kg capacity SiC crucible, using an electrical resistance furnace. The melting temperature

was kept at 750°C + 5°C.

3.1 MELT TREATMENT PROCEDURES

For preparing castings corresponding to various melt treatments and melt conditions,
6-kg charges of A356.2 alloy were melted in each case. The melts were grain refined, using
55 g of Al-5%Ti-1%B master alloy per 6 kg charge of metal. Degassing was carried out
using pure dry argon, injected into the melt by means of a graphite rotary degassing

impeller. The degassing time/speed were kept constant at 30 min/150 rpm.
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For the preparation of Sr-modified castings, after degassing, the melt was modified
using Al-10%Sr master alloy, where 12 g of the master alloy were added (to the 6 kg
charge) to provide a Sr level of 200 ppm. The melt was stirred carefully and held for about
20 min to ensure proper dissolution of the strontium into the melt, followed by degassing
for another 10 min before pouring.

For the preparation of castings using superheated melts, the melt temperature was
increased to 900°C. The melt was held at this temperature for 20 min and then poured into
the mold. The preparation of the castings using the melt thermal treatment (MTT) process
will be described in section 3.2.1, separately.

Figure 3.1 shows the two furnaces that were employed for preparing melts at 750°C
and 900°C, respectively. Sampling for chemical analysis were taken from each of the melts

corresponding to the different casting types.

(2) (b)

Figure 3.1  Furnaces used for preparing melts at (a) 750°C, and
(b) 900 °C (superheating and MTT process).
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3.2 CASTING PROCEDURES

Castings were prepared using a rectangular end-chilled mold, as shown in Figure 3.2.
The four walls of the mold are made of refractory material, while the bottom consists of a
water-chilled copper base, to provide directional solidification. A schematic diagram of the
mold (64 x 127 x 254 mm) is shown in Figure 3.2(a), while Figure 3.2(b) shows the actual
mold configuration. This kind of mold is designed to provide a range of cooling rates along

the height of the casting above the chill end.

Mold Walls Made From
Molten Metal Pouring B-3A Refractory Board
pram I T
w y
< / j
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:l Iy
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/ - 40
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Cold Water /
i — Copper Chill
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Figure 3.2  The end-chilled mold used to prepare the castings in the present study:
(a) schematic diagram (all dimensions are in mm); and (b) actual
mold configuration.
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The mold was preheated at 225°C for at least 2-3 h to remove all moisture. The
molten metal was poured into the mold through ceramic foam filter discs fitted into the
riser to avoid oxides and inclusions from entering the mold. The water (that circulates in
the copper chill) was turned on as soon as the liquid metal had filled the mold to about
3 cm.

Such an arrangement produced ingot blocks with solidification rates that decreased
with increasing distance from the chill end, giving microstructures that exhibited secondary

dendrite arm spacings (SDAS) from 15 to 85 um along the height of the cast block.

3.2.1 Melt Thermal Treatment (MTT) Process
For preparing castings using the MTT process, a 6-kg charge of A356.2 alloy was
melted at 750° (in the furnace corresponding to Figure 3.1(a)), grain refined and degassed
using the same procedures described previously. Following this, 4 kg of the melt were
transferred to the other furnace (Figure 3.1(b)), already preheated to 750°C. The
temperature of the first furnace was then lowered to 600°C, while that of the second was
increased to 900°C. The corresponding low temperature melt (LTM) and high temperature
melt (HTM) were held at their respective temperatures for 20 min, followed by 15 min of
degassing. The HTM melt was then poured into the LTM melt, the mixture stirred
carefully, followed by pouring into the end-chilled mold.
For the preparation of Sr-modified grain-refined castings using the MTT process,
the same procedure was followed, except that the initial 6-kg melt was modified using 10 g

of Al-10% Sr master alloy to give a Sr level of 100 ppm, followed by degassing for another
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10-15 min. After that 4 kg of the modified melt were transferred to the other furnace and
the same procedures followed of preparing the LTM and HTM melts, mixing them and then

pouring the melt into the end-chilled mold.

3.2.2 Preparation of Castings Corresponding to Various Melt Treatments

A number of castings were prepared corresponding to each one of the melt conditions
and treatments described in the previous section, to provide a sufficient number of castings
for carrying out solution heat treatment for times ranging from 2 h to 80 h, and the
corresponding metallography samples and tensile test specimens. Table 3.2 summarizes the
details corresponding to all the castings that were prepared. The chemical compositions of

the corresponding melts are given in Table 3.3, obtained from spectroscopic analysis.

Table 3.2 Details of the various A356.2 end-chill castings prepared
for the present work

Casting Melt Condition Additions to Melt/Pouring | - °f
Charge Castings
Type /Treatment Charge Temperature
Prepared
NM As-received (non- 6kg | 55¢ Al-5% Ti-1% B 750°C 10
modified) + grain refined
: _&0o, 110,
SrM Grain refined 6ke 55g Al-5% Ti-1% B 750°C 10
+ Sr-modified 12g Al-10% Sr
SH Grain refined “"o 6kg ) 900°C 6
Superheated (900°C) 55g Al-5% Ti-1% B
MTT process-treated 6kg
Non-modified
MTT + grain refined 670°C 6
LTM (600°C) (2kg)
HTM (900°C) (4kg) | 55g Al-5% Ti-1% B
MTT process-treated 6kg a
Grain refined 55g Al-5% Ti-1% B
SrMTT + Sr modified 3g Al-10% Sr 670°C 6
LTM (600°C) (2kg)
HTM (900°C) (4kg)




Table 3.3 Chemical composition of various types of melts.

Casting | Casting | o/ | Voo | Sr% | Ti% | A%
type No.

1 599 | 03219 | <0.0000 | 0.1762 | bal

2 699 | 03849 | 00002 | 0.1694 | bal

M 3 6.58 | 03225 | <0.0000 | 0.1601 | bal
4 6.54 | 03575 | 0.0001 | 0.1690 | bal

5 639 | 03571 | 0.0005 | 0.1826 | bal

6 6.00 | 03445 | <0.0000 | 0.1709 | baL

1 6.17 | 03030 | 00220 | 0.1353 | bal

2 626 | 03027 | 0.0204 | 0.1505 | bal

S 3 6.51 | 03069 | 0.0213 | 0.1684 | bal
4 6.60 | 02194 | 0.0202 | 0.1532 | baL

5 6.05 | 02396 | 0.0204 | 0.1500 | baL

6 633 | 02367 | 0.0203 | 0.1474 | baL

1 644 | 03237 | 0.0007 | 0.0145 | bal

2 617 | 02830 | 0.0002 | 0.1273 | bal

SH 3 6.05 | 03214 | 0.0005 | 0.1583 | bal
4 6.25 | 02998 | 0.0002 | 0.1358 | bal

5 6.63 | 03172 | 0.0004 | 0.1440 | bal

6 647 | 03282 | 0.0002 | 0.1401 | baL

1 623 | 03085 | 0.0001 | 0.1435 | bal

2 6.03 | 03281 | 0.0002 | 0.1560 | bal.

VT 3 6.15 | 03177 | 0.0001 | 0.1345 | bal
4 589 | 03244 | 00002 | 0.1614 | bal

5 635 | 03130 | 0.0001 | 0.1406 | bal

6 7.66 | 02471 | 00012 | 0.1301 | bal

1 7.10 | 02962 | 0.0096 | 0.2053 | bal

2 712 | 03214 | 00118 | 0.1878 | bal

st | 3 6.64 | 02092 | 00170 | 0.2401 | bal
4 7.04 | 03246 | 00161 | 02361 | bal

5 698 | 03069 | 0.0153 | 02260 | bal

6 691 | 03255 | 00126 | 02099 | bal

*100 ppm Sr (and not 200 ppm Sr) was used for the SIMTT melt to determine
whether in using the MTT process, a lesser amount of Sr would suffice to obtain
a well-modified eutectic structure
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3.2.3 Sectioning of End-Chill Castings for Sample Preparation

The end-chill castings that were prepared corresponding to the various melt
treatments and processes were sectioned to obtain blanks that were subsequently sectioned
to provide samples for solution heat treatment, metallography and tensile testing.

Figure 3.3 shows a schematic diagram of an end-chill casting (all dimensions are in
mm). Three specimens blanks were sectioned from each of the prepared castings, at heights
of 10, 50 and 100 mm from the chill end, and corresponding to average secondary dendrite
arm spacings (SDAS) of 37, 62 and 78 um, respectively, as shown in Table 3.4.

The SDAS values were determined by measuring the secondary dendrite arm
spacings from the corresponding metallography samples using an optical microscope-image
analyzer system. At least 40 measurements were made for each sample and the average
value taken to represent the SDAS value for the corresponding level, as shown in Table 3.4,

It is to be noted that, for the metallography and solution treatment samples, the blanks
were sectioned such that their surfaces corresponded exactly to the 10, 50 and 100 mm
levels. These were the surfaces that were subsequently polished for microstructural
examination. In the case of the tensile test specimens, the specimen blanks were sectioned
such that the centrelines of the blanks corresponded to the 10, 50 and 100 mm levels (as
shown in Figure 3.3), in order to be able to correctly compare the microstructures with the

tensile properties.
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Figure 3.3  Schematic diagram of the end-chill casting (all dimensions are in mm).

Each of the three specimen blanks obtained per casting were further sectioned into

21 parts and numbered, following the sequence shown in Figure 3.4.

Table 3.4 SDAS values obtained at various levels of the end-chill casting

Level # Distance From the Chill End (mm) SDAS (pm)
1 10 37
2 50 62
3 100 78
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15|16 | 17 | 18 | 19 | 20 | 21

Figure 3.4  Sectioning of specimen blank for preparation of samples for solution
heat treatment and metallography.

3.3 SOLUTION HEAT TREATMENT

Two castings per casting type were used to obtain 42 samples for solution heat
treatment for each of the three levels of the casting. Following the sectioning scheme of
Figure 3.4, the first sample section (section 1) was kept aside as representing the as-cast
condition for that level/casting type. The remaining 40 samples were solution heat treated
at 540°C for times ranging from 2 h to 80 h in increasing intervals of 2 h, giving 40 solution
treatment conditions.

Thus, each of the three levels per casting type provided 2 as-cast samples and 40
solution heat treated samples, giving a total of 3 x 42 = 126 samples per casting type.

The solution heat treatment was carried out in a Blue M Electric furnace at 540°C,
with a temperature control of = 5°C, for the 40 solution times. The samples were quenched

in warm water (60°C).
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34 METALLOGRAPHY

The as-cast and solution heat treated samples (126 per casting type) were mounted in
bakelite and polished to a fine finish (I pum diamond suspension). Figure 3.5 shows the
mounting press and polishing machine that were employed for this purpose. An example of

a typical metallography sample is shown in Figure 3.6(a).

(a)
Figure 3.5 (a) PRONTOPRESS-2 mounting machine;
(b) BUEHLER ECOMET 4 polishing machine.
The polished samples were examined using an Olympus BH-UMA optical
microscope. The secondary dendrite arm spacings (SDAS) and eutectic Si particle
characteristics were measured and quantified using a Leco 2001 image analyzer in

conjunction with the optical microscope, as shown in Figure 3.6(b).
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(b)

Figure 3.6  (a) Prepared sample for microstructural analysis; (b) Optical microscope and
image analyzer system used for microstrutural analysis.

For the SDAS measurements, at least 40 measurements were made per sample, and
the average taken to represent the SDAS value for that sample.
The eutectic Si particle characteristics were examined for determining the particle

size and morphology corresponding to each casting type and solution heat treatment
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condition. The average Si particle area, length, roundness and aspect ratio were measured,
where the area and length parameters estimated the size of the Si particles, while the
roundness and aspect ratio parameters provided an indication of the spheroidization
(roundness) of the Si particles.

For these measurements, 40 fields were examined for each sample, such that the
entire sample surface was traversed in a regular, systematic manner, and the Si particle
characteristics noted for each field. The measurements were carried out at 500 X
magnification for the non-modified (NM) castings, and at 1000 X for the other (viz., StM,

SH, MTT and StMTT) castings.

3.5 TENSILE TESTING

To prepare samples for tensile testing, specimen blanks were sectioned from each
casting at the three levels of 10, 50 and 100 mm above the chill end, such that the centre
line of each blank corresponded to these levels, as mentioned previously in section 3.2.3.

Each specimen blank was then sectioned into three, as shown in Figure 3.7(a), to
provide three rectangular bars. These bars were solution heat-treated at 540°C for O(as-cast
condition), 8, 40 and 80 h, then machined to form the tensile test specimens, in keeping
with the dimensions shown in Figure 3.7(b). An example of the actual specimen is shown
in Figure 3.7(c). After machining, the tensile specimens were aged at 155°C for 5 h before
the tensile testing was carried out. Four specimens were tested corresponding to each

casing type/level/solution heat treatment condition.
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Figure 3.7  (a) Blank sectioning scheme for preparing tensile test specimens;
(b) Tensile test specimen dimensions (in mm);
(c) Actual tensile test specimen.

The tensile testing was carried out using an Instron Universal Testing machine, as
shown in Figure 3.8. The tests were conducted at room temperature at a strain rate of

2x10% m/s.



Figure 3.8

Instron Universal Mechanical Testing machine.
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CHAPTER 4

AS-CAST MICROSTRUCTURE

4.1 INTRODUCTION

Microstructures showing the eutectic Si particle characteristics obtained in the as-cast
condition for the various casting types produced are presented in this chapter. Optical
micrographs obtained from the three levels in each A356.2 alloy casting type (taken at
500 X magnification) reveal the changes in the eutectic Si particle characteristics with the
change in the dendrite arm spacing, viz., the effect of cooling rate on the former.

The Si particle characteristics were measured using a Leco 2001 image analyzer in
conjunction with the optical microscope that was used to obtain the optical micrographs.
Four parameters were measured: the average Si particle area, length, roundness and aspect
ratio. These provided an estimation of the changes in size (area/length) and morphology
(roundness/aspect ratio) of the Si particles, and hence that of the effectiveness of the
modification process corresponding to a specific casting type (i.e., Sr modification,
superheat, MTT and StMTT processes).

As will be shown in the following sections, the Sr modification, superheat and
STMTT processes produced a well-modified and fibrous eutectic Si morphology, whereas
the MTT process alone produced a moderate refinement in the Si particles but no change in

their morphology.
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4.2 QUALITATIVE ASPECTS OF THE EUTECTIC Si PARTICLE
CHARACTERISTICS IN THE AS-CAST CONDITION

The optical micrographs taken from the various A356.2 alloy casting types are
presented in this section. To simplify the discussion, the five casting types studied will be

referred to by their casting codes as shown in Table 4.1.

Table 4.1 Casting codes for the different A356.2 alloy castings produced.

Casting Code Casting Type
NM Non-modified
SrM 200 ppm Sr-modified
SH 900°C Melt Superheat
MTT Melt Thermal Treatment (MTT)
SrMTT MTT process + 100 ppm Sr-modified*

* 100 ppm Sr (and not 200 ppm Sr) was used to determine whether in using the MTT process, a lesser
amount of Sr would suffice to obtain a well modified eutectic structure

4.2.1 Effect of Cooling Rate

Figures 4.1 through 4.5 show the eutectic Si particle characteristics displayed by the
A356.2 alloy castings corresponding to the five casting types. Each figure displays the
microstructures obtained at levels 1, 2 and 3 of each casting, corresponding to DASs of
37 um, 62 ym, and 78 pum, respectively.

As can be seen from Figure 4.1, the non-modified NM casting displays the typical
acicular Si particles. Some amount of refinement due to cooling rate is observed in
Figure 4.1(a) compared to Figures 4.1(b) and (c). In effect, the dendrite arm spacings of
levels 2 and 3 are not that far apart and hence their microstructures would be more similar
than different, particularly when compared to that of level 1, with a dendrite arm spacing

almost half that of the others.
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Figure 4.1 Optical micrographs showing the eutectic Si particle characteristics observed

in as-cast samples of the NM (non-modified) A356.2 alloy casting: (a) level 1,
DAS 37 um; (b) level 2, DAS 62 um; (c) level 3, DAS 78 pym.
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the eutectic Si particle characteristics observed

in as-cast samples of the StM (200 ppm Sr-modified) A356.2 alloy casting
(a) level 1, DAS 37 pum; (b) level 2, DAS 62 um; (c) level 3, DAS 78 um.
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Figure 4.2 Optical
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Figure 4.3 Optical micrographs showing the eutectic Si particle characteristics observed
in as-cast samples of the SH (superheated) A356.2 alloy casting:
(a) level 1, DAS 37 um; (b) level 2, DAS 62 um; (c) level 3, DAS 78 um.
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Figure 4.4 Optical micrographs showing the eutectic Si particle characteristics observed
in as-cast samples of the MTT processed A356.2 alloy casting:
(a) level 1, DAS 37 pm; (b) level 2, DAS 62 um; (c) level 3, DAS 78 pm.
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(©)
Figure 4.5 Optical micrographs showing the eutectic Si particle characteristics observed
in as-cast samples of the S(MTT (100 ppm Sr-modified + MTT processed)
A356.2 alloy casting: (a) level 1, DAS 37 um; (b) level 2, DAS 62 pum;
(c) level 3, DAS 78 pm.
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Tolui and Hellawell”? and Hogan and Song’® have reported that the Si interparticle
spacing decreases with increase in cooling rate and vice versa. This is evidenced to some
extent in Figure 4.1.

With the introduction of 200 ppm Sr to the melt, the eutectic Si particles are
completely transformed from long, acicular plates to well-modified fibrous particles, as
shown in Figure 4.2. The very fine size of the particles results in a significant increase in
the Si particle density. The observation of a well-modified eutectic structure in A356.2
alloys with Sr addition is well reported in the literature (see, for example, Pan et al.*’ and
Crosley and Mondolfo®®).

In Figures 4.2(a) and 4.2(c), while the eutectic Si regions are well modified, a certain
number of unmodified or partially modified Si particles are always observed situated close
to the a-Al dendrites. This phenomenon is a result of the distribution of Si concentration
within the o-Al dendrites. The areas close to the dendrites contain higher Si concentrations,
requiring more strontium to become fully modified. However, due to the high cooling rate
produced by the end-chill mold, there is less time for the strontium to be distributed to these
areas and thus there is not enough strontium available to fully modify the eutectic Si
particles, leaving them partially modified or unmodified.

Figure 4.3 shows that superheating of the melt has a remarkable refining effect on
the eutectic Si in A356.2 alloy. This effect can be attributed to the dissolution of atom
clusters present in the melt at the superheat temperature. According to Pople and Sidorov,”
if the superheat temperature is high enough for the atom clusters to dissolve fully in the

melt, the cooling rate should have no effect on the eutectic Si particle characteristics in the
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microstructure. However, by comparing Figures 4.3(a), (b) and (c), it can be seen that the
size of the eutectic Si particles increases somewhat as the cooling rate decreases, so it can
be concluded that the 900°C melt superheat temperature used in the present study is not
high enough to achieve the same results. Therefore, in the present case, the microstructure
of the eutectic Si particles is determined by both the superheat temperature and the cooling
rate.”

Figures 4.4 and 4.5 compare the effects of melt thermal treatment (MTT) on the
microstructures of castings obtained from unmodified and Sr-modified A356.2 alloy melts,
respectively. Although the eutectic Si particles are refined in the MTT-processed casting of
the unmodified alloy, they still retain their acicular morphology, see Figure 4.4. This
observation was also reported by Wang et al.’ ? Combination of Sr-modification and the
MTT process results in very fine eutectic Si regions, where the acicular, larger-sized Si
particles that were observed at the edges of the a-Al dendrites in Figure 4.2 (for the
Sr-modified alloy) appear to have been minimized considerably in the SIMTT casting,
Figure 4.5.

In this regard, it ought to be mentioned that, in the MTT casting obtained from the
non-modified A356.2 alloy, the refining (or modifying) effect was not homogeneous over
the sample surface. As Figure 4.6 shows, the eutectic Si particles in (a) are comparatively
well refined, while those in (b) are a mix of refined and unrefined Si particles. Both
micrographs were taken from the MTT casting-level 1 sample, at a magnification of 500 X.

This irregularity in modification may be caused by the inhomogeneous transfer of

thermal energy when the LTM and HTM melts are mixed; on account of this, atom clusters
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Figure 4.6  Optical micrographs corresponding to two fields of observation in the MTT
casting-level 1 sample, showing (a) well-refined, and (b) inhomogeneously
refined eutectic Si regions.

that are not broken into smaller nuclei will eventually result in the formation of larger Si
particles upon solidification.

As mentioned previously, there appears to be very little literature that reports on the
MTT process in the context of the modification of Al-Si alloys. To the best of our

knowledge, the studies of Wang and coworkers™*"*2

are probably the only references to be
found. The present study extended the work of Wang er al***'** to investigate the
combined effect of Sr addition and the MTT process on the modification effect in A356.2
alloy by modifying the alloy melt with 100 ppm Sr before subjecting it to the melt thermal
treatment process.

As Figure 4.5 clearly shows, the combination of Sr+MTT process produces the best
results as far as obtaining a well-modified eutectic is concerned. The uniformity of the

eutectic Si particle size throughout the eutectic regions is remarkable. Compared to the

200 ppm Sr-modified case (StM casting, Figure 4.2), hardly any large Si particles are
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observed at the periphery of the a-Al dendrites.

It is to be mentioned here that, for the STMTT casting, only 100 ppm Sr was used, to
determine if a lesser amount of Sr than that usually employed for obtaining a well-modified
eutectic structure in Al-Si alloys would suffice to obtain the same level of modification
after the MTT process was carried out on the Sr-modified alloy melt. As will be shown in
Section 4.3, quantification of the eutectic Si particle characteristics (using image analysis)
showed that the STMTT casting samples provided the smallest Si particle sizes, followed by

the StM and then the SH (superheated melt) casting samples.

4.2.2 Comparison of Modification Methods in Relation to Cooling Rate

The level of modification observed in the different A356.2 alloy castings
corresponding to the non-modified (NM), Sr-modified (StM), 900°C superheated melt
(SH), MTT processed (MTT), and Sr-modified-MTT processed (StMTT) castings are
compared in Figure 4.7 for samples obtained from level 1 and level 3 of each casting,
corresponding to DAS values of 37 um and 78 um, respectively.

As can be seen, well-modified fibrous Si particles are produced with Sr-modification,
melt superheat and Sr-modificationtMTT processes, the latter producing the finest
particles, while the use of the MTT process alone is seen to only refine the Si particles but
not change their acicular morphology. The effect of cooling rate is clearly apparent for the
MTT-processed casting samples (Figures 4.7(g) and 4.7(h)), and also evident to some
extent in the NM , SrM and SH casting samples. The extremely fine Si particles in the case
of the SIMTT casting render it difficult to distinguish the effect of cooling rate when

comparing Figures 4.7(i) and 4.7().
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4.3 QUANTITATIVE ASPECTS OF THE EUTECTIC Si PARTICLE
CHARACTERISTICS IN THE AS-CAST CONDITION

A quantitative evaluation of the eutectic Si particle characteristics was carried out
using image analysis. As described in the experimental procedures in Chapter 3,
measurements of the silicon particle area, length, roundness and aspect ratio were taken
over 40 fields, in covering the sample surface area in a regular, systematic manner. From
these measurements, the average value and standard deviation (SD) were obtained in each
case. The results corresponding to the different casting types and levels are presented and

discussed in this section.

4.3.1 Effect of Cooling Rate and Modification Method

The effect of cooling rate on the Si particle characteristics in Al-Si alloys has been
investigated by many researchers.”®”” 77 In the present study, the A356.2 alloy melts
subjected to different modification methods were cast into end-chilled molds that provided
a range of cooling rates in the same casting, along the height of the casting block. Three
cooling rates were selected for study, at heights or levels of 10, 50 and 100 mm above the
chill end and corresponding to DAS values of 37, 62, 78 um, respectively. As the A356.2
alloy melts were modified before being cast, in examining the effect of cooling rate, the
effects of the modification method used in each case would also be incorporated
automatically.

Table 4.2 summarizes the results of the eutectic Si particle characteristics obtained

for different samples in the as-cast condition. It can be seen that the cooling rate has a
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moderate to significant influence on the Si particle size in that the particle size increases as
the cooling rate is decreased. The moderate effect is observed in the case of the non-
modified alloy casting, where a gradual increase in the average Si particle area and length
values are observed on going from level 1 to level 3. In comparison, the other four
(modified) castings show a significant influence of the cooling rate, although this may not
be that evident in the case of the STIMTT casting samples compared to the MTT casting
samples, on account of the very fine particle sizes obtained in the former. Similar results
have been reported by Mancheva et al.”’ who observed that the average Si particle area in
AlSi7Mg castings improved from 0.9 pm? to 0.4 um? when the cooling rate was increased
from 14.8 to 72.4 K/s.

While the cooling rate affects the Si particle size, Table 4.2 shows that the shape of
the Si particles is not affected by the change in cooling rate. Both the average roundness
and average aspect ratio values (and their standard deviations) remain more or less the
same from one level to the next. This is to be expected, since these parameters relate to the
morphology rather than the size of the Si particles, with roundness values close to 100 and
an aspect ratio of 1.0 representing completely spherical particles. As can be seen, the
acicular particles of the non-modified alloy display low roundness values (less than 50%)
and high aspect ratios (2.6 to 3.3), whereas the StM, SH and StMTT castings have much
higher roundness values (75-77%) and comparatively lower aspect ratios (~1.8). The
standard deviations obtained for these two parameters are also approximately similar for
the SrM, SH and SIMTT castings (~20 and ~0.7, respectively), indicating that these

parameters are influenced by the modification process rather than the cooling rate.
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In contrast to the modified castings discussed above, the MTT casting samples
exhibit roundness and aspect ratio values that are comparable to, but somewhat lower than,
those obtained for the non-modified alloys, indicating that the Si particles, although refined,
still retain their acicular morphology. Also, the standard deviations observed for these two
parameters for the MTT and NM casting samples are higher (~28 and ~1.35 to 1.7,
respectively), compared to those noted for the SrM, SH and STtMTT modified castings.

Similar results corresponding to the NM and SrM castings in the present work were
obtained by Paray and Gruzleski.,” in their studies on non-modified and Sr-modified A356
alloys. Their experimental results showed that for A356 alloy castings cast in a permanent
mold, the average Si particle area was refined from 3.81 pm® in the non-modified alloy
casting to 0.24 pm?in the 200 ppm Sr-modified alloy casting, and the average aspect ratio
improved from 2.17 to 1.74, correspondingly.

With respect to the average and standard deviation values listed in Table 4.2, it must
be noted that, due to the wide range of Si particle sizes observed — as can be seen from all
the microstructures presented in this chapter, it is expected that the standard deviation will
be of the order of or higher than the average value. The particle size distribution plotted by
the image analyzer system in the execution of “Feature” measurements (of individual Si
particles) provides a range of particle sizes, and the corresponding particle counts. It is
found that the maximum particle count generally corresponds to the particle size range
which includes or lies close to the average value calculated by the system. In other words,
the average values do reflect the overall modification effect obtained from casting type to

casting type.



Table 4.2

Eutectic Si particle characteristics of different casting samples obtained in the as-cast condition.

Area (um?) Length (nm)
Casting Level 1 Level 2 Level 3 Level 1 Level 2 Level 3
Type (DAS37pm) | (DAS62pum) | (DAS78 pm) | (DAS37 um) | (DAS 62 pum) | (DAS 78 pm)
Ave. S.D. | Ave. S.D. | Ave. S.D. |[ Ave. S.D. | Ave. S.D. | Ave. S.D.
NM 2533 2846 | 2632 29.11 | 2732 30.09 | 11.96 11.39 | 13.57 12.85 { 14.62 13.93
SrM 1.16 1.94 2.82 4.09 3.08 4.26 1.57 1.36 2.36 1.91 2.48 2.03
SH 1.62 3.37 2.8 4.45 4.4 6.2 1.94 2.04 2.62 2.54 3.29 2.96
MTT 2.94 4.56 5.04 8.48 898 12.95 3.2 3.21 4.42 5.11 6.11 6.22
SrMTT 0.94 1.85 1.38 2.44 1.53 2.7 1.4 1.28 1.74 1.6 1.87 1.72
Roundness (%) Aspect Ratio
Casting Level 1 Level 2 Level 3 Level 1 Level 2 Level 3
Type (DAS37 pm) | (DAS62pum) | (DAS78pm) | (DAS37pum) | (DAS62 pm) | (DAS 78 pm)
Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D.
NM 4524 2842 | 42.82 2848 | 40.8 2724 | 2.64 1.37 3.13 1.74 33 1.83
SrM 7524 20.64 | 77.23 21.45 | 77.23 2123 | 1.81 0.66 1.53 0.37 1.65 0.55
SH 74.76 2284 | 7478 232 | 73.43 23777 | 1.85 0.78 1.79 0.75 1.79 0.72
MTT 5696 27.34 | 5526 29.51 | 51.16 2997 | 2.351 1.33 291 1.62 2.76 1.52
SrMTT 78.87 2035 77.32 20.87 | 75.81 2148 | 1.81 0.67 1.83 0.69 1.87 0.72

Note: Levels 1, 2 and 3 correspond to heights of 10 mm, 50 mm and 100 mm above the chill end of the casting.
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The results of Table 4.2 have been presented in Figures 4.8 through 4.11 in the form
of histograms, which facilitates in distinguishing the effect of cooling rate (or dendrite arm
spacing), and that of the modification process on the Si particle characteristics.

In general, the Si particle area and length of the MTT casting appear to be the most
sensitive to the cooling rate, followed by the NM (non-modified) and SH (melt superheat-
treated) castings (Figures 4.8 and 4.9). In the StM casting, an improvement due to cooling
rate is evidenced mainly at the cooling rate corresponding to the lowest DAS (37 yum). The
particle size remains constant at DAS levels of 62 um and above.

Compared to all these casting types, the STIMTT casting shows the best results in
that not only the Si particle sizes are the smallest among all castings, but these values
remain approximately constant over the range of cooling rates studied. This has ;1 great
significance from the application point of view. Often, cast parts contain sections of
varying thickness, and in such cases, the use of an STMTT processed Al-Si alloy melt in
casting would ensure a relatively uniform eutectic Si particle size throughout the casting
and, hence, guarantee its overall propertiés.

Again, with respect to the roundness parameter, the best results are obtained with
the STMTT casting which displays consistently high roundness values, with a very small
influence due to cooling rate. The aspect ratios, however, are similar to those obtained for
the SH (superheated) and SrM (Sr-modified) castings. The moderate amount of refinement
in the Si particle morphology in the MTT casting compared to the non-modified (NM)

casting can also be observed from Figures 4.10 and 4.11.
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Figure4.8  Average Si particle area obtained for as-cast samples taken from different
A356.2 alloy castings/levels, showing the effect of (a) cooling rate (casting
level/DAS), and (b) modification process (casting type).
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Figure 4.10  Average Si particle roundness obtained for as-cast samples taken from
different A356.2 alloy castings/levels, showing the effect of (a) cooling rate
(casting level/DAS), and (b) modification process (casting type).
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Figure 4.11 Average Si particle aspect ratio obtained for as-cast samples taken from
different A356.2 alloy castings/levels, showing the effect of (a) cooling rate
(casting level/DAS), and (b) modification process (casting type).
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4.3.2 Comparison of Modification Methods

The various modification methods applied to A356.2 alloy in the present work were
used to determine which would produce a well-modified, fibrous eutectic structure, viz.
those that reduced the Si particle size and aspect ratio to a minimum and increased the
roundness to a maximum. Theoretically, spherical particles would have a roundness value
of ~100% and an aspect ratio of 1.

To compare the efficiencies of the different modification methods, the Si particle
characteristics obtained for the StM, SH, MTT and StMTT casting samples were compared
with those obtained for the non-modified NM casting in terms of the percentage decrease
in the area and length parameters, the percentage increase in the roundness, and the
percentage decrease in the aspect ratio, as shown in Tables 4.3 and 4.4. The values in the
parentheses in the row for the NM casting in both tables represent the actual values
obtained for each parameter at the corresponding level. Those listed in the other rows
provide the percentage changes in the four parameters (area, length, roundness and aspect
ratio) observed in the other casting samples calculated in terms of the NM values in
parentheses. The actual values are given in Table 4.2.

In their study of the effect of Sr modification in A356.2 alloy, Paray and Gruzleski’
found that strontium affects not only the size and morphology of the eutectic Si particles,
but also the particle size and morphology distribution. Their conclusions, which correspond
to the NM and SrM castings in the present work, can also be extended to the SH, MTT and
SIMTT castings, as well, where the standard deviation obtained for each parameter

measured can be used to estimate the structural uniformity of the eutectic Si particles in
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A356.2 alloy. More precisely, the narrower the standard deviation, the more homogeneous
the Si particle size and morphology distribution, in other words, the higher the degree of

modification achieved.

Table 4.3 Change in Si particle size achieved for different casting types in
comparison to the non-modified casting

Percentage Change in Si Particle Size

Casting Type % Decrease in Area (um?) % Decrease in Length (um)
Levell | Level2 | Level3 | Levell | Level2 | Level3

(10mm) | (S0mm) | (100mm) | (10mm) | (S50mm) | (100mm)
NM (25.33) | (26.32) (27.32) (11.96) (13.57) (14.62)
SrM 95.4% 89.3% 88.7% 86.9% 82.6% 83.1%
SH 93.6% 89.4% 83.9% 83.4% 80.7% 77.5%
MTT 88.4% 80.9% 67.1% 73.3% 67.5% 58.2%
SrMTT 96.3% 94.7% 94.4% 88.1% 87.2% 87.2%

Note: levels 1, 2 and 3 correspond to DASs of 37, 62 and 78 pm, respectively

Table 4.4 Change in Si particle shape achieved for different casting types in
comparison to the non-modified casting

Percentage Change in Si Particle Shape

Cast Type % Increase in Roundness % Decrease in Aspect Ratio
Levell | Level2 | Level3 | Levell | Level2 | Level 3

(10mm) | (50mm) | (100mm) | (10mm) | (50mm) | (100mm)

NM (45.24) | (42.82) | (40.80) (2.64) (3.13) (3.30)

SrM 66.31% | 80.36% | 89.29% | 31.44% | 51.12% | 50.00%
SH 65.25% | 74.64% | 79.98% | 29.92% | 42.81% | 45.76%
MTT 2591% | 29.05% | 25.39% | 4.92% | 7.03% | 16.36%
SrMTT 74.34% | 80.57% | 85.81% | 31.44% | 41.53% | 43.33%

Note: levels 1, 2 and 3 correspond to DASs of 37, 62 and 78 um, respectively
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CHAPTERS

EFFECT OF SOLUTION HEAT TREATMENT
ON EUTECTIC Si PARTICLE CHARACTERISTICS

5.1 INTRODUCTION

According to the results of investigations conducted by many researchers, ° 818283

the solution heat treatment of Al-Si-Mg alloys is carried out primarily for two reasons: the
first is to dissolve Mg and Si to the maximum extent in the aluminum matrix, and the
second is to alter the morphology of the eutectic Si particles from their acicular form in the
as-cast condition to a finer and more spheroidized form. Both effects can contribute
significantly in improving the mechanical properties of the alloy.

The change in the eutectic Si particle morphology takes place in three stages:
fragmentation, spheroidization, and coarsening. The solution treatment temperature and
time, and the original eutectic Si particle morphology in the as-cast condition are the main
factors that will control the effect of the solution heat treatment. Increasing the solution
temperature can expedite the process of fragmentation, spheroidization and coarsening,
keeping in mind that the temperature cannot be high enough to cause any microstructural

local melting of the alloy. For a given solution temperature, a sufficient solution time must
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be applied to the alloy to reach a degree of spheroidization that is satisfactory. The original
as-cast eutectic Si morphology also plays a critical role. For instance, at a given solution
temperature, finer and rounder as-cast Si particles in a Sr-modified alloy can become highly
spheroidized compared to those in an unmodified alloy.

In the as-cast condition, Mg,Si is heterogeneously distributed within the a-Al phase.
With solution heat treatment, the Mg,Si can be dissolved into the aluminum matrix, the
solubility being dependent on the solution temperature. Quenching thereafter can lock the
Si particles within the aluminum matrix to form a supersaturated solid solution. The
solution temperature is the key factor in this regard, and must be high enough so that the
Mg,Si can fully dissolve in solution.

In the present work, all the samples were solution heat treated at 540°C, for solution
times of 2 h to 80 h in increasing intervals of 2 h, for the NM and SrM casting samples, and
increasing intervals of 8 h for the SH, MTT and StMTT casting samples, respectively. The
solution treated samples were then quenched in warm water (60°C). At 540°C, the
solubility of Mg is 0.6%; since the Mg content in A356.2 alloy is around 0.4%, Mg,Si can
be fully dissolved if treated at this temperature for a sufficient time. On the other hand, a
solution time span of 2-80 h can provide a wide range of conditions of the spheroidization
of the eutectic Si as well as various degrees of Mg,Si dissolution in the matrix.

The effect of solution heat treatment on the eutectic Si particle characteristics was
investigated by measuring the average particle area, length, roundness, and aspect ratio of
the corresponding solution heat-treated samples. In general, as the solution treatment time

increases, the average area, length, and roundness parameters should increase while the
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average aspect ratio is expected to decrease, an aspect ratio of 1 corresponding to a
perfectly spherical particle. In addition, the effect of solution treatment on the eutectic Si
particle characteristics in the A356.2 alloy castings already modified prior to the solution
treatment (i.e., StM, SH, MTT and StMTT castings) was also investigated.

This chapter presents the results for the solution heat-treated samples corresponding
to the various A356.2 alloy casting types/levels and solution treatment times. As was done
in Chapter 4, both qualitative aspects (in the form of optical micrographs) and a
quantitative evaluation of the image analysis data obtained are presented and discussed in

the following sections.

5.2 QUALITATIVE ASPECTS OF THE EFFECT OF SOLUTION HEAT
TREATMENT ON THE EUTECTIC Si PARTICLE CHARACTERISTICS

The three stages of eutectic Si development during solution heat treatment, viz.,
fragmentation, spheroidization and coarsening, resulting in the samples obtained from the
various A356.2 alloy casting types are presented in Figures 5.1 through 5.5 for the NM,
SrM, SH, MTT and StMTT castings, respectively. The four optical micrographs presented
in each figure were taken from the level 1 samples of the corresponding casting, as the
microstructures at this level (corresponding to the highest cooling rate, 37 um DAS)
presented the best results in the as-cast condition (see Table 4.2 in Chapter 4). The as-cast
condition in each case is presented in the first micrograph (a) of each figure. The other

three micrographs ((b), (c) and (d)) correspond to solution treatment times of 8, 40 and
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Figure 5.1  Effect of solution heat treatment on the eutectic Si particle characteristics observed in the non-modified
A356.2 alloy NM casting-level 1 samples in (a) the as-cast condition; (b), (¢), (d) after solution heat
treatment at 540°C for (b) 8 h, (¢) 40 h, and (d) 80 h.
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Figure 5.2  Effect of solution heat treatment on the eutectic Si particle characteristics observed in the Sr-modified
A356.2 alloy SrM casting-level 1 samples in (a) the as-cast condition; (b), (¢), (d) after solution heat
treatment at 540°C for (b) 8 h, (c) 40 h, and (d) 80 h.
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Figure 5.3  Effect of solution heat treatment on the eutectic Si particle characteristics observed in the melt
superheat-treated A356.2 alloy SH casting-level 1 samples in (a) the as-cast condition; (b), (¢), (d) after
solution heat treatment at 540°C for (b) 8 h, (c) 40 h, and (d) 80 h.
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Figure 5.4  Effect of solution heat treatment on the eutectic Si particle characteristics observed in the MTT
processed A356.2 alloy MTT casting-level 1 samples in (a) the as-cast condition; (b), (c), (d) after
solution heat treatment at 540°C for (b) 8 h, (¢) 40 h, and (d) 80 h.
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Figure 5.5  Effect of solution heat treatment on the eutectic Si particle characteristics observed in the Sr-modified
MTT processed A356.2 alloy SrMTT casting-level 1 samples in (a) the as-cast condition; (b), (c), (d) after
solution heat treatment at 540°C for (b) 8 h, (¢) 40 h, and (d) 80 h.
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80 h, that were selected as best representing the progress of the various stages of solution
treatment with time. These solution times were also used for solution heat treatment of the
tensile bars used for tensile testing.

The effect of solution treatment on the eutectic Si particles is most evident in the case
of the non-modified A356.2 alloy casting. As solution treatment at 540°C is commenced on
the as-cast sample, Figure 5.1(a), with increasing solution time, the acicular Si particles are
seen to undergo “necking”. Following this, such Si particles undergo fragmentation, as can
be seen in Figure 5.1(b) for a sample which has been solution heat treated for 8 h. As the
solution time is increased further, the Si particles begin to spheroidize and then to coarsen,
as shown in Figure 5.1(c) and Figure 5.1(d), for solution times of 40 h and 80 h,
respectively.

Considering the various stages of the solution treatment as a whole, it can be seen
that the three stages of fragmentation, spheroidization and coarsening can occur together, as
well, in the same microstructure, depending upon the variety of Si particle sizes present in
the as-cast structure. Thus, while some longer particles may undergo fragmentation, other
smaller Si particles may become spheroidized, and those already spheroidized could start
coarsening, at any particular time during the solution treatment process.

When the alloys are modified before being solution heat treated, the spheroidization
process is accelerated, as shown in Figure 5.2 for the Sr-modified A356.2 alloy StM
casting. Compare to the non-modified alloy, a high level of spheroidization is easily
achieved after only 8 h of solution treatment at 540°C, as shown in Figure 5.2(b). Further

solution treatment leads to the coarsening of the Si particles, as Figures 5.2(c) and 5.2(d)
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demonstrate. Nevertheless, the overall size of the ‘coarsened’ Si particles is still much
smaller than that of the coarse particles in the non-modified alloy, Figure 5.1(d).

With the melt superheat-treated SH alloy casting, the results are similar to those
obtained for the Sr-modified casting. The slightly less degree to which the SH as-cast
sample is modified (Figure 5.3(a)), is reflected in the subsequent micrographs of
Figures 5.3(b), (c¢) and (d), when compared to those of Figure 5.2 for the same solution
times. In general, the Si particle sizes are somewhat larger in the SH casting samples.

In the case of the MTT processed casting, the particularities of the as-cast structure
(Figure 5.4(a)), which shows a moderate amount of refinement in comparison to the non-
modified alloy casting, lead to a corresponding improvement in the extent of
spheroidization achieved after 8 h solution treatment, Figure 5.4(b). Although
Figures 5.4(c) and 5.4(d) appear similar to those of Figures 5.1(c) and 5.1(d), due to the
initial refinement obtained in the as-cast structure of the MTT sample, the particle sizes in
Figures 5.4(c) and 5.4(d) are relatively smaller, overall.

Finally, the extremely well-modified eutectic structure in the as-cast STMTT casting
sample (Figure 5.5(a)) leads to the attainment of a high degree of spheroidization after 8 h
solution treatment, comparable to that observed in the SrM casting sample. However, the
density of fine Si particles (i.e. number of Si particles per unit area) is greater and much
more homogeneously distributed than in the latter (¢f. Figure 5.5(b) and Figure 5.2(b)).
Perhaps for this reason, the coarsening effects after 40 h solution time are more pronounced
in the STMTT casting sample (Figure 5.5(c)) than in the SrM casting sample (Figure

5.2(c)). Figure 5.5(d) shows that, after 80 h of solution treatment, the remaining larger-
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sized and non-spheroidized particles in the SIMTT casting (after 40 h solution treatment)
undergo fragmentation and spheroidization. In comparison, the larger-sized Si particles in
the Sr-modified casting still appear to be in the process of necking (and fragmentation)
after the same amount of solution treatment time (80 h).

In summary, therefore, these observations emphasize the fact that the original eutectic
Si structure contributes significantly to the efficiency of the solution heat treatment applied,
in terms of the solution time required to achieve optimum spheroidization of the Si
particles. Reduced solution treatment times would obviously add to the cost-effectiveness

of the production process.

5.3 QUANTITATIVE ASPECTS OF THE EFFECT OF SOLUTION HEAT
TREATMENT ON THE EUTECTIC Si PARTICLE CHARACTERISTICS

Quantification of the Si particle characteristics was carried out using image analysis.
The particle size and morphology were characterized in terms of the average particle area,
length, roundness and aspect ratio for the various A356.2 solution heat-treated casting
samples (at 540°C for different solution times). The results are presented in this section in

the form of x-y plots. The image analysis data is provided in Appendix 1.

5.3.1 Effect on Eutectic Si Particle Size

Depending upon the as-cast condition of the casting, and whether the A356.2 alloy
melt used to prepare the casting was Sr-modified or not, the development of the changes in
the eutectic Si particles brought about by the solution heat treatment applied would vary

from casting type to casting type.
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Figure 5.6 shows a schematic representation of the three stages of eutectic Si particle
deVelopment, viz., fragmentation, spheroidization and coarsening with the progress of
solution treatment, in non-modified and Sr-modified Al-Si alloys.84 As can be seen, in the
non-modified alloy, fragmentation must first occur before spheroidization and then
coarsening can take place, whereas in the modified alloy, the as-cast Si particles are already
relatively smaller in size and hence spheroidization commences shortly after the solution
treatment is underway. Obviously, with the progress of solution treatment time, the Si
particles will start to coarsen, exhibiting coarser particles compared to the unmodified alloy

after similar solution treatment times.
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Figure 5.6  Schematic representation of the three stages of eutectic Si particle
development during solution heat treatment in: (a) non-modified, and
(b) Sr-modified A356.2 alloys.*
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Figure 5.7 shows the plots of average Si particle area values obtained for the different
casting types and levels over the range of solution treatment times studied from O h (as-cast
condition) through 80 h. The three curves corresponding to the samples taken from the
three levels of each casting are distinct from one another in the NM and MTT castings,
whereas those for the StM, SH and STMTT castings lie together. The potential advantage of
this observation in the latter cases is that the effect of Sr modification or superheat
overrides that of cooling rate, which has significance in the context of maintaining a
uniform eutectic structure in the thick and thin sections of a cast component.

In the non-modified casting, Figure 5.7(a), the as-cast particle size is in the order of
25 — 28 pm®. During the first four hours of solution treatment (at 540°C), the particle sizes
reduce, indicating the progress of fragmentation of the Si particles. The greatest amount of
fragmentation is observed at level 1 (DAS 37 um). As the solution time progresses, the
particle sizes begin to increase somewhat, however, in a gradual manner, showing
increasing and decreasing values from one solution period to the next (in intervals of 2 h).
This range of solution times, from 8 to ~ 40 h, comprises both the spheroidization and the
coarsening stages that occur together. After 40 h, the particles coarsen, until at 80 h, they
attain particle sizes greater than their as-cast values, except for the level 1 sample which
attains its original size, negating the effect of fragmentation brought about by the solution
heat treatment.

In the SrM casting, Figure 5.7(b), all three levels exhibit almost similar particle sizes
over the entire range of solution treatment. In this case, the as-cast values are the lowest,

about 3 pm? or less, and increase very gradually with increasing solution treatment time.
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The spheroidization stage is expected to occur in the 24-60 h range, where the particle area
remains more or less constant at ~ 10 um?’. The Si particles begin to coarsen thereafter.
However, even after coarsening, the particle sizes are still below 15 um?’. Virtually the
same results are obtained for the SH casting, Figure 5.7(c).

The increase in the particle size in the early stages of solution treatment (unlike the
decrease observed for the NM casting) is explained by the fact that there are no large
particles to undergo fragmentation, and so the spheroidization stage occurs directly. The
same is true for the other modified castings, i.e., the SH and STMTT castings. In the case of
the MTT casting, Figure 5.7(d), however, distinct particle sizes are observed for the three
levels, and after about 56 h of solution treatment, the particles attain maximum coarsening
and display the same particle size of ~ 20-22 ym at DASs of 62 ym or more.

In terms of refinement achieved with the MTT process, only at level 1 is the cooling
rate high enough (DAS 37 um) to achieve a particle size of ~15 ym after 56 h solution
treatment, comparable to that achieved with the SH and StMTT castings (Figures 5.7(c)
and 5.7(e), respectively). As Figure 5.7 shows, with respect to solution heat treatment, the
best result are obtained for the SIMTT casting, followed by the SrM and SH castings.

In their review of the fundamental aspect of heat treatment of cast Al-Si-Mg alloys,
Apelian ef al.” have analyzed the data from various studies reported in the literature. They
report that modification has a great influence on spheroidization. In modified A356 alloy, a
high degree of spheroidization is observed after only 12 h of solution treatment, whereas in
the unmodified alloy, coarse acicular Si plates are still visible after the same amount of

solution treatment. According to Zhu et al.,” during solution heat treatment, the Si particles
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Figure 5.7  Effect of solution heat treatment on the average Si particle area obtained in
the different A356.2 alloy casting samples: (a) NM, (b) StM, (c) SH,
(d) MTT, and (e) STMTT castings.
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Effect of solution heat treatment on the average Si particle area obtained in
the different A356.2 alloy casting samples: (a) NM, (b) SrM, (c¢) SH,
(d) MTT, and (e) STMTT castings.
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Figure 5.7  Effect of solution heat treatment on the average Si particle area obtained in
the different A356.2 alloy casting samples: (a) NM, (b) SrM, (c¢) SH,
(d) MTT, and (e) STMTT castings.

are first separated into segments at corners or at thin growth steps, but they still possess
their flake morphology. After that, these segments begin to spheroidize. Theoretical studies
have suggested that interfacial instabilities in the eutectic structure caused by the increase
in shape perturbations and consequent breaking of the eutectic Si particles during the heat
treatment do not take place that easily in the unmodified eutectic, and so the acicular
eutectic particles are resistant to spheroidization. In fibrous eutectic, however, the shape
perturbations are readily accepted and the particles are easily broken. As a result,

spheroidization occurs at a much faster rate in modified alloys than in non-modified alloys.



121

With respect to the various casting types studied in the present work, the data
presented in Appendix 1 may be analyzed as follows.

In the modified alloys, i.e., those with modified Si particles, spheroidization starts
with solution heat treatment followed by coarsening. The particle size increases in two
stages, where the growth occurs relatively fast in the first stage, then slows down in the
second stage. The duration of each stage of growth varies from casting type to casting type,
depending upon the modification method employed (i.e., StTM, SH, MTT or StMTT).

As can be seen from the data provided in Appendix 1, the accelerated growth stages
vary from 28 h for SrM, to 32 h for SH, 8 h for MTT and 32 h for the STMTT castings.

In the case of the unmodified NM casting also, once the fragmentation and
spheroidization stages have taken place, there are two stages of coarsening, the accelerated
coarsening, extending up to 12 h, as seen from the data in Appendix 1. It should be noted
that in this case, however, spheroidization could also be taking place at the same time as
coarsening, as the former takes place over the entire duration of the solution treatment, as
the optical micrographs of Figure 5.1 show. Also observed is the fact that the accelerated
growth periods for the NM and MTT castings are much shorter (10 h + 2 h) than those
noted for the modified castings (30 h £ 2 h).

Apelian ez al.” have suggested that the large diversity of particle size and shape in the
unmodified alloy is expected to provide a greater driving force for coarsening in this case
than in the modified alloys. In addition, the small tips of the acicular needle (or plate)

shaped Si particles would favour growth at the comers, and increase their widths, viz.,
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coarsen the particles. Rhines and Aballe® have estimated the growth rate to be of the order
0f 0.0225 pm>/hr in unmodified alloys compared to 0.014 um>/hr in modified alloys.

Figure 5.8 compares the plots of the average Si particle lengths obtained for the
different A356.2 alloy casting types and levels at the various solution treatment times. The
plots are very similar to those of Figure 5.7 for the average Si particle area. As before, the
non-modified (NM) casting shows distinct particle sizes at the three levels (i.e., cooling
rates) where the particle lengths decrease in each case from their as-cast values up to 4 h
solution treatment, then begin to increase gradually, attaining more or less constant values
(within £ 1 um) of 7, 8 and 9 um for the levels 1, 2 and 3, respectively, over the 8 h-80 h
range of solution treatment time. The as-cast Si particle lengths range from ~12 pm to
~15 pm.

The other variously modified castings display much smaller particle lengths in the
as-cast condition (~3 um or less), with the MTT casting exhibiting slightly higher values
(~3 to 6 pum). After 56 h of solution treatment, the MTT casting samples corresponding to
levels 2 and 3 (i.e. at DASs =62 pum) show similar maximum particle lengths (~7um),
while the level 1 (37 um DAS) sample produces the best results in terms of refinement.
Before 56 h, the three levels exhibit distinct particle lengths as in the case of the non-
modified casting. The best results are obtained for the SIMTT casting which displays the
minimum values in area (~7.5 pm®) and length (2 yum) in the as-cast condition, followed by

the SrM and SH castings.
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Figure 5.8  Effect of solution heat treatment on the average Si particle length obtained
in the different A356.2 alloy casting samples: (a) NM, (b) SrM, (c) SH,
(d) MTT, and (e) SIMTT castings.
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Figure 5.8  Effect of solution heat treatment on the average Si particle length obtained
in the different A356.2 alloy casting samples: (a) NM, (b) SrtM, (c) SH,
(d) MTT, and (e) STMTT castings.

After 80 hr solution heat treatment, the NM-level 1 and MTT casting samples
exhibit similar Si particle sizes (22-26 um?), while in the StM, SH, and St(MTT castings,
the particle sizes are much smaller (12-15 pm?). Nonetheless, irrespective of the
modification method used, the Si particle sizes are significantly diminished compared to the
particle sizes obtained in the as-cast condition in the non-modified alloy (i.e., without
solution heat treatment). Also, as Figures 5.7 and 5.8 show, the effect of cooling rate on
particle size is not affected by the solution heat treatment time at 540°C solution

temperature.
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5.3.2 Effect on Eutectic Si Particle Shape

Solution heat treatment can improve the shape of the eutectic Si particles during the
speroidization stage, when the particles become rounded, i.e., their roundness increases and
correspondingly, the aspect ratio decreases (and approaches the limit of 1 for spherical
particles). However, the spheroidization process takes place quite differently in the
unmodified and modified alloys.

Figure 5.9 displays the variations in the average Si particle roundness as a function of
solution treatment time at 540°C for the different A356.2 alloy casting types and levels.

As Figure 5.9(a) shows, the roundness of the Si particles in the non-modified alloy
casting shows a large improvement from ~ 40-45 % in the as-cast condition to
~ 60-68 % after only 2 h of solution treatment. The roundness increases gradually as the
solution time is prolonged, reaching a maximum at ~ 50 h and then remaining more or less
the same up to 80 h, at ~ 75-80 %. Of course, the level 1 samples show maximum
improvements, in each case.

Maximum roundness values (~85%) are obtained for the SrM casting samples, Figure
5.9(b), as also for the SH (Figure 5.9(c)) and STMTT (Figure 5.9(e)) casting samples. In the
case of the SrM casting, all cooling rates exhibit the same roundness over the range of
solution treatment times, starting from an as-cast roundness of ~ 75-78 %. The SH and
SrMTT castings show some influence of cooling rate. As in the case of the NM casting, the
MTT casting also shows distinct roundness values for the three levels studied, although the

as-cast roundness values are higher (~ 51-56 %) compared to those obtained in the NM
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Figure 5.9  Effect of solution heat treatment on the average Si particle roundness
obtained in the different A356.2 alloy casting samples: (a) NM, (b) SrM, (c)
SH, (d) MTT, and (e) STMTT castings.
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Figure 5.9  Effect of solution heat treatment on the average Si particle roundness
obtained in the different A356.2 alloy casting samples: (a) NM, (b) SrM, (c)
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Figure 5.9  Effect of solution heat treatment on the average Si particle roundness
obtained in the different A356.2 alloy casting samples: (a) NM, (b) SrM, (c)
SH, (d) MTT, and (¢) ST(MTT castings.

casting (~ 40-45 %). Again, the MTT casting-level 1 (37 um DAS) sample provides the
best roundness values.

Similar tendencies are reflected in the aspect ratio parameters exhibited by these
samples, as shown in Figure 5.10, only in this case, the aspect ratios start with a higher
value in the as-cast condition to decrease to an aspect ratio of 1 (corresponding to the
~100 % roundness) exhibited by perfectly spherical particles. Again, the lowest aspect
ratios are obtained for the SrM casting samples (< 1.5), Figure 5.10(b), where, after an
initial improvement after 2 h of solution treatment, the aspect ratio remains constant over

the range of solution times studied, and independent of the cooling rate or level. The SH
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Figure 5.10 Effect of solution heat treatment on the average Si particle aspect ratio
obtained in the different A356.2 alloy casting samples: (a) NM, (b) SrM, (c)
SH, (d) MTT, and (¢) STMTT castings.
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Figure 5.10 Effect of solution heat treatment on the average Si particle aspect ratio
obtained in the different A356.2 alloy casting samples: (a) NM, (b) SrM, (c)
SH, (d) MTT, and (e) STMTT castings.
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SH, (d) MTT, and (e) ST(MTT castings.

and SrMTT castings follow next, where, with the exception of a few changes at ~ 40 h and
80 h solution times, the aspect ratio remains at ~ 1.5 for the SH casting and shows a bit
more discrepancy in the case of the STMTT casting.

It can be concluded from these results that the original Si particle morphology is the
key factor which determines the time that the Si particles need for spheroidization. The

finer the Si particles, the less time it will take for them to be fully spheroidized.
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CHAPTER 6

TENSILE PROPERTIES

6.1 INTRODUCTION

As one of the main groups of aluminum alloys used in automotive application, the
mechanical properties of Al-Si-Mg alloys have been investigated extensively.®!:%¢-%
Among these, those relating to the tensile properties of A356 alloys have been
determined in terms of the secondary dendrite arm spacing (SDAS) or cooling rate,
eutectic Si particle characteristics, alloying element addition (Mg, Fe, and others), and
casting defects such as porosity and inclusions.”®®? In addition, the effects of
modification and solution heat treatment which, through their influence on the eutectic
Si particle characteristics, can also control the tensile properties of A356 alloy, have also
been studied by several workers, 2247828

In the present work, we have focused on the effect of cooling rate, various
modification methods, and solution heat treatment on the characteristics of the eutectic
Si particles, observed in A356.2 alloys, with the aim of investigating how the changes
brought about by these various means will affect the tensile properties of the
corresponding castings.

This chapter presents the results of the tensile tests that were carried out for the

NM, SrM, SH, MTT and SrMTT end-chilled castings, on samples obtained at the three

levels (of 10, 50 and 100 mm above the chill end) to incorporate the effect of cooling
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rate. The tensile properties (UTS, YS and %El) were measured using an Instron
Universal Mechanical Testing machine, the details of the samples preparation and
testing procedures have been provided in Chapter 3, section 3.5.

In regard to the different parameters studied and their influence on the tensile
properties, a high cooling rate (or fine SDAS) is well known to enhance the tensile
properties, due to the overall refinement of the microstructure and its constituents,
including the Si particles, as well.

In regard to the various modification methods used, those of Sr modification are
well known, according to Hafiz and Kobayashi,** Sr modification has little effect on the
yield strength of A356 alloy, but can moderately improve the tensile strength. The main
impact of Sr modification is on the ductility, where the addition of 240 ppm Sr to A356
alloy melt scan improve the elongation from 8.03% to 22.2%.%

In comparison, there are few studies covering the effect of melt superheat and
even less on that of melt thermal treatment (MTT) on the tensile properties of A356
alloys. The results of Jie et al.,** show that superheating an A356 alloy melt to 810°C
can improve the tensile properties, especially the ductility (from 5.0% to 8.5%). The

investigations of Wang et al.*!

show that the MTT process greatly improves the
elongation, by almost 112%.

To the best of our knowledge, there is no report on the combined effect of Sr
modification and melt thermal treatment on the tensile properties of Al-Si alloys, and

A356 alloy, in particular. As has been shown in chapter 4, the SIMTT casting showed

the best results in that the eutectic Si particle characteristics were the finest produced
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among all the casting types studied. It is to be expected, therefore, that the SIMTT
casting samples will exhibit the best tensile properties, as well.

The effect of solution heat treatment on the Si particle characteristics (and hence
on the tensile properties) of A356 alloy has also been investigated.®? In the present work,
the tensile test bars obtained from the various castings were solution treated at 540°C for
times ranging from 0 h (as-cast condition) to 80 h at intervals of 2 h for the
non-modified (NM) and Sr-modified (SrM) alloy castings. Based on the results obtained,
for the other castings, the test bars were solution treated at 540°C, again for times
ranging from O h (as-cast condition) to 80 h, but at intervals of 8 h. Following solution
treatment, all test bars were quenched in warm water and aged for 5§ h at 155°C (standard

T6 treatment) before the tensile testing was carried out.

6.2 AS-CAST TENSILE PROPERTIES

The as-cast tensile properties of the various A356 alloy casting types were

determined. The results are plotted in Figures 6.1 to 6.3.
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Figure 6.1 Yield strength of samples obtained from different A356.2 alloy castings —
as-cast condition.

1., yield strength is essentially determined by the Mg

According to Shivkumar et a
content and the aging condition rather than the eutectic Si particle characteristics or
cooling rate (in term of DAS). This is also evidenced by the experimental results of the
present work. As shown in Figure 6.1, under the same cooling rate, although various
modification methods produce a wide range of Si particles characteristics (as discussed
in Chapter 4 and 5), the yield strength of each casting type remains more or less the
same level to level. For instance, at the level 10mm from chilled end (DAS=37um), the
yield strength of the NM, SrM, SH, MTT and SrMTT casting samples are 88, 96, 104,

99 and 94 MPa, respectively. In addition, for each casting type, the cooling rate does not

appear to affect the yield strength. For example, in the STMTT casting samples, the yield
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strengths obtained at the three levels (DAS=37, 62, 78um) are 95, 96, 92MPa,

respectively, while the other A356 alloy casting types also show the same tendency.

320
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Figure 6.2 Ultimate tensile strength of samples obtained from different A356.2 alloy
castings — as-cast condition.

The UTS values obtained for the various casting types reveal that the StM, SH and
SrMTT processes improve the UTS to a certain extent compared to the non-modified
(NM) condition, while the MTT processed casting appears to have no effect, as shown in
Figure 6.2. For instance, at DAS=62um, the UTS for NM, SrM, SH, MTT and STtMTT
samples are 148, 169, 168, 147 and 158 Mpa, respectively. This effect on UTS is related
to the improvement in the Si particle characteristics, especially with regard to the aspect
ratio. In SrtM, SH and SrMTT-treated castings, the Si particles are modified from

acicular form to fibrous morphology while in NM or MTT-treated castings they still
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appear as acicular flakes. However, it should be noted that the improvement is also
affected by the cooling rate. As Figure 6.2 shows, at the high cooling rate (DAS=37um),
none of the modification methods show an obvious improvement in the UTS (182, 175,
162, 179MPa for the SrM, SH, MTT, and SrMTT treated castings respectively,
compared to 180MPa for the NM casting). At high cooling rates, the effect of cooling
rate (or DAS) dominates that produced by the different modification processes, as at fine
dendrite arm spacings, all microconstituents in the microstructure are refined and not
only the eutectic silicon, which is the case for the modified castings. However, the effect
of modification takes over as the cooling rate decreases, i.e., as the DAS attains larger
values. For example, in the StM casting, the UTS decreases from 182 to 169 to 162 MPa
as the DAS increases from 37 to 78 um. Similarly, in the case of the SH casting, the
UTS is lowered from 175, through 168 to 159 MPa, respectively. This decrease in UTS
is related to the increase in the Si particle size and aspect ratio resulting from the
decrease in cooling rate.

The lower UTS value displayed by the MTT casting at 37 um DAS could probably
be the result of the presence of porosity defect and/or inclusions present in the gage
length portion of the corresponding test bars.

Figure 6.3 shows the results for percentage elongation for the various casting types.
Both SrM and SrMTT processes improve the ductility considerably from ~ 6% in the
non-modified condition to ~ 12%, at 37 um DAS. Comparing the plots for the NM and
SrM casting samples, the same level of improvement is obtained with Sr modification

(relative ot the non-modified case) at all cooling rates or DASs.
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Figure 6.3 Percentage elongation of samples obtained from different A356.2 alloy
castings — as-cast condition.

Although the SH and MTT processes do refine the Si particles, no significant
improvement in ductility is observed. In fact, the ductility is even lower than that of the
NM casting sample, at the high cooling rate, i.e., at DAS=37um by about 2 to 2.7%. The
ductility decreases very gradually with increase in dendrite arm spacing, from ~ 4% at
37 um DAS to ~ 3% at 78 um DAS. These observations could be explained by the
degree of Si particle clustering observed in the respective microstructures. As was
shown in Chapter 4, the Si particle distribution was not homogeneous in these casting
samples, particularly at the high cooling rate, where the solidification time was not
sufficient to allow for a more even distribution of the Si particles. This general

characteristic of the MTT and SH samples would explain the low ductilities observed.
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Compared to the NM casting sample, the longer solidification time at 78 um DAS would
provide more time for distributing the Si particles more evenly in the casting, and result
in improving the ductility compared to the NM casting sample (~ 3% of ~ 1.5% for
NM).

To summarize, the ductility of A356 alloys subjected to various modification
processes is determined by the dendrite arm spacing, the eutectic Si particle size and
aspect ratio, as well as by the presence of casting defects. The observations for the MTT

processed casting are in keeping with those of Wang®'.

6.3 TENSILE PROPERTIES AFTER HEAT TREATMENT

For studying the effect of heat treatment, the tensile test bars were solution heat
treated at 540°C for selected times of 8, 40 and 80 h, to cover the range of solution times
studied. The samples were artificially aged at 155°C for 5 h (standard T6 temper) before
carrying out the test. The results are presented in Figures 6.4 through 6.6, where the
variations in YS, UTS and %E]l obtained at each cooling rate (or DAS level) have been
grouped together for the five casting types.

In general, both YS and UTS are significantly improved after solution heat
treatment. In regard to the elongation, while the ductilities of the NM, SH and MTT
castings are also improved, the case for the SrM and SrMTT castings is more
complicated in nature. As Figure 6.4 shows, for each A356.2 alloy casting type, the yield
strength is greatly improved after 8 h of solution heat treatment, compared to the as-cast

(0 h) condition. Maximum improvement is observed in the case of the NM casting,
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Figure 6.4

Effect of solution heat treatment on the yield strength of heat-treated
samples obtained from various A356.2 alloy castings at: (a) 37 um,
(b) 62 pm, and (c) 78 um DAS levels.
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Figure 6.4  Effect of solution heat treatment on the yield strength of heat-treated
samples obtained from various A356.2 alloy castings at: (a) 37 um,
(b) 62 pm, and (c) 78 um DAS levels.

at the highest cooling rate, where the YS value jumps from ~ 85 MPa to ~ 235 MPa after
8 h of solution treatment. the improvement in yield strength is attributed to the
precipitation of Mg,Si within the Al-matrix after aging. In most cases, the Mg,Si
precipitation is essentially completed within the first 8 h of solution treatment, and the
yield strength does not vary much thereafter, with further increase in solution treatment

time. Actually, according to Shivkumar et al. M

the precipitation of Mg,Si finishes in the
first hour of solution treatment. once the samples have been solution heat treated,

cooling rate has very little effect on the yield strength.
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The plots in Figure 6.4 show that for the SrM casting samples, the maximum
yield strength is achieved after 40 h of solution treatment. this may be explained by the
fact that the StM casting from which the corresponding 40 h-solution treatment test bars
were obtained contained a higher level of Mg (0.309%) than did those for the 8 h and 80
h solution treatments (0.234% Mg and 0.239% Mg, respectively). In comparing Figures
6.4(a), (b) and (c), it can be observed that, overall, the yield strength does not change
from one cooling rate to another for a specific modification process (i.e., casting type),
and under the same solution treatment conditions.

Figure 6.5 shows the UTS values obtained for the various A356.2 casting
samples after heat treatment. As can be seen, the UTS shows a tendency very similar to
that obtained for the yield strength in that a significant improvement is obtained after 8 h
solution heat treatment, then remains at the same level with further solution treatment.
As in the case of the yield strength, the maximum improvement in UTS is obtained for
the NM casting, from ~ 180 MPa in the as-cast condition to ~ 305 MPa after 8 h solution
treatment. Up to 40 h solution time, the UTS remains stable but drops to ~ 290 MPa
after 80 h of solution treatment. Cooling rate has a certain influence in that different
levels of improvement in UTS are obtained. In the case of the STMTT casting, the UTS
improves gradually for the 78 um DAS samples from 162 MPa to 262 MPa until, after
80 h solution treatment, the UTS attains a value of 261 MPa, comparable to that

obtained at 62 um DAS.
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Figure 6.5  Effect of solution heat treatment on the ultimate tensile strength of heat-

treated samples obtained from various A356.2 alloy castings at:
(a) 37 pm, (b) 62 pm, and (c) 78 um DAS levels.
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Figure 6.5  Effect of solution heat treatment on the ultimate tensile strength of heat-
treated samples obtained from various A356.2 alloy castings at:
(a) 37 pm, (b) 62 pm, and (c) 78 pum DAS levels.

According to Pan e al.,* the improvement in UTS can be attributed three factors:
Mg,Si precipitation, dissolution of Si within the Al-matrix, and change in the Si particle
morphology. Among these, Mg,Si precipitation and change in Si particle morphology
favor an increase in the UTS, while dissolution of Si has a negative influence. The rapid
increase in UTS obtained for heat-treated samples solution treated for 8h is due to
maximum dissolution of Mg and Si (and, hence, precipitation of Mg,Si), and the
spheroidization of the Si particles. With further increase in solution treatment time (up to
80h), there is no further dissolution of Mg and Si (and hence no further Mg,Si

precipitation), while the positive effect of spheroidization is offset by the dissolution of
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Si within the Al-matrix, thus maintaining the UTS around the same level, Figure 6.5.
Also, from a comparison of Figures 6.5(a), (b) and (c), it can be seen that the effect of
cooling rate on UTS is not affected by the solution treatment time, and that the tensile
strength of the various castings lie in the same range, within 10-20 MPa of each other,
for the three cooling rates studied. While the Si particle characteristics may vary from
one casting type to another, this difference does not affect the UTS after solution heat
treatment/aging, so long as the castings contain the same Mg level.

Figure 6.6 shows the effect of heat treatment on the ductility of the various A356.2
alloy casting samples at each of the three DAS levels. In general, the ductility is seen to
improve with solution heat treatment, as well as increase in solution time. The ductility
is controlled to a great extent by the changes in the Si particle morphology and size
brought about by the modification methods used, as well as the spheroidization due to
solution heat treatment. As discussed in Chapter 5, the development of the Si particle
characteristics during solution treatment varied from casting type to casting type
depending upon the modification process used and the particle characteristics in the
as-cast condition. Thus, the ductility for the NM casting samples is expected to
contribute to improve with increasing solution time, as the Si particle pass through the
stages of fragmentation and spheroidization, then remain constant or decrease somewhat
depending upon the amount of coarsening that has taken place after 80 h of solution
treatment.

Both the SrM and SrMTT samples display the highest percentage elongations in

the as-cast condition at the highest cooling rate (37 um). The drop in ductility in the StM
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Figure 6.6  Effect of solution heat treatment on percentage elongation of heat-treated
samples obtained from various A356.2 alloy castings at: (a) 37 um,
(b) 62 pm, and (c) 78 um DAS levels.
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Figure 6.6  Effect of solution heat treatment on percentage elongation of heat-treated
samples obtained from various A356.2 alloy castings at: (a) 37 pm,
(b) 62 pm, and (c) 78 um DAS levels.
casting samples after 40 h of solution treatment is attributed to the increase in the Mg
content of the SrtM casting from which these samples were prepared. As was observed in
the case of Figure 6.5(b), corresponding to the lowering of the ductility, the UTS
exhibited higher values of the same samples. The very fine eutectic Si structure achieved
in the STIMTT casting is responsible for the high ductility of ~ 12%, which is maintained
even at DAS of 62 um. The drop in ductility with solution treatment is probably the
result of coarsening.
In general, in samples exhibiting low ductilities which is mostly the case at the

lowest cooling rate (78 um DAS), as for example in the MTT and SH castings, the

ductility improves progressively with prolonged solution treatment. This is also
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observed to be the case of the STMTT casting sample corresponding to the 78 um DAS
level.

To summarize, therefore, among the various modification methods used, the StM
and StMTT modification processes provide the highest ductilities for A356.2 alloy in the
as-cast condition and at the 37 um DAS level. Solution treatment is useful in increasing
the ductility of samples exhibiting low ductilities in the as-cast condition, irrespective of
the casting-type. The improvement is observed to increase as the solution time is

increased.

6.3.1 Quality Index

As described in Chapter 2, in section 2.8.5, the quality index, Q, defined as
Q = UTS + k logEl was introduced by Drouzy et al.”' as a means to better interpret
tensile test data. Rather than using ductility directly, they defined, instead, the quality
index Q, in terms of the ultimate tensile strength and percent elongation (El > 1%) and a
coefficient k, having a value of 150 MPa for the Al-7Si GO6 alloy studied by them. This
alloy is equivalent in composition to A357 alloy without beryllium.

In view of the tensile properties of the different A356.2 alloy casting studied in the
present work, it would be interesting to see how the different factors, viz., cooling rate,
modification process, superheat and solution heat treatment would affect the ‘quality’ of
the alloy or casting, in terms of the quality index.

Accordingly, the Q values for the various samples were calculated based on the

equation:
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Quality index = UTS (MPa) + 150 log (EL%)

with Q expressed in MPa units. The results are plotted in Figure 6.7 for the various
A356.2 alloy casting types, at each of the three DAS levels. As can be seen, a much
more consistent behavior is observed when the quality index is used as an indication of
the tensile properties than the individual properties themselves. Whatever the casting
type, the response to solution treatment follows the same bend. The ‘quality’ of the alloy
is significantly increased by about 100 to 125 MPa after 8 h solution treatment, at teach
DAS level. Obviously, the finer microstructures at the 37 um DAS level display a
somewhat superior quality. After 8 h, the Q values remain more or less steady with
further increase solution time up to 80 h.

From the application point of view, a compromise is often sought between the
strength and ductility requirements of a casting prepared for a specific application. The
Q plots of Figure 6.7, are a very convenient means to determine this. As can be seen,
the Sr and STMTT castings display the best ‘quality’ overall, among all the casting types.
The lower ‘quality’ of the SH and MTT castings would probably be attributed to particle
clustering effects and inhomogeneous distribution of the Si particles in their

microstructures.
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Figure 6.7  Effect of solution heat treatment on quality index of heat-treated samples

obtained from various A356.2 alloy castings at: (a) 37um, (b) 62um, and
(c) 78um DAS levels.
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Figure 6.7  Effect of solution heat treatment on quality index of heat-treated samples
obtained from various A356.2 alloy castings at: (a) 37 um, (b) 62 pm, and
(c) 78 um DAS levels.
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CHAPTER 7

CONCLUSIONS

A study of the effect of cooling rate, strontium modification, superheat treatment,
melt thermal treatment, and solution heat treatment on the characteristics of eutectic Si
particles in A356.2 alloy was carried out. The effect on the mechanical properties was also
investigated through a study of the tensile properties. Based on the results obtained from

the microstructural analysis and tensile testing, the following may be concluded:

1. The acicular eutectic silicon observed in non-modified A356.2 alloy can be
modified using various means such as Sr-modification, superheat, melt thermal
treatment (MTT) and a combination of Sr-modification and MTT. Strontium
modification, superheat and Sr-modified-MTT processed castings provide fine
eutectic Si particles, the SIMTT process giving the best modification results. The

MTT process alone provides a moderate amount of modification.

2. Compared to all casting types, the SIMTT casting shows the best results in that not
only the Si particle sizes are the smallest among all the castings, but these values
remain approximately constant over the ranges of cooling rates studied. This has
great significance from an application point of view, as cast parts often contain

sections of ranging thickness, and the use of an SIMTT processed Al-Si alloy melt
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would ensure a relatively uniform eutectic Si particle size throughout the casting

and, hence, guarantee its overall properties.

Both size and morphology of the eutectic silicon particles are affected by the
modification process used. The StM, SH and SIMTT castings show well modified
fibrous Si particles, whereas the MTT casting exhibits Si particles that, although

refined to a certain extent, still retain their acicular morphology.

Cooling rate affects the eutectic Si particle size in that a higher cooling rate
produces finer Si particles. However, within the range of cooling rates provided by
the end-chill mold used in this work, the cooling rate does not affect the

morphology of the Si particles.

During solution heat treatment at 540°C, the eutectic Si particles undergo
fragmentation, spheroidization, and coarsening, affecting the Si particle
morphology. The spheroidization process is determined by the size and
morphology of the Si particles in the as-cast condition. The Sr-modified, superheat
and StMTT processed castings with their refined Si partcles require much less
solution treatment time for the spheroidization process to take place that do the
non-modified (NM) and MTT castings.

An analysis of the tensile test data for the various A356.2 alloy castings (NM,

SRM, SH MTT and StMTT) in the as-cast condition shows that both cooling rate
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and modification process have no influence on the yield strength. The tensile
strength can be improved by SrtM, SH, and SIMTT treatment. The MTT process
has no apparent influence on the UTS. Both StM and SrMTT treatment can greatly
improve the percentage elongation of A356 alloy castings. SH and MTT processes
do not show any significant improvement in the percentage elongation. Higher

percentage elongation can be produced at higher cooling rate.

The effect of solution heat treatment on the tensile properties of the various
A356.2 alloy castings can be summed up as follows.
1) The yield strength of the various A356.2 alloy castings is significantly
improved after 8 h solution heat treatment due to the precipitation of
Mg,Si. The yield strength remains more or less the same with further
increase in solution treatment time to 80 h.
i1) The UTS is also greatly improved within the first 8 h of solution heat
treatment and then remains at the same level as solution time increases
up to 80h. The improvement is attributed to Mg,Si precipitation,
dissolution of Si within the Al-matrix, and change in the Si particle
morphology (spheroidization).
iii) The ductility of the NM, SH, and MTT processed A356.2 alloy
castings can be improved considerably with solution heat treatment

(e.g. from ~6% in the non-modified casting in the as-cast condition to
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~10% after 80 h solution treatment). However, that of the SrM and

StMTT processed castings shows no remarkable improvement.

The quality index shows that considering about the combination effect on UTS and
EL%, StM and SrMTT processes can greatly improve the tensile properties of
A356 alloy compared to the NM process. On the other hand, although SH and
MTT processes can refine the eutectic Si particle, these two modification methods
do not show any remarkable improvement effect on the tensile properties of A356

alloy.

Recommendations for Future Work
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Based on the results obtained in this study, it would be interesting to apply the MTT
process to alloys using very low quantities of strontium (in the range of 30-50 ppm),
to investigate the fundamental phenomena underlying the MTT modification
process.

It would be useful to expand the study of the mechanical properties to include

impact and fatigue properties as well.
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level3 2 260 i A 0960 335 7.32% ||1.922 0 23,80% 5063
(100mm) Distri- -6 983  2514% || 04 = 66,76 24,90 : 92-2.38 752 16.42%
bution | &12 491 12,56% 28 2885% [ 96,0-100 39 2290 1258
12-18 D070 4-8 1014 25 g3Y ' 5 10,10% ]| 1,00-1,46
420 1074% | 812 662 93% [ 881020 360  921% | 1,461, 1050 26,85%
16.93% || 84.1-881 283 21% 1146192 917 2345% 3910 4324
7.24% || 1 )
24% ll1.92238 624  1596%
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#12- 22h || 17,150 17,360 6,671 4,842 73,66 19,42 2,080 0,976
Level 1 Distri- 0-6 1265  27,45% 4-8 1863  40,43% | 88,1-92,0 529 11,48% | 1,00-1,46 1300 28,21% 4608 5095
(10mm) bution 6-12 1004 21,79% 0-4 1466  31,81% | 84,1-881 464 10,07% || 1,46-1,92 1216 26,39%
12-18 790 17,14% 8-12 729 15,82% || 92.0-100 424 9,20% [|1.92-2.38 931 20,20%
#54- 22h || 20,190 21,230 7,870 6,257 69,31 21,83 2,314 1,200
Level 2 Distri- 0-6 1045 23.87% 4-8 1598  36,50% | 88,1-92,0 393 8,98% | 1.46-1.92 1099 25,10% 4378 4841
(50mm) bution 6-12 885 20,21% 0-4 1207  27,57% | 84,1-88,1 381 8,70% | 1.00-1.46 1026 23,44%
12-18 708 16,17% 8-12 818 18,68% || 96.0-100 344 7,86% | 1.92-2.38 669 15,28%
#96- 22h || 22,510 22,860 8,768 7,208 66,67 22,92 2,416 1,273
level 3 Distri- 0-6 848 21,24% 4-8 1358  34,01% | 88.1-92.0 379 9,49% || 1.46-1.92 906 22,69% 3993 4415
(100mm) bution 6-12 823 20,61% 0-4 1011 25,32% || 84,1-88,1 321 8,04% | 1.00-1.46 880 22,04%
12-18 569 14,25% 8-12 744 18,63% || 80.2-84.1 296 7.41% | 1.92-2.38 659 16,50%
#13- 24h || 21,5680 20,460 7,686 5,580 72,75 19,85 2,112 0,984
Level 1 Distri- 6-12 863 20,99% 4-8 1713 41,67% || 88,1-92,0 517 12,58% || 1,00-1,46 1148 27,93% 4111 4546
(10mm) bution 0-6 748 18,20% 0-4 980 24,08% || 84,1-88,1 398 9,68% || 1,46-1,92 1068 25,98%
12-18 704 17,12% 8-12 790 19,22% || 92.0-100 367 8,93% [11.92-2.38 717 17,44%
#55- 24h || 21,130 21,370 7,800 6,317 70,27 21,82 2,197 1,082
Level 2 Distri- 0-6 1139 24,23% 4-8 1731 36,82% || 88,1-92,0 499 10,61% | 1.46-1.92 1221 25,97% 4701 5198
(50mm) bution 6-12 870 18,51% 0-4 1289  27,42% || 96.0-100 405 8,62% || 1.00-1.46 1188 2527%
12-18 712 15,15% 8-12 831 17,68% || 84.1-88.1 398 8,47% | 1.92-2.38 794 16,89%
#97- 24h || 25,980 25,910 9,271 7,647 67.81 22,84 2,333 1,197
level 3 Distri- 0-6 819 20,44% 4-8 1318 32,92% | 84.1-88.1 372 9,28% | 1,00-1,46 964 24,06% 4007 4431
(100mm) bution 6-12 606 15,12% 0-4 934 23,31% || 88.1-92.0 364 9,08% | 1,46-1,92 904 22,56%
12-18 563 14,05% 8-12 761 18,99% || 96.0-100 314 7,84% |11.92-2.38 669 16,70%
#14- 26h || 17,740 17,630 6,987 5,096 71,72 19,37 2,169 1,007
Level 1 Distri- 0-6 1234  25,36% 4-8 1937  39,81% | 88,1-92,0 496 10,19% | 1.46-1.92 1291 26,53% 4866 5381
(10mm) bution 6-12 1131 23,24% 0-4 1451 29,82% || 80.2-84.1 433 8,90% || 1.00-1.46 1183 24.31%
12-18 751 15,43% 8-12 871 17,90% || 84.1-88.1 407 8,36% |11.92-2.38 914 18,78%
#56- 26h || 23,340 22,090 8,629 6,489 68,94 21,66 2,266 1,122
Level 2 Distri- 6-12 799 18,99% 4-8 1621 38,53% || 88,1-92,0 438 10,41% | 1.46-1.92 1034 24,58% 4207 4652
(50mm) bution 0-6 735 17,47% 0-4 895 21,27% || 84.1-88.1 393 9,34% || 1.00-1.46 1012 24,06%
12-18 701 16,66% 8-12 850 20,20% [f 92.0-96.0 299 7,11% |1 1.92-2.38 737 17,52%
#98- 26h || 25,510 25,940 9,548 8,217 66,07 23,53 2,431 1,286
level 3 Distri- 0-6 818 20,49% 4-8 1323  33,14% || 88.1-84.1 336 8,42% || 1.46-1.92 902 22,60% 3092 4414
(100mm) bution 6-12 695 17.41% 0-4 942 23,60% || 84.1-88.1 315 7,89% |1.00-1.146 847 21,22%
12-18 569 14,25% 8-12 699 17,51% || 96.0-100 277 6,94% | 1.92-2.38 655 16.41%
#15- 28h || 17,070 16,790 6,652 4,709 74,19 18,54 2,063 0,942
Level 1 Distri- 0-6 1245  2520% 4-8 2065  41,79% || 88,1-92,0 567 11,48% | 1.00-1.46 1358 27,48% 4941 5464
(10mm) bution 6-12 1190  24,08% 0-4 1511 30,58% || 84.1-88.1 500 10,12% || 1.46-1.92 1288 26,07%
12-18 842 17,04% 8-12 833 16,86% || 92.0-96.0 423 8,56% || 1.92-2.38 892 18,05%
#57- 28h || 22,870 21,780 8223 5,970 71,19 20,07 2,226 1,070
Level 2 Distri- 6-12 1021 21,64% 4-8 1923  40,75% | 88,1-92,0 501 10,62% || 1.46-1.92 1182 25,05% 4719 5218
(50mm) bution 12-18 761 16,13% 0-4 986 20,89% || 84.1-88.1 457 9,68% | 1.00-1.46 1151 24,39%
0-6 744 15,77% 8-12 950 20,13% || 92.0-96.0 398 8,43% 1 1.92-2.38 858 18,18%
#99- 28h || 27,660 25,410 9,389 7,165 69,64 21,53 2,299 1,170
level 3 Distri- 12-18 700 16,52% 4-8 1602  37,81% || 88.1-92.0 470 11,09% || 1.00-1.46 1055 24,90% 4237 4685
(100mm) bution 6-12 677 15,98% 8-12 873 20,60% || 84.1-88.1 361 8,52% || 1.46-1.92 963 22,73%
0-6 578 13,64% 0-4 746 17,61% | 92.0-96.0 340 8,02% | 1.92-2.38 727 17,16%




#16- 30h || 24
Level 1 [~ - O'f‘éso 227-fg° — 7,043 5703 7418 19,21
ri- , - : i
Aomm) | pution | E12 - 895 16.59% POl BRI resil I TR
1218 675  16,11% '67% || 84.1-881 427  10.19% [ 1.46-1. 87%
etz #EE30n ] 25,460 7370 ::,::i 68:5;0 20,63% || 92.0.96.0 410 g '71;/? }321'2@ 17121 26.76% | 4189 | 4632
e _ 2 s - el 22 17,24%
Distri- || 12-18 795 16,77% 7143 2072 24%
(50mm) T7% | 4-8 1870  39,43% 2,156 1,028
bution | 06 777 163%% || 812 10 43% || 881-92.0 518  10,92% | 1.00-1.4 '
' ’ .00-1.46 1270 o
612 773 16.30° 00  21,09% || 84.1-88.1 440 5 26,78%
- 00300 2760 T % 902-:6 79;3:;0 20,43% | 92.0-96.0 401 gig 02 1-32—; .gg 1198 2526% | 4742 5244
e L - 7 2 . : 2=z, 856 18,05%
Distri- || 98 767 16,04% - 69,64 2159 .05%
(100mm) 94% || 4-8 1573 34,74% : 2,266 1105
bution || &12 725 1601% [ 04 74% | 88.1-920 414 914% |1 :
_ ’ - 975 21,539 147 00-1.46 1133 55 029
12-18 659 14,55% 53% || 84.1-88.1 394 8,709 02%
Y K T = 78 61322 48528 19,30% || 92.0-96.0 370 8’33"2 1'32-;'25 1052 2323% | %28 | 5007
. _ : ) . Ve, 782 17,27%
Distri. || 612 1057  23,41% 7226 1899 27%
(10mm) 1% || 48 1927  42,67% : 2111 0,944
bution 0-6 975  2159% || 0-4 67% || 88,1-92,0 467  10,34% :
! 1237 27,39% ,34% || 1.00-1.46 1193 3
12-18 884 19,579 ,39% || 84.1-88.1 465 o 26,42%
Lovel 2 #59-32h || 23,390 22,380 o 88 s 68;;35 18,11% || 80,2-841 416 190'2319,/’ 1'3%-3; 1180 2633% | 10 | 4994
e — " : : . 21% |192-2.38 820 18,169
Distri. || 612 916 18,76% 69,27 20,86 16%
(50mm) ,76% | 4-8 1937  39,66% : 2,232 1.074
bution 0-6 860 17.61% || 0-4 1 66% || 88,1-920 482 987 .
, 044  21,38% 87% |[146-192 1222 25,029
12'18 817 16 730/ _ ’ ° 84-1"88.1 450 9 0, 5’02A)
I L0 X T\ B12 976 10.96% f 802841 389 e | Toaaaz 155 BaaTw qssa )
L % v : . 2 De-e, 844 17.28%
Distri- || &12 659  18,57% - 6383 2316 28%
(100mm) 57% | 4-8 1205 3396% | 8 2,567 1,375
bution | 06 5% 1663% [ 0-4 96% || 88.1-920 270 7.61% [ 1.4 ’
‘ 6g5 19319 61% |146-192 741 20,899
12-18 524  14.77% ’ 31% || 84.1-88.1 260 7.339 ,89%
istri - : » ’ 92-2. 15,73%
Distri- 0-6 1321 28.61% = 70,87 19,99 ,73%
(10mm) 6 61% || 4-8 1828 3958% | 88 2,198 1,052
bution 12 1005 2371% (| 04 14 8% 1-920 471 10,20% || 1.46 '
, 68 31 79% 20% |[1.46-1.92 1230 26,639
12- , 84.1- 163%
780 34n | 76 16020 680 1508% § B42 15 16.78% | 80 ;-22'1 VDl (v 23030 | 4618 | 8107
Level 2 ’ : 807 6,156 570 55% [11.922.38 813 17,61%
Distri. | 06 1240 2838% - : 6879 21,26 Ll%
(50mm) ! g 38% || 4-8 1543 3532% - 2,331 1,174
bution 162 _1128 627  2122% | 04 1330  3065% 23’1_2@"1’ 297 9.09% [[146-192 993  2273%
F023a 621 1421% || 812 746 17,07% a4 71 849% || 100142 o979  2241% | 3% 4831
lovel 3 h|[ 23,280 23,780 9073 7,637 07% | 802-841 340 778% | 192238 812 18, .
] y L hd ~L. [+)
(100mm)| Distr- :—16 820 2130% | 48 1271 33.01% 846?:23; 1 2251 2460 1,305 20%
bution | & 12 738 1947% || 04 944  24.52% | 881-92.0 312 8.10% | 146-1.92 834  21.66%
#19-36n || 18 -7880 13?30 1413% || 812 755 19.61% || 80,2-84.1 201 g'gg://o T e A o || 30| 7
Level 1 - ; 7,084 5,050 T3 56% [1.92-2.38 636 16,529
(tomm) | DSt 612 1118 2340% | 48 2087 43,689 7262 1893 2099 0925 S2%
| buti 06 1058 22,149 68% | 88,1920 477  9.98% :
ution 12-18 84 14% 0-4 1257 26.31% || 84.1-88.1 453 ' °° 1.46-1.92 1284 26,87%
T T P N I I N S el oy el B e 4778 | 5283
Level 2 : 2 7,618 6,543 T 79% |[1.92-2.38 904 18.929
iy | st 6-12 888  18,78% || 48 1862 30,389 70,50 20,92 S 8,92%
)| puti 12-18 756 15,999 .38% || 88,1-92,0 486 10,499 C ”
ution [ "o e 99% || 812 964  20,39% || 84.1-88.1 441 49% [[1.00-1.46 1157 25,32%
#103- 8 1561%f| 04 957 20,249 P 033% ||146-192 1186  2508% | 72° 5228
el s 36h|| 30,720 26,580 20, % || 80.2-841 397 8.40% || 192238 821 17, o
s R 5 NETL. 0,
toommy| DSt || o Y I e [l [XE 2300 R
m) buti 6-12 454 1 9 '83/0 88.1-92.0 342 8 409 L
ution 248% || 8-12 774 21,28% ,40% |/ 1.00-1.46 907 54 93%
1218 447 1229% | 0-4 28% [84.1-88.21 309  849% [l1.46-1.9 ‘ono || 3638
: 685  18.83% | 92.096.0 257  7.06% |1.92-2. 2 833 2290% 4023
06% [1.922.38 599 1647%
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Level 1 4,570 22,160 - 4 480 13.62% || 80.2 A 343 974% | 1461, 993 28,19%
(10mm) Distri- 6-12 724 16.98% 313 4,668 7'8'84-1 316 8.97% 1'92- 92 935 26,54% 3523 3896
bution 12-6 715 16.77% gj 1836 43,06% | 88 1;2 5 16,61 3 7'2'938 500  16.75%
#79- 72h > -18 637 14’94% 81 965 22,63% 920-96 617 14'47% 1 0’0-1 7 0;707
Level 2 8,860 25,200 2 960 22,519 0960 566  13.27% || 146-1 1590 37,299
istri 12 y 8,574 51% || 84.1-88.1 27% || 1,46-1,92 29%
(50mm) :'stﬂ- o'és 563 1435% | 48 5822 7456, 1533 12.50% || 1.92-2.38 1336 31.33% | 424 4715
ution - 532 13.569 ) 1561 39,79% : 8,40 922, 710 16.65%
6- 56% || 8-12 79% |[ 88.1-92.0 1,976 0%
#21-72h] 3 12 517 13,18% 04 932 23,76% | 84.1-88 517 13.18% | 1,00-1.46 0,871
level 3 0,960 26,440 53 683  17,41% 92'0_96'1 443 1129% || 1.46-1.92 1201 _30,61% |
{(100mm) [l))is"i- 162;128 530 14.04% ;1 23 6,542 7.2 25'0 1283 9,76% 1‘92_2'38 1619450 29,06% || 3923 4338
ution § 518 13,730 P 1429  37,86% : 21 X 17,72%
18-24 436 73% || 812 929 86% || 88,1-920 417 2,095 0,933 '
N 11 24,629 11,05% "
Level 1 #38- 74h f| 26,550 22,390 55% 70'4 558 14,7902 23';'28'1 382 10:12°/z 1'32-1'22 1031 27,32%
(10mm) Eistri- 60-162 745 16,90% fgo 4,594 7'9‘22'1 1::(;45 0.14% 1-92_2-3g 1701002 26.55% | 3774 473
ution - 642 14, o - 1873 42,490/ ' ,80 - . 18’810/
12-18__ 610 56% || 8-12 1043 236 % 881020 682 1570 1,713 0635 -
#80- 74h 13,84% || 0-4 ,66% || 92.0-96.0 .70% || 1,00-1,46
Level 2 : 31,660 26,460 8 993  22,53% || 84 1-88. 618  14,02% | 1.4 6192 1830 41.52%
(5omm) | Distr- 12-18 551  12,45% 829 5914 L1861 59 1245% gy 1427 32370 || 4408 | 4874
bution || 1824 539 12.18% ;‘182 1692 38,23% | 88 1’52 > 18,17 1 8-52538 0630 14.29%
#22-74n 06 518 1170%| o- 1156 26.12% || 84.1-88.1 615 13.90% || 1,00-1.46 A72
lovel 3 30950 3045 10 04 708 16,00% || 92.0-96.0 524 11,84% | 1,46-192 1941 _34.82% |
(100mm)| st 06 439 1200% | 4 0 7492 7247 434 981% | 1.92-2.38 1344 30.37% | 4420 4894
puion | 1824 398 1088% | & T B 322% 160 T 92255 149 1692%
#39- 76h -18 378 10,33% | O- 931  2544% 84.1-88.1 3 10,74% | 1,00-1,46 T
Level 1 23,150 20,820 5 94 560 15,30% 92 0-960 365 9,98% 1.46-1 '92 045 28,56%
(10mm) Distri- 0-6 806 17 74% 992 4,533 =Bt 350 0.57% ||1.92-2. 1036  28,31% 3659 4046
buti 6-12 74% | 48 2020 81 16,83 92238 652 17,829
ion || 0 798  17.56% || 0-4 44,45% || 88.1-92.0 72 1,705 5,660 7.82%
#1760 1 292 8 724 1593% || 8-1 1107 24,36% || 92.0-96.0 0 1585% |[1,00-1.46 1
Level 2 20,510 25470 6 2 047 2084% || 84.1-88.1 715 1574% | 1,46-1,02 1986 43,71%
(50mm) | Distr- o2 578 T361% | 4 ;1 5;'842 =458 15758 12.32% [ 1.92-2.38 163;3628 3011% | 4544 | 5025
bution - 560 13, P 638  38,56% : 68 o 15,01%
12-18 546 318% || 812 1102 25, % |[[88.1-920 506 11919 1944 0819 >
#123- 76h 12,85% | 0-4 ,94% || 84.1-88.1 91% ] 1.46-1.92
level 3 34,840 29,060 101 725 17.07% || 80.2-84.1 487 11.46% | 1.00-1.46 1303 _30,67% |
(100mm) Distri- ::g-fg 430 12.01% 4' 800 ?‘375 7.1 90. 1493;4 10,22% {1 92_2.38 1727738 30,08% 4248 4697
bution - 425 11 - 264 35,309 : ) = 18.20%
'87% || 8- ,30% || 88,1-92,0 2,076 0 ==
06 392 12 868 1-920 386 10,789 934
10,95% || 0-4 24,24% | 84.1-88.1 78% [ 1.46-1.92 1
485 13.54% || 80.2-84.1 265 10,19% || 1.00-1.46 ;510 2820% | o
A 323 902% [1.922 6 oe70%| o081 | %960
92238 664 18,54%




#40-78h || 23,480
Lovel "o, | &2 e AT B o 7991 1633 1676 0,568
- I =i 0, L] ]
(omm) | 0-6 840 1697% | 0-4 188 ;‘:’gg 40 gg- ; 920 804  1624% || 1.00-1,.46 2183  44,10%
o ze 7as  tsove] etz dods o e a9 o e |y 1o aror || 4990 | 47
Loverg | 28R | 51560 27,920 e s 14.53%
sommy | DSt || o 542 1351% | 4-8 1440 35.00% || 88.1-92.0 4’93 1,913 0,808
bution -18 466 11,62% || 8-12 1070  26.68% || 84.1-88. 74 11,82% [ 1,00-1,46 1343 _33,48%
6-12 453  1129% | 0-4 6 B0 1-881 431 10.75% | 1.46-1.92 1151  28.70% | 4011 4435
#124- 78h|[ 36,030 : 77 16,88% [ 92.0-96.0 37 o 28,70%
level 3 0% 30510 10200 7422 L0600, O sazh JNeress o8 ILI0R
(100mm) Distri- 18- 493  1344% | 4-8 1127 30,73% |f 88 1.92,0 22 2,037 0,927
bution 24 386 1052% | 812 953  2598% | 84.1-88. 374 1020% [|1.46-1.92 1064  29,01%
2430 354 965% | 04 569 98% || 84.1-88.1 370  10,0% |1.00-1.46 1020 ‘o || 3668 4056
#41- 80h || 26,000 15,51% | 76.2-80.2 Y 27,81%
Level 1 0 22,850 7432 4,813 79.23 303 826% [11.92-2.38 684  1865%
(10mm) Distri 6 -162 654  1565% || 4-8 1769 42.33% || 88.1-92.0 17,50 1,721 0,670
bution - 621  14.86% || 812 1014  24.26% | 92.0-96. 699 16,73% ||1,00-1,46 1798  43,02%
- 1218 607 1453% | 0-4 902 2158% | 84 960 598  1431% [ 146192 1283  3070% [ 417° 4621
Lovel 2 3-80h || 30,730 26,230 8,666 5664 28% 847-1 -38.1 540  12,92% |/ 1.92-2.38 588 14,070/0
¢ b - L ! ) (]
(50mm) | Distri- 06 558 1360% | 48 1564 38,11% | 88 1lg; 0 18.28 1917 0825
bution 12-18 510 12,43% || 812 104 25,390/ 84. . 504 12,28% || 1,00-1,46 1336 32 55Y%
18-24 501 1221% || 04 6 39% || 84.1-88.1 450  11,18% |/1.46-1,92 1201 —5ae| 4104 4538
#125- 80h|| 38,110 : 97 16,98% [ 92.0-96.0 435 o | 1 000 29,26%
lovel 3 81 30,360 10,160 6.947 0060 4 10,60% || 1.92-2.38 735  17.91%
(100mm)| Distr- 8 349 1066% || 48 1085 3321% | 88,1-92.0 .92 1944 0823
bution | 06 343 1050% || 812 860 26,32% || 84.1-88.1 416 1273% [[1,00-146 1025  3137%
1824 321 983% || 04 418 s 1881 348  10,65% | 146-1.92 o4  2081% [ 2% 3613
12,79% || 92.0-96.0 322  9,86% 81%
: 86% [|1.92-2.38 532 16,28%




Silicon Particles Analysis (Sr-modified)

Magnification: 1000 X Field Area (pm2) : 5664 Updated:
No. of Fields: 40 Total Area (um2) : 2,26572E+05 2005-09-30
0 A RO A Ratio 0 f Pa
- D A D A D 2 D D
1-0h | 1,163 1,939 1,568 1,363 7524 20,64 1, 0,662
Level 4 || Range  Qty. Perce:rt Range  Qty. Perce?t Range Qty. Perce:at Range Qty. Perco:\t
(10mm) Distri- 0-2 22713 84,78% || 0.5-1.0 8510  31,76% | 96.0-100 5279  19,70% || 1.96-2.12 4219 15,75% | 26791 147806
bution 2-4 2647  9,88% (| 1.0-1.5 5280 19,71% |( 80.2-84.1 2547  9,51% || 1.48-1.64 3741 13,96%
4-6 752 2,81% || 0-0.5 3552  13,26% || 84.1-88.1 2384  8,90% |l 1.00-1.16 3302 12,33%
#843-0h || 2,821 4,091 2,358 1,905 77,23 21,45 1,627 0,370
Level 2 Distri- 0-3 12976  71,92% || 1.2-1.8 4462 24,73% || 96.0-100 3287  18,22% || 1.00-1.06 1608 891% 18043 79635
(50mm) Silions 3-6 3112 17,25% || 0.6-1.2 4007 22,21% | 88.1-92.0 2407 13,34% || 1.48-1.54 1546 8,57%
6-9 987 547% || 1.8-24 2147  11,90% | 92.0-96.0 2152  11,93% || 1.30-1.36 1444 8,00%
#S85-0h | 3,077 4,260 2478 2,027 77,23 21,23 1,654 0,553
level 3 Distri- 0-3 12035 67,61% || 1.2-1.8 3871  21,75% || 96.0-100 3449 19,38% | 1.16-1.32 2769 15,56% || 47801 78567
(100mm) hatlon 3-6 3447 19,36% || 0.6-1.2 3554 19,97% | 88.1-92.0 2120 11,91% || 1.00-1.16 2616 14,70%
6-9 1190  669% | 1.8-24 2131 1197% [192.0-96.0 1941  10,90% || 1.32-1.48 2612 14,67%
#82-2h | 3875 4375 2,548 1,794 83,39 15,65 1,521 0,502
Level 1 Distri- 0-3 3864 54,83% (| 1.2-1.8 1427  20,25% || 88.1-92.0 1349  19,14% |[ 1.16-1.32 1539  21,84% 7047 31103
(10mm) Builon 3-6 1798  2551% |[ 2.4-3.0 1145 16,25% |( 92.0-96.0 1227 17,41% (| 1.00-1.16 1390 19,72%
6-9 706 10,02% || 0.6-1.2 1080  15,33% || 96.0-100 1073  15,23% || 1.32-1.48 1166 16,55%
#S44-2h || 4,164 4,466 2662 1,768 85,35 13,93 1,491 0,447
Level 2 Distri- 0-3 3964 51,06% | 1.2-1.8 1536  19,79% | 88.1-92.0 1614  20,79% | 1.16-1.32 1803  23,23% 7763 34263
(50mm) hiion 36 2100  27,05% || 24-3.0 1337  17,22% || 92.0-96.0 1572  20,25% || 1.00-1.16 1548 19,94%
6-9 882  11,36% || 1.8-24 1149  14,80% || 96.0-100 1339  17,25% || 1.32-1.48 1314 16,93%
#586-2h | 4,623 4,685 2,839 1,857 85,52 13,91 1,486 0,447
level 3 Distri- 0-3 3564 43,90% || 24-3.0 1602  19,73% || 92.0-96.0 1945 23,96% || 1.16-1.32 1933  23,81% 8118 35830
(100mm) Gllon 3-6 2522 31,07% || 1.2-1.8 1367 16,84% |/ 88.1-92.0 1678 20,67% || 1.00-1.16 1669  20,56%
6-9 1066  13,13% || 1.8-24 1217  14,99% | 96.0-100 1246  15,35% || 1.32-1.48 1398 17,22%
#83-4h || 4127 4,923 2,588 1,831 83,80 13,83 1,505 0,443
Level 1 Distri- 0-3 2753 54,84% | 1.2-1.8 1022  20,36% | 84.1-88.1 983  19,58% | 1.16-1.32 1119  22,29% 5020 22156
(10mm) buti 3-6 1134 2259% || 0.6-1.2 769  1532% || 92.0-96.0 766  1526% || 1.00-1.16 925 18,43%
- 6-9 562  11,20% |[ 2.4-3.0 720  14,34% | 96.0-100 739  14,72% || 1.32-1.48 891 17,75%
#845-4h | 4,969 5,661 2,885 1,929 84,76 13,53 1,507 0,453
Level 2 Distri- 0-3 2855 4469% || 24-3.0 1127 17,64% |[ 88.1-92.0 1305 2043% |[ 1.16-1.32 1522  23,83% 6388 28194
(50mm) S 3-6 1809  28,32% || 1.2-1.8 1057  16,55% |( 92.0-96.0 1273  19,93% (| 1.00-1.16 1170 18,32%
6-9 798  12,49% || 1.8-24 874  13,68% |[ 84.1-88.1 907  14,20% || 1.32-1.48 1095 17,14%
#587-4h | 5088 5911 2975 2,050 82,96 14,87 1,568 0,508
level 3 Distri- 0-3 2774 4515% || 2.4-3.0 1043  16,98% || 88.1-92.0 1145 1864% |l 1.16-1.32 1306  21,26% 6144 27117
(100mm) bulion 3-6 1652  26,89% || 1.2-1.8 956  15,56% || 92.0-96.0 1060 17,25% | 1.32-1.48 1032 16,80%
6-9 792  12,89% || 1.8-24 835 13,59% || 84.1-88.1 848  13,80% || 1.00-1.16 1013 16,49%




%vbLL 688  8viccl [%S0LL 988 001096 [%Evly €66 81l [%059L 958 69 | ..o
co0z2 Jaic || V8T SEZL  9LI-00'k || %82 vOLL  0T6-L'88| %iS'el 90  OEHET | %eshz  onk 9t || oo | (wwool)
%SY'vZ  892)  ZEL-OLL [ %0S'2Z /911 0'960'Z6 | %LZVL  OvL  9'e0'c | %vl'€E  0SLL €0 i € 1oAa]
v'0 _ gsv'l 102y 1698 81T zeee 192, GOL'Z || uz) -16S#
%016l 088  8pL-ZCL [ %96€L  €v9 188 ¥8|[%96Ch 265 9€0€ | %0ESE SOL 69 | o0
ce00Z ooy | BEETE  ¥TOL  OVLOOL || %0ZEZ  690L 09606 %EVVL 1S9 O'EVZ | %I4T zi0b  ge | o | (wiwios)
%Yi'9Z €TV ZELOVL (| %I8'€Z  L60L 061’88 || %LL'SL 969  8'L-T) | %ET'9E 699 €0 - Z1ona
880 62v) 161) 1298 801'Z  80E€ 0S2'L _ G26'9 || Uzl -6vS#
%€EBL 9L BV ITEL | %Z6EL 656 001096 | %06CL 8IS  vZ8l |[%SSeh  ¥0S 69 | oo
_— olop || %VSVE ¥98  OLI00'L | %PL'OZ 608 0'96-0°T6 || %LC'EL  LES  OEVZ | %6YOZ  £z8  9€ .E.M_“ (wwoy)
%TE'ST  L10)  ZEL-OVL [ %bS'LZ  §98 0261’88 | %lZ9L 169  8LT) || %8L'er 69 €0 - LIeAe
€650 Lyv'l 1611 0968 €807 251'€ ¥00'L _ 92v'9 || uzi-LS#
%2991 cv8  8rieEl %0yl piL  00L-096 | %E6C S99  CvO€ |[%E09L 218 69 || oo
cocze goog | %00 910L  9VL-00 | %0E0Z  8Z0L  0'96-0T6| %20k ObL  9EVE | %8EET v 9€ | o | (wwool)
%9E'€Z  €8LL  ZEL-OLL [ %S2'0Z  1SOL  0726-L'88| %66'vL  6SL  0'€¥'Z | %99'9e 58l €0 o € [oAg]
0LV 105} 6E€L 8098 081 29¢€ 1202 259 | 4oL -06S#
%YSLL 006  8YLCEL | %Zyvl  Ov.  L8ELVB| %bvCh 89 b8l | %SEEL  S89 69 | oo
Zrozz ogrg || %4681 BL6 9VL-00'L || %8L'OZ  SEOL  0'960T6| %IEGL 98 OBV | %pi'ez L8l o€ |0 | (wwog)
%BE'GZ  Z0EL  2eL-9L) [|%/9TZ €91l 026188 | %LvOL  S¥8  8L-Z') | %9e'ey  £l2 €0 o ALY
9zy'0_ oIv'L €921 G948 000Z__ 8v0'€ 9G€'9 68 || Yol -8YS#
%6ZLL GO9I  8YLTEL | %8Vl ¥S9 001096 [ %ETL  8¥S  ve@L [ %rEch  9vS 69 | oo
05561 soyy || BYETC 986 9VL-00'L | %LUGL 28 0'960T6| %ZBEL 919 OEVZ | %iviz 0% 9t | o (wwoy)
%LV'9Z  8SLL  ZEL9LL | %VSIZ €96 0Z6-L'98 || %ES'SL 289  @LTL | %YE'Sy 816 €0 M ] Liean
06€0__ eyt 1S2L /958 6661 220°¢ 2269 ¥26'S | uolL -9S#
%80LL  TL8  8YLTel [[%G9EL v 001096 | %pOEl 029  @1C) [[%88SL SoL 69 | oo
01602 cop || %V68L 668 OLL-00L | %pT0Z 296 0'96-0°Z6 || %LE'EL 199 9EOE || %LZEC 0L  9€ -E.m_a (wwooy)
%9422 27801 ZEL-9LL (| %LV'0Z €6 026198 || %60'SL L. OCYZ || %E99E  IviL €0 MR | g roney
v8Y'0 615} 2Lyl 8sve 92z 68Ct 6LSL 2SL'9 | U3 -63S#
%SC8L €88 BV 1ZEL [%OL¥L  viL  L8eL¥8|%iScL 809 V8L | %ELSL 28l 69 | .o :w
coelz gegy || %8V0Z 166 9L'L-00'L | %6E'LZ  SEOL  0'060°26( %BE'SL  whL  @LTL | %20WZ  zolk g€ | ond | (wwog)
%L9'6Z _Zvzl  ZTEL-9VL || %bi'2Z  00LL 026188 %LE9L  68L  0€¥Z || %00'6E /88l €0 MR | ziene
YO0 vsv'l €L 6958 1002 Zei'e 80S'0 009 || us-z¥
%9TLL  BLL  8V1ZEL |[%ESEL €95 00,096 [[%pTCL  60S  9EOC | %86CL  OVS 69 | .o :m*
LogaL 0oLy | %SLE€T 886 9LL00'L || %8L6L €28  0960T6| %YL 809  O€HZ || %p8TZ 056  9¢€ -E.M_M (wwgy)
%OV'LZ  OvLL  ZEL-9L) || %EBVZ 806  0Z6-L'88 || %8LOL €29  @LZL || %ISVy  LZLL €0 o L 1oAe1
16E0_ 6LYL lzelL  €0'%8 166", 850°¢ G659 €909 | ug-gs#
%601 066 8YITEL[%6E9L V16  L8IVE| %OEEL  GhL  9€0¢€ %58yl 828 69 | oo
- oigg || %6V6L  0L0L  9V'L-00L || %8EOL Ly 09606 | %LO'WL 818 @LTL | %Sz zewL o€ -E.w_“ (wwool)
%60'vZ el 2EL-9LL (| %202 ZZLL  0Z6-1'88 [ %EZOL  S06  0EvT | %vS'8E  6viZ €0 o € loAg)
Wwr'o  ZevL o¥'tlL 008 80T _ 0LL'E €Y' 166'S || U9 -8
%L9LL 6201 8VLZEL || %YY'EL €8  188-LVB| %I8EL 808  9€0€ | %0ZG, 88 69 :o_sg
c0/52 pzes | %V92C  LIEL 9VL-00L %1981 ¥8OL  0'96-0°C6 || %60'SL 6.8  8'LTL || %L'ST 99vL  9€ -E.m_n (wurgg)
%LL'97  6GGL  ZEV-9LL | %9L'0Z  viLL  0T6L'88[ %YL'OL  OV6  0'€VZ || %Z0'8E  ¥LZZ €0 HEA | zieneq
VY0 Lvv'l 0Lyl o06¢8 120 o9el'e 1159 0219 || ug-ov
%L0LL 956  8V1ZEL || %9L'ZL  ¥96  00L096 || %bb¥l  €6L 190 | %SLLL 099 69 :o;:m*
008v2 slo || %80'PC  €SEL  ZE'L-OLL || %0L'6L €01  0'96-06 || %SY'vL T8 OCVZ | %bl'ZZ  whaL  9€ -E.m_._ (wwigy)
%6L'VZ  6SEL  9L'L-00') [|%8G'6L  00LL  0Z6L'88 || %8ZLL  LL6  8LTL || %eSiy 09T €0 A | Lienen
9lv'0  ovv'y 1Sl 68¢€8 8€6'L 1082 928G GLI'G | us-vs#




%PLLL 160  BVICCL [ %BLEL 66  L@ELV8| %SS0L  Liv  GvCY [ %lewl 185 69 | oo
SsLLL oege || %HV0Z 6L 9100k | %696l L9L 096026 %zeZh 08y  OCHT | %6l 6eL g€ | Lo | (wwool)
%00'52  #6  ze'L-9L'L |[%81'72  $98  0726-1'88| %2v'ZL w8y 9E-0€E | %y ow g0 | O ¢ 10A9)

£Sv'0 _ 8ivL a5zi 1268 J6EC_ 669°C 1GL'S 069 | U0z -S65#

%6l €LL  BVI-CEL | %EEPL 0I5  L88LvE| %EecOL L0y  ®LTL [ %SLSL 229 69 | ,omng
29611 cee || %09V 626 9UI-00L [ %L9'lC 098 096026 | %69LL g9y 960t | %esel e 9 | 0 | (wuwiog)
%.Z'9Z__ €¥0L  ze'L9LL || %¥Z'Ze 988 0Z6-1'88| %08'EL  6vG  0'€-bT | %se6z 891k €0 || o0 | zjeaeq

€650 6LY) 56zl 0,68 0sz2__ 9e9°¢€ 09,9 ¥99'9 | 40z c5s#

%SE8) 065 GV ICCL | %C9vL Ly VBELPB| %8ELL 028 9€0€ | %pEEl  Si& 69 | oo
%6Zvz €89 OVI-00L [|%br8L sz 096026 %veTL  v9E  @LTL | %lgzz  ge9 9 || PO | (wwol)
bivel a8e |l oee'oz  zvi  ze-ob) | %bi'SZ 204 026188 || %i6'WL 1Ty O'EvT | %98TE  v26 €0 s L 19Aa]

ove0 g6 081, 1vss vz Lve 1649 2608 | 902 -LiS#

%065 1zl 8vL-ee) | %elSh €1 001096 | %66 25y  @LTL | %e6eh 685 69 | oo
01002 ceop || %ISTE 1201 9LL00L | %vE'SL  €2L  0'96°0T6| %90TL v 9€OC | %ue'sk Lo o€ | | | (wwooy)
%ZLVZ  v60L  ZE'L9L'L || %l9'8L  vp8  0'Z6-1'88| %66'ZL 695 O€vZ | %li'e  g89L g0 || O ¢ 10A9)

9Ly’ g8v'l 60%L _ 8Lv8 1082 98z€ 6608 G9z'Z || us) -ves#

%189 €9 8 L-CeL | %90GL /S 001096 [%BOLE v  ®LTL | %L0FL 986 69 | yonnc
. coge || %967 68 9UI-00L | %6s'uy €29 096026 %pLlL  6vp 960 | %so0z Lo 9 | LOCH | (wuigs)
%66'vZ_ 956 ze'lOL'L || %S2'1z  ze8  0ze-i'es | %8z 16y o'evz | %sv've  eiel  e0 || 9 | zjoneq

91¥'0 0¥l 15T, 1v'S8 0/Z2__ 68t \S¥'S 122 || usL zss#

%0v8L 119 8VI-TEL | %OLv 06y  L'@e-Lv8| %Il 288  9€0E | %682, 8y 69 | oo
cconL ozee | BO¥TT  09L  OLI-00L||%SELL 965 0'96-06| %9TL 6Ly OEvZ|%zi0z 899 g | OB | (wuigy)
%LO'SZ 168 ze19V)L || %09 L. 026188|| %ezel  6sv  81-T) | %i6ve  loih g0 || 19807

2660 eiv'l 6LZL__ €698 8S€Z__ ¥0S€ €vZ6 _ 9cz'8 || usk 0LSE

%YLl 980  8vI-TCL | %PIOL  vE9  Lee-lve| %98l  ooF  @LTL | %oeSh €9 69 | oo
Leest ozoc | W0ZZZ @8 oVL00 || %6Slz 88 0'960T6| %ee'tL  6vS  0'evZ | %iglz  6sg o€ || Lo | (wwool)
%SZT'9Z  1E0L  Ze'L-9VL || %e6'6Z  Ov6 026188 %Syl 1.6 9't0't || %oL'6z  evik g0 | ¥ ¢ 1one]

S6€0 gev'l 6211 2198 12 v6ge €61’ £02'8 | U9l c6S#

%EvIL 060  Svi-ceh | %IZvL €8s  Lew-lv8| %icel  Z8v  @LTL | %ovwl 25 69 | oo
. vee | WYELZ 998 OLI00L | %u6'lz 298 0'960T6| %S0l  Si5 o0t |%oriz e g | SO | (wuwog)
%6'SZ__ §20L  ze'l-9L'L [ %i9'tz 266 0Z6-183 | %ve'vl 996 0'e-vz || %eeoe  izzk  eo0 || M0 | zjeneq

66€0 vl S1zl 1568 1022 6IS€ ¥00'8 9208 | U9l -las#

%EE8L 999  GvIZCL | %ILVL 91  L9e-L¥8|[%IELL 666 81Tl | %S8Er 98y 69 | oo
Jevel sose | #0902 €2L  9VL00L %98 SS9 0960C6|%L€TL  vey 90t | %60z su g€ | Lond | (wwoy
%YLV 898 ZEL-OVL |%IETZ €8/  0°Z6-1'88| %BLEL  vBY  O'tv'Z | %eeoe  woor g0 | L 19AeT]

6860 IGvL €zl 6vve €622 669°¢€ 9006 v55'8 || u9l -6s#

%O6LL 881  Bv1TCL || %S6EL  $1O  L8ELVB[[%ILIL 1S 81TL | %SYSL 089 69 | yonng
6Zv6L zov || BIETL  ¥8E  9LLO0L |%ECOZ 6B 0960T6|%kTh  £ES  O't0't | %zwoz eeg g€ | Lo | (wwooy)
%92’y 6901 ze'1-0V) %887z 996 0'Z6-1'88| %Se'tl  v19  O'ev'z | %ei'be  zosk g0 || ¢ 19A9)

9g¥'0  cov'l 682l zrss 0917 gsce SIv'L _0ze'L | Ui 26S#

%KLL WL SPiCe) | %8ybl b9 Lee-Lv8| %eLlL  S08  @LTL | %80%E 209 69 | oo
cz061 Gley | %SSEZ  SI0L oVL00L | %e86BL 198 096076 | %ewzh 98 90t | %oz sus o€ | Lo | (wuwog)
%SLPZ  990L  ZE'L-9LL || %S6'0Z €06 026-188 | %YEWL 819 0'ev'Z || %esve  oevk g0 || 0 | zjene

w0 evvl SZEl 9068 veLZ _ Zgee V8L cve'Z | uvl -0ss#

%08l ¥60  8viZe) | %ISTL  ces  Lew-lvd| %ee0r  0cy  ye®l | %ocer 0I5 69 | oo
o601 ovge | BIETC 898 OVI-00L||%S00Z  bLL 09606 %S0Tl 208 0wz | %egoc log g | OB | (wwgy)
%lG'ST 186 Ze'l-9LL || %681 Zv8  0Z6-188| %bv'El 416 g1-Z) | %9zse  eevh g0 | I 1oAe

880 Gev'l 8LZL 098 Y512 062¢€ Lv9'L 0L | uvL -85




%69GL 969  8VL-ZeL [%6GLL  ELL  0960C6[ %988  6S€  9C0E [%Ii8OL 8ey 69 [ oo
. cop | %98TZ 926 9LL0OL %ZgLL  HLL  Q0L096 || %686 L0y OEVT | %iCyL 085 o€ | o | (wwoot)
%YEET 96 ZE1-9LL || %IG'6L  €6L 06188 %bL'ZL  26¥ 2490 || %SL'vE  v8EL €0 T € 19ne]

¥or0__ €s¥) €07l 6878 66,7 ¥SL€ 05811 052°0} || 48z -665#

%LOLL L9 Sy IeEL | %6vSL  L6v L8EL¥8| %Z86  SiE  8vCv %8Vl Ly 69 | oo
— goze | %ELSZ 908 900 | %lvez 6L 09606 %8Z'LL  Z9E  9E0E | %68t vg 9t | o | (wwos)
%E6'9Z  v98  zEL-OVL || %bY'€Z  2SL  0T6-1'88[|%8LTL Oy OEvT | %86'lT  S0L €0 o Z 19Ae]

08€0___ 90¥'} v8lL 188 ZISC___€6Ly 08¥'1) OIS’V || U8z -29S#

%C9LL 625 8P VTEL || %OV'LL  ¥CS  L8E V8| %6L6  vec  ve8 )k |[%9CvE sy 69 | oo
- z00e || #BYST  9SL  9ULOOL|%GoUL 0S5 00L-096 || %OL'LL €S 9E-0€ | %s8'el 965 ot | o | (wwol)
%087 I¥8  ZEL-OL'L |[%Z9'VZ  6¥9 061’88 %6GTL  8LE  O'EVZ | %eESZ  09L €0 o L 1oAaT

1660 e6el 8¥'lL__ 0068 2657 996°€ 0960} _0/€°0} || usz -S15#

%vL'ZL 08L  SyLZ€L|[%SEYL 0L 00106 | %6SO0L 28 O€+Z |[%eSer 05 69 | oo
98002 lagy || %LZLC 896 9LL00L || %6Z'SL 969 026-1'88[| %0L0L /8y 90| %zZ9L  geL  9E | o | (wwiool)
%6L22___ IE0L _ ZEL-9L) || %S0'6L 198 0'96-026 || %02°0L /8y ZU-90 || %es'se 2191 €0 s ¢ 1oAg|

BSY'0 __ ve¥) el Leve G8¥ZT _ bese ¥EV'6 G958 | U9Z -865#

%GO0'LL 169  8yLzeL|[%lSSL  ¥ES  00L-096 | %iZ6 6L  Z490 [%8EEL s 69 | oo
£p08L ggoy || PSVST 8TV ZELOLL | %9E0Z IS8 09606 %ELLL GGy 9EDE || %I9'9L 69 9t ) o | (wwiog)
%LG'SZ  €¥0L_ 9LL-00°L || %29l ¥88  0'Z6-1'88| %ETUL OGSy 0'eT | %i'le  €igh €0 o Z 1oAe

Lv0  eeyl I1'EL 1898 S05Z __ 8el€ 06100 1956 || U9z -99s#

%ZV'9l  v6 8y LZEL ((%LLyL 026 0960C6| %ECO0L L€ 9000 %204 Sy 69 | oo
— sgog || %YTC  9%8  ZELOLL | %OL'6L  90L  00L-096 || %S'OL  S8€  OET | %0zSh 095 9t | o | (wwoy)
%LEVZ 968 9L'1-00°) || %¥T'6L  60L 06188 %09'EL  10S  Z'1-9°0 || %¥8'Oy  G0GL €0 s L feaaT

8Yv'0  99¥) VEEL__ ¥648 LIS €9E€ 01£0L 26V || U9z -vLS#

%90CL  9v9  8YLeEL | %yve ¢Sy 001096 | %2ZL  I8E  8vCw | %96 8§ 69 | oo
oEZ sgeg | #8SL @6 9LLO0L | %Li9L  S68  0Z6VBB| %I0B 6Ty 9EDE | %SOV ve9 9t | oo | (wwool)
%LV6)  €¥0L  ZEV-OLL || %LE'BL Y86 0'96-0T6| %6L'®  6Ey  O'€VZ | %957 €9 €0 o ¢ 19Ag]

6LE0___ €6EL 951 __ ¥9'98 YWYz GIEY 0v6'0L 090°Z) || Uz -26S#

%EISL €29  8VL-eEl || %096l 2/9 001096 | %ZG6 Oy  O0€¥Z [ %izeh 925 69 | oo
50061 sogy || %1OT  L0b ZELOVLI|%LL  $9L 096026 | %086 Zzv  TL-90 || %6kyL L9 o€ | o | (wuwigg)
%TL've 6801 9L'L-00°) || %ib'8L  €6L 026188 %BO'0L  vey  9'¢-0'€ || %6Y'0E  €1EL €0 - Z1oAe1

00v'0___ 8i¥) 91'eL 1958 825 _ 999°€ 08901 5696 || Ubz -5oS#

%LLyl 095 eyleel || %8Z9L 029 001096 | %868 v  C190 | %0ShE gy 69 | oo
10891 goge | PEOST 48 TELOLL| %L p99  0960T6|| %SYOL  B6E  9EUE | %eLBL  ylo 9t | oo | (wwol)
%8L'9Z 166 9L°L-00°) || %6691 €2. 0726188 %9L'ZL €9y O'EYT || %EELE  €6LL €0 i L loAeT

SEY0  Liv) S6'€l__ l¢98 9zv'z__ 00S°€ 186 2.8 | Upz-cis#

%ChSh 018 8YLTClL %S9l €L 09606 | %SE6 105 0T || %8L6 #2569 | oo
. sseg || BLLEY  6S0L  ZeLOLL|%viBL 246 026188 %EE'WL 008 9000 | %e'er Ly o€ |0 | (wwool)
%SE'GC  8SEL  9L'L-00') || %Y0'PZ 882 00L-0'96 | %ZL'LL  6¥6  Z'4-9°0 || %e0'0y  99vz €0 - € 19na|

¥SY'0  1vL LEL G198 S65C7__ G0'€ 1656 GLE'L || 4ez -96S#

%IELL  OVL  BYLZEL|[%29UL  6SL 001096 [ %6LLL  z8v  9€0€ [[%viTh €25 69 | oo
60061 Logy || PYBEZ  0S0L  9V'L-00'L || %0E'8L  88L 096026 %6S'LL 66y  OEVZ | %SSh 95 9t | o | (wwog)
%082 8901 ZE'1-OL'L || %9442 166 026188 %EY'LL  L0S  Z'4-9°0 |l %€9'8e  v99L €0 o Z19A07

€170 8evl 01l 4998 0/€7 _ i8Z¢ 6606 £/8'/ || uzz -vesk

%OV9L  EL9  8yTel [%ivSL 185 096076[ %l9Lh evh  OEVT | %8l 05y 69 | oo
10891 goge || %LCST 988 ZELOVLY%lE'8L  0ZL 02688 | %vLLL Ay 9000 || %68'9L €9 o€ | o | (wwol)
%YE'9Z €001 91'L-00°) [|%Z8°1Z  1€8 001096 || %98'yL 995 Z'1-9°0 || %8EPY 0694 €0 i L oA

V0 verh SETL _ 6e98 IS€T__ G0t 0268 /60 || 42z -2us#




%YELL 189 8VLTEL[%IvSL  Ivs 8w 78| %898  L0E  Zv9E [ %9TEL 6oy 69 | oo
LSt Lege || %6EIE €SL 9LL00L | %IS'6L 069 09606 | %ZZLL  L6E  9EOUE | %STiL 09 9t | o | (wwoot)
%LV 698 Z€1-9L) (%0912 ¥9L 026188 %ST'UL  86E  O°EVZ || %9e'ST 168 €0 i € loAe|

62v0 0¥’} 1LT7) 068 W5 890y 00Z'V)_0$60} [[u9€ -€0LS#

%OLLL  G29  SYITEL[[%9ZSL 65  L8L¥8| %ECOL 09€  BLTL | %OLEL 28y 69 | o.no
. sl || %8922 8L  9V'LO0'L || %SL'OZ  60L  0'960T6| %Z9bL 60y 9EDE | %iZ8L  £v9 o€ || o | (wwos)
%929z ve6  TE1-9V'L || %vETZ 98 07767188 %80°ZL  GZv  O€VZ | %/L9Z zve €0 || O | zieen

voro  lev'l 2811 6lge BLYZ __6v6€ 0zv'0L__0vL0L || us€ -19S#

%e0ZL  v1S  8vLCEL [%6L'OL 68y 18818 [[%090L Oce  ve@L | %8veh  L0v 69 | oo
szcel ozog || %YV 82L OVI00'L || %S8LL  6ES  0'9B0T6 %EYLL  LvE  9EVE || %loBL 285 9t | oo | (wwol)
%OV'9T _ 66L  TE1-0L'L || %902 819 06188 %29 8LE  0EWT || %9TIE  whE €0 T L 19807

06e’0___ lzv'l 8LEL__ 01'v8 90v'z__ 8ele 0686 2626 || U9t 6LS#

%SOLL  8vS  8vITEL | %EVOL 825 Lee V8| %298 Lz 8vev | %860L €5t 69 | oo
coLpL pze | %OEE€C  S9L  9VLOOL||%l0'8L  BIS  096-0C6| %YL 182 O€VET | %SeeL  6zy 9t | | (wwool)
%9e'sT 228 ze1-9LL [|%90'7Z  60L 026188 %.8'8 987  9'€0°€ || %0L'SZ 928 €0 o € 19A9]

vivo syt 8971 Gv's8 6viT___ISCy 0652100921 |[u¥e ZoIs#

%88LL €99  8yIeCl [%yCSl 695 1881V %OL8  See  Cv Ot | %Z6eh 6Ly 69 | oo
99501 gose | BELYZ L6 OVI-00'L [|%L9BL  LZL  0'960T6| %6L'LL  Siy  9E0E [ %LO'9L  9le gt |l | (wwos)
%l6'97 €86 Z€1-91') ||%0222 €28 026188 %OE'LL 6k OEVZ || %GL9Z 266 €0 T | zieaen

Z6E0___ Gyl ¥2EL 6068 9552 vl0¥ 09€'L) 000°LL |[ uve -09S#

%090, €55  8vieel [[%Z6vl L6y  L88VVB| %E96  lee  84Ch | %99EL  Soy 69 | oo
0sbL zege || BSVST  8¥B  OLI-00L | %STBL 809 0'96-0'Z6 || %8EOL  99E  9E0E | %p0'L 109 9E | o | (wwol)
%LG'ST__ TS  TE-9L') || %6S'0Z 989 0261’88 || %6LZL  9Zv  O'€VZ || %b0'0E  L00L €0 o I 1eAs

0zv'0 _ ezrl 99l 0zv8 8057 628°¢ 0020, ¥€6'6 || uve -81S#

%EVLL 909  8YICEL | %6CYL  S6v  L8sLV8| %6  oze 190 | %ECyl €6y 69 | 0.0
c6251 cope || BPVVE 48 OVLOUL | %8602 LzL  0'960'Z6) %S9OL  B9E  OEHT | %ekSL  ves 9t || oo | (wwool)
%SL'9T 906 Z€1-91’) [ %0v'2Z 9.4 026188 %IL'LL 80 9E0E || %002 ¥69 €0 T £ [oAe]

200 lev) 1Zel_ 8es 825C oLy 085'V1_08v'Z) ||YZE -10LSH

%BLOL  V6S  SYITEL [[%6YYL €IS  L8LV8| %66 €€ 8vCv | %IOEL vy 69 | o.no
v2051 opge || BEVSE 006 9VL-00'L || %S6'LZ  LLL 0'9B0T6| %6LLL  96E  9EDE | %evil L9 9t | oo | (wwog)
%YV'SZ 966 ZEV-OLL | %GTZ  26L  0'Z6-188||%IZ'ML  B6E  O'€VZ || %l0VZ 0S8 €0 T | ziese

9IE0 _ 66el 197, €568 0zv'z__ 0.0 06201 06601 || uze -69S#

%CL9L 9l 8YITE) | %6Lvl 86y  LeeLVE| %0C6  vez  @vev | %09k 68 69 | oo
S gog || BLY9E 448 ZELOULII%09'6L  G09  0'96-0T6( %EIOL 828 9EOE | %yl zzs ot | o | (wwol)
%6L92 128  911-00°) || %1202 ¥29  0776-1'98 %20ZL  LIE  OEVZ || %9EGZ  €8L €0 i I 19Ae]

0sv'0 __ zev't oyl ires €097 __SSIY 0022008911 | uze -L1S#

%SyLL 089 8VLTEL [ %YO'EL LIy 001096 | %eE06  9ce 2190 | %E6ch Loy 69 | oo
gc6sL Llog || %661E  ¥BL  9V'L00L | %9E6L 669  0'960'Z6 | %SS0OL  8E  DEVT | %ee'Sh  S.5 o€ | o | (wwooy)
%S6'ET  G98  2e1-OV) ||%9v'TZ 118 026188 || %I6'0L  ¥BE  9'E-0'E || %ee'sz €20k €0 e € 19A2]

1£0___ 89v') 197) __8eSs VeSZ__ 16T DE0'V)_ 08¥0L ||40E -00)SH#

%8E0L €09  Gv el |[%0LGH 8IS 001096 | %€LE  occ  8vTv | %60ZL  Svy 69 | ,o.no
. zgop || %EBSZ 196 ZELOLL||%SL6L  SOL  0'960Z6 | %SOOL 0L 9E0E | %e69r €29 o€ | o | (wwos)
%6Z'9Z 896 911-00'L || %9812 G08  0°26-1'88||%I8'LL  SEv  O'€VZ | %60'6Z  L0L €0 T | zieaen

SIv0__ 8l ST 6958 005__zesc 0v9'0)  0€Z0} || u0¢ -85S#

%LIOL 095 8ylze |[%iLbL 28y 001096 | %696  Lee  8LTL | %00EL  vbv 69 | oo
21051 Gy | BE6VT 298 9LL00L || %6Z9L  SS6  0'9B-0T6|| %IEDL  pSE  OEOUE | %igGh ees o€ | oo | (wwol)
%el'9z 268 Ze1-9L) [|%01'8L 029 026188 %6L'LL 28 O'€HZ || %lZZE  00LL €0 T L 19Ae]

Gev'0 _ 6ev'l 097l lges 8157 60L'€ 09801 6€8'6 | U0E -91S#




%LiLL 145°) 8¥'1-Z€°L || %89'EL L6V 1'88-1'¥8 .xr\.v”m 6¢¢€ 81T || %EV'TH 144 6-9 uonng
ov8sL 695¢e %l2'eT 161 91'1-00°'L || %19°LL ¢€9  0960C6 | %66 96¢ 0'e¥'Z [| %S0'SL ovs o€ ._hu.m_a (wwoo})
%25 v 088 Ze'1-91'L || %01'2e €6/ 07267198 || %8r'0L 9.8 9¢-0¢ [ %062 2vO0L €0 - € 19A9]
£Zv'o 65¥'L 8e'CL 16'v8 €952 £86'¢ 0€0'LL 0120l ||uby -L0LS#
%LL'9L 029 8y'L-ze'L || %19'vL 096 001-0"96 ,x,mm_m [441> 2’190 || %9zt oLy 6-9 uopng
22691 vege %L6°€T 616 91'1-00'L || %96°8L LeL  0'96-0°C6 || %C8 0L Giv 9e-0'¢ || %GL'91 619 9¢ ..._u.m_o (wuwgg)
%9v'S2 9.6 Ze'1-91'L | %10'0Z 19/ 0261’88 | %EO'}L 1444 0e¥2Z || %EV'IE  SOCL €0 s T [9A9T]
Le¥'0 [iad) go'el 89'78 29z 9€8'c 0S¥'LlL 010l || Uby -G9S#
%9L'91L 629 8V 1-2€°L || %LE'GL LLS 00L-0'96 Qo\.v”ov £6¢€ 81Tl ..x,omuo_. v6¢ 6-9 uonng
69591 voLe %9€'€T L8 91'1-00°| || %269l G€9  0'96-0¢6 || %EV LI 6¢y 0'e-¥'¢ || %0€9l 219 9€ -_.:.m_n_ (wwgl)
%¥9'v 626 21911 || %0802 18/ 0'26-1'88 || %60'ZL 114 Z'1-9°0 || %€0°'LE  06€EL €0 . L I19A97
A 85¥'lL 19t L1'v8 8057 v96't 0890l 061'6 || Ury -czs#
%29'LL L¥9 8¥'1-2€°L || %LS'PL GEG 1'88-1'¥8 Qamm”m r4e1% 190 || %iezL 414 6-9 uonng
10291 2298 %0L'1T 181 91'1-00'L || %69'GL 9.5  0'96-0C6 | %Zl6 A} 9€-0°€ || %09'vL 9€g 9¢ ._._u.m_n_ (wwgol)
%EB'EZ G/8 2e1-91°t [| %0202 09,  026-1'88 || %0L01 L.e 0'e¥2 [ %Sy'0E  8LLL €0 - € 19A9]
62¥'0 L9V} 09'€l 6.'€8 Ge9'c £26't 0SE'LL  0Z9'0L YTy -90LS#
%yl LL 999 8v'1-2€'L || %98'GL 919 1'88-1'v8 o\cwvuo_. L0V 0eve || %oezt 8Ly 6-9 uonnq
IvLiL cgge %LY'eT €.8 91'1-00°) || %Sv'9L 6€9  0'96-0°26 || %8¥ 0L 0¥ 81-2') || %16'9L LS99 9¢ ._._u.w_o (wwgs)
%6L've €96 Z€1-91°L || %€0'02 8.  0'261'88 || %60°LL 334 9'e-0'c || %9s'ce  s9zl €0 - (ALLLN
54 €SPl v0'el Sv've rS'z  99l'c 096'0L  0.L'6 |i UZ¥ -b9sS#
%LL'LL G€9 wv“P-Nm“v o\ovw”m_‘ 666 1'88-1'¥8 o\oowuo_‘ 6.¢ 8¢’} o\omomw_. 1344 6-9 uonng
vLIGL piGe %LL‘€ET 8¢8 9L'1-00'L || %029l 6.5 296026 || %9l LI 66¢€ 9€-0¢ || %0l L L9 g€ -.._u.m_n_ (wwoy)
%ZLve 298 ZEL9L'L || %68'6) L. 0267188 |1 %0LEL 8ly 0e¥2 [ %88'CE  GLIL €0 - I 19A@7
90t'0 arv'L 86'CL €28 ISz 68L'e 010'L1L  618°'6 || YZv -ZZS#
.x.mw”wv 6€9 8v'L-ze’} .x.rwﬂwv LGS 1°88-1'¥8 .xumNH 123 y8e oete || %el'et l44 679 uonng
90051 00ve nxuwr.mw 968 91°1-00°1 Qowm,o_‘ 0.8 001-0'96 ,xk.v.: 06¢ 190 (| %9L'9L 045 9-¢ ..,:.m_n_ (wwpoy)
%89 G¢ €18 ¢el-9l’l [[%lele el  0°¢6-1'88 || %6L L1 10V 9¢-0¢ || %00'6E  9zel €0 o € |9A9)
ZLy'o SVl 162l 82'G8 0292 0SE'y 068'LY  0£S°Zl ||yov -g0LS#
ﬁ.mn_.mr 16§ w.v.,_‘-Nm.,_, A.\..mmHmF elv L'eg-L've || %er's 62¢ Z1-90 [l %L8°LL 434 6-9 uonng
£ovSL 06vE nx.mo.NN VL .wf Too, } e\oom_vv ecs 0'96-0'C6 ,x.momov ase 9'¢-0'¢ || %EL'GL 6vS 9-€ -_._u.m_Q (wwgg)
%99 2¢ 164 cc L9l |l %vli8l ¥59  0'26-1'88 || %EV 0L y9e 0e-v'Z || %00°LE  Z80L €0 s AL
86€°0 zer'l z8'cl 25'sg £29'c 086'¢ 0.9'LL 096°0L || uov -c9s#
ﬁ.omnmr (8447 mv“F-NmMF o\o_‘_,umv 6v¥ 00L-0°96 || %Lip'LL Lpe TL-90 {| %0L'vlL 134 6-9 uonng
LLLEL 2162 ﬁvmm.ww ¥8L w_..r-oo_v Qoon.w_. 667 1'88-L'¥8 || %1S'LL e 9'¢-0¢ || %2861 68S 9¢ -_.:.m_n_ (wwg})
%.. 8¢ G658 ce 19l [[%l06L G695  026°1'88 || %EB'EL 1134 0e¥T || %ESL) 128 €0 - I 12A97
20S'0 4 £0'GY 188 969'C  G/6'C 02021 0L0LL || uov -LzS#
.x.wmnwv 6€9 8¥'L-ze'L .wivnﬁ 6§ 1'88-1'v8 | %v8'6 y8e 0¥ || %EP'LL i44 6-9 uonng
77211 206¢ ,x.vm_rw 968 91°1-00°} Ax._.w.vv 0.5 001L-0'96 || %66'6 06¢ T1-90 (| %i9'vL 0.8 9-€ .E.m_n_ (wwooi)
%LE'2T €/8 21911 || %8¥8l 12, 0'26-1'88 || %820 304 9'€-0€ || %86'€E  9zElL €0 - € 19A9|
£91'0 €6¥'l [A%2) L€'¢8 999'c 6EL'E 082Vl _ 8v6'6 (U8t -OLSH
ﬁomnw_‘ LGS wv“ _.-Nmm L {| %0yl 17A4 1'88-L'v8 || %.2'6 62¢ T1-9°0 || %EZCL (454 6-9 uonng
698v1 696E .x.mw.mw VLL wr_v-oo,v o\omv”mr 225 0'96-0°26 || %Sv'OlL ese 9'€-0'¢ || %0E'9L 6vS 9-€ -_._u.m_n_ (wwgg)
%8% €¢ 164 219l Il %l¥6l ¥69  0726-1'88 || %0801 ¥9¢ 0e¥2 || %Zl'zE 2801 €0 - T 19A
2510 viv'L 8e'el 108 049'2 68.°¢ 0vZ'LL 0¥0'0l | uBE -Z9S#
o\omNHQP LPG wv“ _‘-Nm“F o\o\.vnmv (5144 001-0'96 || %EZ'0L Lve 90 || %i5'2) 6LY 6-9 uonng
SLIpL vees o\on.mm 8. wr.r-oc._‘ %L8 vl 66v 1'88-L¥8 || %92'0L [424% 9'¢-0'¢ || %L9°LL 68G 9€ -_._u.m_o (wwol)
%¥9 G¢ G558 ZE'L9LL |l %S6'9L 696 0¢6-1'88 || %EETL 134 0€PZ || %STYE  Zwll €0 s I oA
6zv'o osv'L 0Ll G9'28 9852 9z9'c 000'LL  8SE'6 || uag -0ZS#




%ev8l €59  8vlecl [%09G) 6vS  LSELV8[ %y90L L& 8LTL[%ELYL 26 69 | Lomng
JeosL epce || %ESTC 608 OLL-00'L || %0G2Z 6L  0'96-0T6| %ES'IL By O'CHT | %60'BL  1¥O  9€ | .o | (wwool)
%L6'ST 816 Ze'191') |%09'6Z 968 0Z6188(| %9eTL  8ey  9'e-0'c | %vv'vz 998 €0 o ¢ 19a|

S6€0___ sevl 621, 0098 9567 _ Z10% 696'6 06201 [[uzs -LLiSE

%E98lL 199 8y 1-CCL |[[%6EE, 89y 18818 %SL0L 95  8LC ) | %8yPL 90§ 60 | o0
. peve || BSKTT VL OLL00'L || %SINZ 09 0'960°T6 | %6E'LL  96E  OEOE | %es8l L0 gt || o | (wuwiog)
%T0'9Z 606 ZE'W-9V') ||%lZ'€Z €18 061’88 | %G9Th  Tvh  0€vZ || %0592 926 €0 . Z 19A9]

GIE0___ 0eyl 202 0858 SIYZT _ 166¢€ 08901 _00€°0} || uzs -69s#

%Sl €I5  8y1TCh(%9CvL 68y  VSSL¥8[[%80LL 08  9€0€ | %OIEL 2Ly 69 | onne
beLSL sove | %8LTC  18L  OLL-00'L || %66l 10  0'960°T6 | %0Z'LL  ¥BE  @LTL | %zv'el 999 gt || oo | (wwol)
%SY'9Z 206 Ze'W-9l') ||%zs'hz  8EL  0'T61'88|| %ZL'EL  0G¥  0'€¥Z || %6162 L00L €0 s L 1oAaT

96€0 __ sev') VLTl 6L'v8 EVv'e _ 698€ OVv'0L 2526 || uzs -Lzs#

%Z8LL €19  SYLCEL (|%95GL  GeS  V8ELVE| %iL6  vec  O¥9€ [%8SEL 9% 69 || ,onno
- scve || BYE0Z 969 OVL-00'L || %bLLL 609 0'96-0T6| %IELL 688 9EDE | %OLBL  S¥O o€ | oo | (wwool)
%0292 106 Ze'1-91) |[%0¥'1Z  96L 026188 %98'LL 80V 0EVZ || %STYZ  vE® €0 o ¢ 19A9]

vev'o  covh 9521 0178 ISY'T __v90% 02£°01 _08¥'0} ||40S -0LIS#

%YLl 259  SYICEL || %Syvl G5 V8ELVB| %060L 96t 8Tk |[%OVEL 9y 69 | ,onne
52091 peoe || BECTE 808 OL'L-00'L | %LLBL 089 0'96-0T6| %ZV'WL  YOY  OE0E | %Ev'SL 9oL o€ || oo | (wwos)
%EE'9Z 166 Z€'191') || %GS'hZ  €8L 06188 %BY'EL  06Y  0€WZ | %lisZ  J00L €O T Z oA

1850 verL 91zl _ /878 ZIET__ 098%€ 1¥6'6__99/'6 || 40S -89S#

%09LL 109 8YITEL | %E0VL 6Ly LE8LVB|[%EyOL  9GE @it %90k  Ovy 69 | ,oono
29051 piyg || %€ YOL  9LL00L | %O0E'6L 699 0'960Z6 | %y8'0L 08 9E0E | %izeh 899 o€ || o | (wwol)
%re'9z 968 ZEU-OVL | %6LVZ  vyL  0'T61'98 || %EE'EL GGy O'Ev'T || %0E'8Z 996 €0 . L 1oAeT

Z6E0 ___9ev') 6vZL €88 SLVZ__ 168€ 0S€°01 6986 | 4o -92S#

%c6S) 68y  8vlzel [[%L)'9L  Ser  LEELYE| %e8®  LZ VS8 | %Eveh 286 69 | onno
. coc || BOTIT YS9 9VL-00TL || %98'9L 8IS 0'96°0Z6 || %BEOL  BIE  OEVE | %eSSL 6Ly € || o | (wwool)
WLLYS  L9L  ZEL-9LL || %6LLZ 1S9 06188 || %l9'0L  9ZE 0T || %SLST 1L €0 g, ¢ 19Ae]

82v'0 0¥’} 21Tl 198 8997 _ Z5IY 0/9''L_OS¥'LL |[usv -60is#

%lEOL 96 YLZEL | %veSL 66y  LBE-LVE| %968  €6c  CLO0 | %EELL L& 69 | o
- pize || %6YEZ  B9L  OVL0UL | %86'9L 995 09606 %SOOL 628 9EOE | %g0'gL 265 9t || .o | (wwog)
%692 898  ZE'L-0L'L [%80VZ 069  0T6L88|| %L6'LL  O06E  O'EVZ | %26'8Z  L¥6 €0 - Z1oAe

EIW0___ vvL 9€7L___ /08 2997 G06°€ 08G')1_089°0} || UsY -L9S#

%e6YL  §95  8YLTEL %SGVl v L8BLVB|[%9L0L 00y  0€¥C %SO 18 69 | ,onno
SOvoL g | %6VEC 29 ZELOLL | %80'BL 2.9 0ZELER| %iVIL b2y 2190 | %l9VL gy 9t | o | (wwol)
%L9'GC  ¥S6 91100k || %66'8L  90L  00L-0'96 || %8L'LL  8€y 9000 || %8y'OL  95EL €0 o L 1oAaT

61v'0 __ Gov') €6l 1ebe 1287 699°%€ 00£'Z1_00Z°0} || U8y -gzS#

%0SLL  v¥S  SYIZEL %9l I8y  L8ELVB| %ECOL L€ @veY | %SEEL Sy 69 | oo
LISl goie || WEVEC  8ZL  9VL-00'L | %LZ'0Z 089 0'960T6| %zv'OL  ¥ZE  OEVT | %STSh vy o€ |0 | (wwogol)
%0692 988 ZE'-9L) |[%GE'GZ  88L  0T61'88|| %06'LL  OLE  9°E0E | %0S'0Z 269 €0 T LI

180 vev'l 197 1158 8557 I18E¥ 089'11 005} |4y -80LS#

%E0BL 185 8Vlgel [%ei'SL  c6y  L@s-Lve| %ez6  00E  SvLv | %ZZvh €9y 69 | oo
- goze || BYBEC AL 9VL00'L | %8L'OZ LS9 0'960Z6| %OV'LL  LLE  OEVZ | %89OL  eys o€ || oo | (wwog)
%89G 988 ZE'L-0L'L [ %¥6LZ  vi. 06188 || %EV'LL  2LE  QE0E | %OEVZ  16L €0 . Z 1oAa

690 izvL ¥zl 8yse 9097 evl'y 0€L'ZL_ 009°)1 || u9w -99s#

%909 €6V  8Vlgel [[%bEVL  Oyp  LBELYB| %606 62 190 | %00Eh 666 69 | ,onno
cveeL gooc || %YEYT €L 9VM-00'L || %bTUL 626 0960726 %LVOL  ZVE  9EOE | %8YSL Sy o€ || oo | (wwol)
%9067 69L  ZE'L-0') || %96'0Z 169 0767188 %88'0L  YEE  0'€'Z || %9Z'6Z 868 €0 o L oA

6EV0__ igv) or'sl __ €v'ys 2lLT__066¢€ 082ZL__Ov)LL || usw -¥es#




Level 1 #528- 54h | 11,040 12,290 4,053
(10mm) Distri- 0-3 946 27.29% || 2 ;4_3 0 22;03 83,42 1566
bution 3-6 658  18.98% || 3.0-3 S 12,38% | 920960 67 1,469 0,512
6-9 424 o 3036 392 11.31% | 88,1-92, 72 19.39% | 116-1.32 8
#S70- 54h 12,23% || 1,2-1,8 31% | 88,1-92.0 661  19.07% | 1.00-1, 72 2516%
Level 2 11,150 11,560 4,104 327 943% 841881 473 07%| 100116 825  2380% | % 15298
(sommy | Distr 03 876 25.11% | 2430 2,543 S 13.65% | 132148 508 17.25%
bution 3-6 652  18.69% I 3.0-3. 447  12,82% || 88.1-92.0 : 1,420 0.380 il
6-9 457 1 ! oo 3.0-3.6 395 11,32% || 92.0 ) 799 22,91% || 1,16-1,32 é1
#5112-5ah1 12,050 1120 310% [ 1,2-1,8 353 1012% 0960 780 22,36% | 1 00-1.16 9 26,35%
level 3 . 5 ,200 s A 84.1-88.1 469 13.45% || 1.32-1. 830  2380% || °4°8 15395
(100mm) |  Distr- -3 685  20,15% : 8601 1 A45% |l 1.32-1.48 608 17,439
)| bution | 36 564 16.59% 3,036 387  11,36% | 88.1-92 1,84 1406 0378 7:43%
36 4 1050 ) 2430 34 104t% 60,1620 839 2460% | 116132 9
#529- 56h || 11 3,94% || 4248 35 ’ 0960 767 22,569 : 70 28,53%
L 120 12,060 3 10,38% | 84.1-8 56% || 1.00-1.16 80 34
evel 1 —— o : 4473 2860 1-88.1 495  14,56% ' 8 2376% 00 15006
(tomm) | Distr- - 863  2644% | 3036 2 349 a0 1.32-1.48 597 17,56%
bution 3-6 479 15.79% | 2.4-3, 355 11,70% | 88,1-92,0 ’ 1,410 0,461 ===
69 414 13.65% 2430 325  10.71% || 92,0-96, 640  21,00% || 1,16-1,32 81
FSTiSeh 2380 Todd0 5% | 1218 200 9.56% || 84.1- 60 537  17.70% | 1.00-1.16 0 26,70%
Level 2 — o3 : 4525 2885 41-881 507 16.71% || 1.32-1. 733 2476% || 0 13391
(50mm) | Distri- 764 2267% | 2430 3 84.01 1350 71% || 1.32-1.48 532  17,53%
bution | 36 518  1537% 0 395 1172% [[88.1-020 7€ 1309 0408
6.9 448 13.29% 3036 351  10,42% || 92.0-9. 798 2368% || 1,161,329
#5113- 56h] 11,720 10,820 29% || 1,2-1.8 325 9,64% | 84. 960 652  19,35% | 1,00-1.16 21 27,33%
lovel 3 o 3 6 4324 245d 84.1-88.1 489 14.51% | 1.32-1. 720 2136% | >°'° 14874
(100mm) | Distr- - 622 1870% | 2430 4 BaTd 247 32-148 570 16,91%
bution 3-6 579 17.39% " 20 12,61% [ 88.1-92.0 ; 1,422 0,388 :
60 492 1478% 3036 362 10,87% || 92.0-96. 791 2377% | 1.161.32 98
TS KR T R W 1087% 92.0-96.0 643 19,52% | ! 00116 4 29,57%
Level 1 - d ;320 4535 2054 22% | 84.1-88.1 546 16 41% 1' ) 709 21,30% 3328 14688
(fomm) | Distr- 3 824  2668% | 2430 4 s278 1635 32-148 695  20,88%
bution | O 597 193% 2430 415 1345 | B8.1-920 e T AT :
- s U=, 1 o, ' s o ,16—
#572-58h 11253 1;22870 13,87% || 1,824 318 1 0;24“ 2%‘*95,0 626  20,27% | 1 00-1’?2 876 2836% | 4
Level 2 ] 0 ! 4628 2975 ek ,1-88,1 472 15,28% 1321, 701 22,69% 088 13629
(50mm) Distri- 3 904  2671% | 2430 34 8377 1419 28% || 1.32-1.48 506 16.39%
bution g-g 434 12.84% || 3.036 30? 180,14% 88.1-92.0 741  21,90% || 1 :g% 0,401
- A-3. 909 90% || 1,16-1,
#5114- 58h|[ 12,460 1?82530 1139% | 36-42 294 8 78 of g§.0-96.0 697  20,60% || 1,00-1 ?2 376 25,88% || 33
level 3 —— 3 . 4507 2832 o ||84.1-88.1 469  13.86% || 1.32-1.48 84  2319% 83 14931
(160mm) Distri- 705 23.39% || 3,036 363 82,18 12,97 E 574 16,98%
bution 36 423 14.03% | 424, 12,03% || 88.1-92.0 588 433 0,401
69 376 12.47% | 2. 48 302 10,02% || 84,1-88,1 19,50% || 1.16-1.32 766
#531-60h | 10,630 11,320 AT% | 2430 262 869% [ 92.0-9. 577 19,13%| 1.00-1.16 70 25.39% | 3016
Level 1 — = ; 4255 2764 9% '0-96.0 403  13.36% || 1.32-1.48 5 23,39% 13311
(10mm) b':_"'- 26 if; 32.20% 5430 327 12,35% 888 f? 12,93 Tads (fg;o 18,26%
ution - 5,74% X 12970 ,1-920 534 : )
60 289 10.90% 30-36 269  10,17% | 84,1-88,1 2017% || 1,16-1,32 686 25919
#S73-60h | 11,263 12,27 00% | 1,824 250 9.44% | 88.1-92, 461 17.41%| 1.00-116 62 91% 1 5648
Level 2 — o 270 4250 2819 44% 1-920 398  15,03% || 1 32.1.48 8 23,73% 11687
(50mm) Distri- 866  28,92% || 2,4-3.0 337 83,99 12,02 T 417 15.74%
bution | 36 616  2055% | 36- Yo 3 1124% || 88.1-02.0 676  22,57% 445 0,382
T I Tt e 3642 B el e 257% ) etz 22 o
3 ] 0, ’ (] o
level 3 — o3 11,700 45756 3,001 0.70% | 84.1-88.1 485 16.19% || 1.32-1 'lg 686 2201% | 2% 13219
(100mm) Distri- 815 26.91% || 3,0-3,6 3’53 82,12 13,35 : . 571 19,05%
bution 36 489 1614% | 2.4-30 11,66% || 88.1-92.0 618 20,419 1488 0422
60 414 13.68% | 4,2-4.8 206 10,54% || 84,1-88,1 511 16'88;’ 1'(1)6'1'32 686  22,65%
: 10,09% [ 92,0960 416 1374 | 1 0-116 625  2063% | 028 13364
74% || 1.32-1.48 523 17,26%




%608, 215 v LCeh [%ZZ9F  66v  LGaLv8| %688 05  vGSy | %e6er 99 69 | Lonnc
%0812 19 900k | %66LL 605 0'96026 | %v0'0L  vec O€we | %szyl  voy 9t | LOHE | (wwooy)
Level 0282 |l o/ 19z 6eL  ze'1-9) || %zzee 169 026188 | %801 G0E  9'C-0C || %0212 ¥19 €0 Hhst g 10A9]
60Y0 _ 9vvL 0V'zL 0878 997 Zlvy 0697, _080°Cl ||u89 -6L15#
%vOLl 956 8V L-Ze) | %boSL €6y 096026 %06 8¢ 8LTL | %8Ceh 86 69 | oo
%9ZZ 1L 9VL00) | %IZ9 LS L'8Lv8| %E0L  dge 90T | %ss9r  ses ot | odH | (wwos)
cieel e | g0z zes  ze'L9L'L || %Lz 669 06188 %Z8'0L  LYE  0'€v'Z || %09'sc 208 €0 MR zienen
G9c’0  9evL tl'zL 168 v89Z €22 08L'ZL _OV0'ZL | U89 -LSH
%SGLL 615 8V LZeh |%bObl  gev  L8ELv8| %Sce  vve  CvOe | %oSer  bov 69 | oo
%ezez 89 9UL00L | %8yl  6sv 096026l %9CL  gge 980t | %wiar  sos  ge | LU | (wwol)
ag0el 896 M o0z z1.  Z€'1-9L'L | %0L'8L €56 076188 || %l0'TL LS8 0'EvZ | %L0'9z 0L €0 Hst L 19Aa7
ZIE0  Lev'L 01'eL  v8'28 8cLZ 90Z¥ Ovv'SL _060Z1 || U89 -ScSE
WGLOL €66 8V Leel | %ILGL bl LeELVE| %IV8 Ll 8¥TY | %e6er  Sor 69 | oo
%ezze gL 9UL00L | %eesL  1zs 096026 | %s06 98¢ 0eve | %seer ey 9e | LOEA | (wwool)
Levyl b2t oovvz eeL  zel-oLL ||wss'iz sor  oze-ies|| wzsor  wve  9'c0't || %si'vz 162 €0 His £ oA
Sr0___ 09vL 9c'el  oves ZeLT L6EY 0262, 0L8'2) |[U99 -8LLSH
%OBOL GG 8V 1ZC) || %90GL 805  UBELVE| %Zv8 €2 BYLY | %89t 68 69 | oo
%ovez 1oL 9v1-00) %gz9L 825 096026 | %996 0le  9e0t | %sest ey ot | LW | (wwigg)
8Levl Yee | ycg'sz 628 2e1-0L'L || %iv'0Z  v99  0'z6-1'es || %esoL  sse  0'evZ | %iv'vz  z6L €0 st Z19Aa
oov'0  serl vi'Sl  1e€s S5LZ 628 000'€l 0292 |[ 499 954
%EOL 663 8vITCL |[%ighl  2ly  LesLv8| %ve6  Lze 811 | %b9er 0o 69 | oo
ZoohL zzee | %EEIE 0L eVL00L %zl 68y 096026 | %690L  Sge o't | %evsL 65 gt | LoMM | (wwoy
%'vZ €28 2L-9LL || %9l 986 0Z6-1'98| %eS'tl €88 0'6¥Z | %z06z  ¥96 €0 Hist L 1A
6LY0  95¥L TN SLZ 90L¥ 059210521 |[499 vEsk
%S9l 85  Sv1TCL | %0vyi 905  00L-095 | %206  Lle  O'eVC | %85L  L0v 69 | oo
. pee | %4922 €8 OVL0OL |%iuSL  2ss  Vesbve| %es's 65 @wey | %vivi  s6y 9 | oM | quwooy)
%6622 808 ZE&'L-9VL || %i8'8L 199 076198 %S8'6  9ve  O'C-0C | %L6'8Z  9L0L €0 Hist ¢ 19A9]
LYo cor L0SL  G0v8 Wiz 900% 0LL'zL  0SS'LL |uve -ZLLS#
WGULL 95  SvLZCL||%8Zvl 1y LeeLva| %ess 6 8wTv | %eech e 69 | oo
0oshL soze | PHOYT T8 9100 ||%2s'L  Sve  0'960C6| %p90L  Se 90 || %ewoL  zvs g€ | Son | (wwigg)
%.0'92 098 2e'l-9L'L || %e8'zz €6/ 076198 %280l IGE  0'6vZ | %01z S6L €0 Hist Z 1oAa]
€660 Zev') VAL 0.7 622% T T
WEELL 085  GVICCL | %IV 6Ly  L'Oe-LYB| %88® 98¢  BLTL | %ereh €66 69 || oo
sobL vz | BBEEC 8L OVL00L|%SYSL 105 0'9B0T6| %eyOL  88e 90’ | %eo'9L  ees g€ | LonH | (wuwgy)
%Z6'vZ 908 ZEL9L'L || %6'8L 619 0ze-1'es| %6zl 998 0'€vT | %ivos 986 €0 Hst L 19Ae7
€0 vl BLEL  09°€8 €617 566C 0l¥'ZL 0801 | U9 -tosk
%OZTIL 195  GVICCL |[%6ISL 015  Leel¥8| %6C6 206 0€VE | %ereh  S6E 69 | oo
N osze | WOYET  VEL  9VL0OL[%LUBL 019 0'960T6| %Sw'6  L08  EvT | %evl  esy  9€ | ond | (wwooy)
%98'52  Ov8  ZeL9LL [|w8e'lz G609 026198 %SL6  Lle  9'c0€ | %9zel 929 €0 Hist ¢ 19n9]
980 9ev'L 20t c1ve 08L7 _ S89'% 0LL'EL_00L'%) |[uz9 -9115%
%L, 909  GVITCL | %EVSL 25 LSTLVB| %606  80¢  SLTL | %661L 80V 69 || oo
cLo5L fope || BLSEC 2B OVIOOY | %eLiL  S09 096026 %6Z0b 05t Cwo't | %eLor eos o€ || SR | (unugg)
%re'vZ 928 zeL9LL [ %S0z 91 0ze-1'es| %zslL 268 0¥z || %ie'se €98 €0 Hst Z oA
8860 vev'h 062, 80%8 2697 IET¥ 0902, 008Vl | uz9 -visk
%PESI 609  SVITCL |[%08CI  [cS  00L-096 | %8S6 99 LTI | %20k  6sv 69 | oo
ssg5L ozgc || %EYEZ S8R OVL00L | %'l les 096026 %iZ0b  06c 960t | %09t  96s g€ [ SoRH | (unugy)
%EO'VZ 816 ZELOL'L | %e8'ZL 189 0z61'88 | %iv0L ooy 0'eve || wloTe  SezL €0 st L 1oAS
6570 £9v'L SZSi 1,28 6.7 GZ6€ 0861, 06501 || uz9 -zcSH




%IGLL  9vG  BVICEL [ %eVEl 80V  C960C6| %M06 082 9€0E | %851 0% 69 | yomna
%0561 909 9UI00% |%vv'st 08y V'ee've| %sz's 88 8wTy | %eswl esy 9 | CH | (wwooy)
Lhiel 80LE |l wep'zz 169 zel-olL || %bS'ZL  SvS 026188 %EV'E €62 0'EHZ | %l9'sz  96L €0 Hist ¢ 19A9]
16V0__ s6v'L €eLel _ 0e%8 118C___€28¥ 009°'7)_0LECh ||U9L €CIsH
%069, 125 8vIi-Ze) | %G0GL 88y  V8aLve| %088 9.  CvOE | %e8er 2oy 69 | yoonc
%0SC 08  9U'I-00% | %€0LL 185 0'95026 |l %66 Lle  OewT | %esyl esy o | I | (wuigs)
coLel BUWE ll oog'sz  s62  ze'i-ob | %69'6L  vl9  0'Z6L'es| %0l sie  9e0e || %so've o5z e0 || M | zjeneq
¥Sv0 _ evv) 16l €6€8 187 SlEV 09V'SL 06} | M9Z-18S#
%EVLL  ¢o§  BVIZE) [ %ECSh 95y  Z960C6| %ZE6 6L  CHOE || %6STh € 69 | o
%082 €89 9U'1-00 |%96'sL @y L'ewl've| %ge's 66z 9€0E | %oe'sk ooy o | S| (wuwol)
Gicel 966 | og0'cz 9L ze'L9L'L [|%e0'0z 009 0°26-1'88 || %zE0L  60E  0'€VT || %wb'oz  zeL €0 Hist L 1oAaT
ISv0 0S¥l 8LVl 6238 Yol €62V O0v8'cL 02071 || YSL -6ESH
%6V8L  96h  BVI-ZE ) | %L6yL 00V 96026 %GZ6  8YC  C¥OE | %OVEL 19 69 | ,onne
JealL seoz || PYSOZ  1eS  oUl-00h |l%se'9L  Bey  L'eslvel%0voL Lz 90 || %essh ey 9 |l | (wwool)
%6292 SOL  ZE'LOLL || %v0'2Z  16S 061’88 || %8L0L 682 0'€V'Z || %0S'6L €25 €0 Hisl £ 1942
960 6vvL €0Z) __ 69¢€8 8I5C___00S'% 0Sv'ZL__0LZ'€l ||UvL ZTisE
%YLl 6Ly BVLCeL | %60%L /85  L8eLvB| %696  G9Z  Zv9%€ | %seeh  6ee 69 | oo
N ovsz || #S0ET €89 oUi-00L |%ge'z L85 0'96026 | %eyoL 98z 90t | %se'st sey 9t | L | (wwis)
%99'9Z 78l z€'LOL'L || %68'€Z 959 0Z6L'88| %T80L 162 O'SVZ | %Sv'iz 685 €0 Hl Z 1987
1880 sev'l 202, 9898 £69C__ SV 068210962} || UbL -08S#
%S98l 99p ¥ i-ce L | %60GL L€ 96026 %6C6  L6C @LTL | %L6Zh  vE 69 | oo
szoLL gepz | %OVEL 98y L'L00'L %sg'ol oty L'esrlvgl%io0l 08z 90t | %at  ezy  ge | 0N | (wwioy)
%98'92 119 ze'L9'L || %0z zes  076l'ss| %ss'LlL 962 0'EVZ || %si'sc 6.6 €0 Hasl | 1one7
VIEO  phv'L 80EL 6828 lelc_ ssev 088'2) 02671 || UL -8eS#
%ZZ8k 60y GITCL[[%Ziol 7ot LSeLve| %Se6 01 980T | %0ZC iz 69 | oo
5065 ghzz | %S0TC  S6v  OVI00L |%siok o8 0'960T6| %wws 2z 0T | %izvl 6l g€ | Lo | (wuwigoy)
%98V2 895 ze'l-91) ||[%96'VZ  €6v  0Z6L'88| %96 12 8vTv | %l6LL  Zov  £0 Hisl £ 1oAa)
¥ev'o  6SvL 691 089S 688'C__ 9087 05Vl 098'b) ||UZL 1218
%98l 28y  @vITCL [ %pIOL  ovy  LSEUVB| %998  VEZ  BYLY | %09EL  69E 69 | oo
ZcoLL ovoz || OYOC WS OVI00L | %eeul 6%y  0'960C6| %0L0L  v8Z 9Tt | %209k ey ot || SoAM | (wnwgg)
%2092 /89 Ze'L-9L'L | %20l 596 06188 || %lZLL 962 0'C¥Z | %l9zz 165 €0 Hist Z 19A07
08€0 __ obvv'L 5920 oLvs Wiz LV 059210991 || UzZ -6LSH
%ETLL 8y GvIZCL|[%Z09L L0y  V8eiv8 | %cre vz 8¥TY | %92 2eE 69 | uonna
—_— sz | PHLZE S 9UL00L |%iz6L 88y 09606 | %090l oz 90 | %06k w0y 9 | S| (wwigy)
%8892 €99 ze'1-91') ||%l9UZ  6VYS 061’88 %06'0L  2/Z  0'e¥Z | %91ez g9 €0 His L oA
VIE0 _ 2v) 9971 9848 1187 06v'v 055'€L__096°€l || UL -LeSH
%OUBL L9y  GVIZCL %90Vl L VGELB| %l66  S5C  8ey | %8Ch I 69 | oo
Ze1L gz | P9% €85 9LL00L %00tz 0vS  0'960T6 | %skOL k9T o't | %igvk  1ge gt | SO (uugoy)
%Sv'LZ  90L  Ze-91) || %lZ'S  0S9 06188l %y0'tl  v8Z  0'e¥Z | %lsiL sy g0 Hisl £ 19A8]
20v0__ Sev'l €51 Ov'ss 1997 899'% 00E'SL__OL1'FL 0L -0Z1S#
%yl lvy  8lTel [%IISh  cgy  L8eLv8| %el8  9EC  8¥TY | %erer 98 69 | oo
ssaLL oz || PELVC 8 9V1-00) l%is'8h 6oy 0'96°026 | %€T0L G2 90t [ %009L oey o€ | So8M | (wwog)
%ILLZ _ OvL  Ze'L9l'L || %9E'LZ  viS 068 || %wev'll 208 0'evZ | %vlzz L9 g0 Hisl Z1one
2000 evvL 8zl ovve €6LC___29rv 028’6l _090'SL || U0Z -8.S#
Qiuf oy 8vizel %YZ'TL  90€ o”om-owwm _x.mo_a JX44 N”v-o”m %18'TL 0ze 6-9 uogng
0oLl oovz | P9TC L9 oVL00L iyl 008 0ZeLve | %orol 6%z 90t | %6LL  epy g€ | S| (uwoy)
%G0'SC 929 ze'4-91') [ %l0'SY  SIE  0T6L'98| %eeTh 808 O'SYZ | %LL¥Z  v09 €0 Hisl L 1Ao7
9ev'0_ eev't 26l 6508 669C €S2V 010'€l 0042k || uoZ -9t5#




#S40-78h [ 11,450 13.140 4056 2,837 82,71 14,33 1,462 0,428
Level1 [ . 0-3 928  30,13% | 2430 339  11,01% [86.1-920 588  19,00% || 116-132 765  24,84% || 000 13504
(1omm) | T 3-6 487  1581% | 3,0-36 314  10,19% | 84,1-881 464  1506% || 1,00-1,16 670  21,75%
69 372  12,08% | 4248 270  877% | 96,0-100 396  12,86% || 1.32-1.48 517  16,79%
#582-76h | 13,070 12,970 4459 2,694 8404 1224 1428 0,391
Level2 [ . 0-3 636  22,08% | 2430 311  10,79% | 86.1-920 606  2103% | 1,16-1,32 746  2589% || g0 12716
(somm) | S0 3-6 452  1569% || 3,0-36 303  10,52% [ 92,0960 501  17,39% || 1,00-1,16 645  22,39%
69 377  13,09% || 42-48 271 9,41% || 84,1-88,1 462  16,04% | 1.32-1.48 569  19,75%
#5124- 78h| 13,980 12,990 4669 2,713 8422 12,63 1427 0,389
level3 [ . 03 539  1866% | 5036 302  1045% 881020 689  23.85% | 1.16-1.32 779  26,96% | og00 12751
(1oommy) | =T 36 425  1471% | 2430 292 10,11% [|92.0-960 518  17,.93% | 1.00-1.16 676  23.40%
69 344  11,91% | 4248 267  924% || 841881 436  1500% | 1.32-1.48 490  16.96%
#541- 80h | 12,130 12,960 4274 2724 8318 13,07 1,424 0,382
Level1 [ | 03 715  24,19% | 24-30 362  12,25% | 88.1-920 587  19,86% | 1,16-1,32 813  2750% || g 13047
(10mm) [ S 36 521  17.63% | 3,036 321  10,86% | 84,1-88,1 479  16,20% || 1,00-1,16 671 22,70%
69 396  13,40% || 3,6-42 249  842% [ 92,0960 453  1532%| 1.32-1.48 509  17.22%
#583- 80h || 12,020 12,490 4251 2,711 8291 13,79 1,447 0,396
Level2 | .o 03 817  2559% | 2430 344  1077% | 88.1020 627  19.64% | 1,16-1,32 829  2596% || ,.0s 14093
(somm) | o 36 494  1547% | 3.0-36 326  10,21% ||92,0-96,0 478  14.97%| 1,00-1,16 683  21,39%
ution 69 403 12,62% || 3,6-42 281 880% || 84,1-88.1 454 1422%| 1.32-1.48 549 17.,19%
#5125- 80h|| 12,040 12,720 4502 2,713 83,07 13,38 1459 0418
level 3 [ | 03 608  2099% || 24-30 309  10,67% | 88.1-92.0 644  22,23% | 1.16-1.32 721 2485% || 07 12786
(100mm) | - 36 444  1533% || 3,0-36 295  10,18% || 84,1-88,1 461  1591% || 1.00-1.16 622  2147%
ution 69 371 1281% | 42-48 271 935% [|92,096,0 429 1481%| 132148 547 18,88%




Silicon Particles Analysis (SuperHeat)

Magnification: 1000 X Field Area (pm2) : 5664 Updated:
No. of Fields: 40 Total Area (um2) : 2,26572E+05 2005-09-30
; i RO S A R 3 D
A » A » A » A D e De
S1-00h || 1619 3,369 1,942 2,040 74,76 22,84 1,848 0,781
Lovel 1 Range  Qty. Perce:\t Range Qty. Percent | Range Qty. Percent| Range  Qty. Percent
(10mm) Distri- 0-3.2 16010 89,30% || 0-1.2 8076  45,05% || 96.0-100 3457  19,28% | 1.00-1.36 5587 31,16% || 17928 79127
bution | 3.2-6.4 1212 6,76% || 1.2-24 5648 31,50% |l 88.1-92.0 1825  10,18% [[1.36-1.72 4167  2324%
6.4-96 334 1,86% || 2.4-3.6 2148  11,98% | 84.1-88.1 1784 9,95% |[1.72-2.08 3591 20,03%
$2-00h || 2,803 4,447 2623 2,539 74,78 23,20 1,787 0,751
Level 2 Distri- 0-3.2 11111 7632% || 1.2-24 5677 39,00% || 96.0-100 2319  1593% [[1.00-1.36 4988 34,26% 14558 64253
(50mm) bution || 3-2-6:4 2131 14,64% || 0-1.2 3602 24,74% || 88.1-92.0 1836  12,61% [[1.36-1.72 3656  25,11%
64-96 614 422% || 24-36 2458  16,88% || 92.0-96.0 1620  11,13% ||1.72-2.08 2445 16,79%
$3-0-0h || 4,403 6,202 3,287 2,956 73,43 23,77 1,786 0,723
level 3 Distri- 0-3.2 6785 59,42% || 1.2-24 4026  3526% || 96-100 1590  13,93% [/ 1.00-1.36 3709 32,48% 11418 50395
(100mm) bution || 3-2-6:4 2478 21,70% || 2.4-3.6 2305 20,19% || 88.1-920 1464  12,82% || 1.36-1.72 2964  25,96%
6.4-9.6 999 8,75% || 0-1.2 1729 1514% | 92.0-96.0 1409  12,34% || 1.72-2.08 1929 16,89%
S$1-18h || 7,192 8,313 3476 2634 82,29 15,71 1,573 0,678
Level 1 Distri- 0-3.2 1724  4021% || 2.4-3.6 1036 24,16% || 88.1-92.0 762 17,77% || 1.00-1.36 2044  47,67% 4288 18926
(10mm) bl 3264 882 2057% | 1.2-24 1028 23,97% | 92.0-96.0 707 16,49% |(1.36-1.72 1153  26,89%
6.4-96 600 13,99% || 3.6-4.8 666 15,53% || 96.0-100 578 13,48% || 1.72-2.08 586 13,67%
S$2-18h || 7,711 8,420 3,591 2651 84,58 14,53 1,496 0,476
Level 2 Distri- 0-3.2 1721 3553% || 2.4-3.6 1224  2527% || 92.0-96.0 992 20,48% |11.00-1.36 2452 50,62% || 4o44 21380
(50mm) — 3264 1072 2213% | 1.2-24 1056  21,80% | 88.1-92.0 965 19,92% |(1.36-1.72 1278 26,38%
6.4-96 703  14,51% || 3.6-4.8 766 15,81% || 96.0-100 773 15,96% || 1.72-2.08 657 13,56%
S$3-18h || 7,833 8,482 3,703 2,750 83,48 14,82 1,496 0,479
level 3 Distri- 0-3.2 1614  33,29% || 2.4-3.6 1341  27,66% |l 88.1-92.0 981 20,24% |11.00-1.36 2489 51,34% 4848 21397
(100mm) butio 32-6.4 1117 23,04% || 1.2-24 1071 22,09% | 92.0-96.0 922 19,02% |(1.36-1.72 1279  26,38%
" |l 6496 778 16,05% || 3.6-4.8 784 16,17% || 84.1-88.1 623 12,85% || 1.72-2.08 623 12,85%
$1-216h || 8605 9577 3,776 2,745 82,99 14,71 1,516 0,526
Level 1 Distri- 0-3.2 1238  3525% || 24-3.6 822 23,41% | 88.1-92.0 657 18,71% |[ 1.00-1.36 1766 50,28% 3512 15501
(10mm) buti 3264 689 1962% || 1.2-24 787  22,41% | 92.0-96.0 582 16,57% | 1.36-1.72 925 26,34%
- 64-96 484 1378% || 3.6-4.8 534 15,21% || 84.1-88.1 496 14,12% | 1.72-2.08 466 13,27%
S$2-216h || 8957 9,374 3,862 2,701 84,27 13,85 1,467 0,470
Level 2 Distri- 0-3.2 1130 30,90% |[ 24-3.6 898  24,56% || 88.1-92.0 756  20,67% | 1.00-1.36 1995 54,55% || ag57 16141
(50mm) bution || 3264 725 1982% || 1.2-24 768  21,00% || 92.0-96.0 747  20,43% | 1.36-1.72 925 25,29%
6.4-96 559  1529% || 3.6-4.8 650 17,77% || 84.1-88.1 480 13,13% || 1.72-2.08 426 11,65%
$3-216h || 9455 9,524 4,076 2867 83,41 14,32 1,503 0,503
level 3 Distri- 0-3.2 1061 26,74% || 2.4-3.6 1005 2533% | 88.1-92.0 776 19,56% |[(1.00-1.36 1982  49,95% 3068 17513
(100mm) bution || 3284 837 21,09% || 3.6-4.8 765 19,28% || 92.0-96.0 720 18,15% |( 1.36-1.72 1097 27,65%
6.4-96 660 16,63% || 1.2-24 717 18,07% || 84.1-88.1 577 14,54% || 1.72-2.08 530 13,36%
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Lovel §1-756h || 14,500 14,090 =530
(10mm) Distri- || 0-3-2 387 21.62% || 2.4 3,498 79,94 14,8
buti 3264 2 ' 436 329 18,389 : 88 1
ution 70 15,08% | 3.6 38% || 88.1-92.0 2 523 0.564
64-9.6 19 : 648 282 15759 : 78 15,53% [[1.00- '
3 8  11.06% 75% || 84.1-88.1 .00-1.36 887
L 2-756h || 1556 14,530 06% || 1.2-2.4 234 13.07% || 92 ’ 265 14,80% | 1.36-1.72 49,55%
evel 2 — 052 ) 5,248 3491 : .0-96.0 234 13.07% ’ : 465 25,98% 1790 7900
(50mm) Distri- . 341 17.64% || 2.4-3.6 3 79,97 14,11 ,07% |1 1.72-2.08 258 14 41%
o 13264 286 14,80% || 3648 786  1556% || 86.1-620 309 1496 0,466 —
S 6496 257  13.30% || 4.8-6. 330  17,07% | 84.1-88.1 15,99% || 1.00-1.36 964
level 3 ST86h| 15230 14850 45'8'6'0 255 13,19% || 92.0-96.0 284 14,69% 111.36-1.72 546 STl | 1033
i : .0-96. . . [
(100mmy| Distr- 0-32 403 20,09% || 3 61298 3,632 5057 123;58 12,16% [|1.72-2.08 234 fﬁfi‘j" 8032
bution || 3264 270 1346% 2436 355 17,70% || 88.1-920 364 1598 0,866 —
. 6496 241 12,01% | 4.8-6. 348 17,35% || 84.1-88.1 18.15% || 1.00-1.36 988
Lovep 1 204N | 15910 15240 1% | 4860 258 1286% | 020 fe1 3 Mok rsetr2 se0 a925% | 2008
- 0-3.2 31 195 3,385 70, 76 13,76% || 1.72- ’ 7,42% 8854
(1omm) | Distri- 7 17,62% - 82,34 72-2.08 248
| bution 2'2-8'4 260 14.45% 5'33‘2 232 19,07% [ 88.1-92.0 13?&‘;3 19,20% 1489 LA -
4-9.6 o 16,959 ) : 1.00- :
] S23ean| 1500 522720 1223% || 48-6.0 266 14?3 of 841881 287  1595% | 1 32-133 895  49,75%
evel 2 — 03 . 5176 3602 79% |l 92.0-96.0 244  13.56% | 1.72-2. 530 20.46% | 17%° 7940
(50mm) | Distr- 2 445 2241% || 2436 3 301 35T 172208 231 12,84%
bution 2.2-6.4 243 1224% || 3648 gﬁi 16,36% || 88.1-020 341  17,17% 1,502 0,484 84%
496 2 ’ o5 14,309 ' ; 1.00- ’
I 5T Bz 1o 1073% | 1224 242 1930% | 20980 328 e lioonse e 4930% | 1oss
. : 5, : 1-881 30 ool 27,349 8
(100mm) Distri | 032 350  16,09% 3-62-:58 3:;%35 $3.75 = §1 15,11% || 1.72-2.08 286 14 23;’ 765
bution || 3264 300  1379% || 2.4 3, 2 1756% | 86.1-920 439 1471 0,429 =
6406 260 1195% | 48- 6 378  17,38% | 92.0-96. 20,18% || 1.00-1.36 11
] STe TR 15510 To a0 sl 460 321 1476% |l 841 60 366  16.83% | 1.36-1.72 17 51,36%
evelt [ — 1 03 - TR S 41881 356 16.37% | 1.72-2. 616 2832% | 2175 | 9600
(1omm) | Distri- 2 364 2024% | 2436 29 005 1496 37% || 1.72-2.08 264  12,14%
oot 3264 217 12,07% | 364.8 9 1663% || 88.1.920 255 14,180 1514 0552 —
6.4-96 210 1168% | 4.8-6. 278  15,46% || 80.2-84.1 418% [[1.00-1.36 921
L $2-:972h | 1591 14,950 68% || 4860 220 1274% || 84.1-88. 249 13,85% [ 1.36-1.72 51,22% |,
evel 2 e 03 ' 5298 3,490 —= 1-881 242  13,46% : a6 2592% | 00 7936
(50mm) Distri- 2 338  17,15% || 2.4-3.6 381 80,80 14,08 A46% 11.72-208 243 13,52%
bution || 3284 318 1613% 3 ' T0.33% || 88.1-920 34 1505 0,537 ’
6.4.96 216 1096% 648 304  1542% || 84.1-88. 0 17.25% |[1.00-1.36 99
§3-9 72h ,96% || 6.0-7.2 263 ’ -1-88.1 318 16.139 : 7 50,58%
I 15,870 15,280 13,34% | 92.0 13% [11.36-1.72 54 197
evel 3 — £ s 5246 3508 : 0-96.0 247  12,53% : 0 27,40% 1 8699
oomm| Pt | 3o 352 17.80% | 2436 384 ey o 122012tk
bution || 3284 278  1406% | 3 ' 19,42% || 88.1-92.0 36 1,470 0446
6.4-9 06% || 3.6-48 345 17,459 4 18,41% || 1.00-
496 250  12,65% 45% || 84.1-88.1 .00-1.36 1070 54,129
$1-10 80h B5% || 4.86.0 269 . 311 15,73% 12%
Level 1 15,430 16,300 4,998 13,61% |l 92.0-96.0 282 14, it 1.36-1.72 497 25 14% 1977 8726
(tomm) | Distr 032 443 25.79% || 2436 355949 77,70 18,37 77% [ 1.72:208 257 13,00%
bution || 3254 211 12.28% || 3.6 4' s 2 7 17.29% || 88.1-92.0 291 16.949 1,692 1,241
6496 183  1065% || 1.2-2. 64 15,37% || 84.1-88.1 94% |[1.001.36 853 49,659
SZ1080n| 17,18 16370 o]l 1224 234 1362% | 92006, 259 15,08% | 1.36-1.72 965% || 174
Level 2 — 5 : 5466 3.755 D27 0960 210  12,22% - 437 2544% 8 7583
(somm) | Dit+ 32 344 1950% | 2436 302 R AT . 172208 195 11,35%
bution || 3284 214 12,18% || 3 648 2 17,19% |{ 88.1-920 306 17,429 1,468 0,445
64-9.6 199  1133% || 6.0-7. 46 14,00% | 92.0-96.0 42% |[1.00-1.36 920 52,369
$3.1080h]| 16460 15980 6| 6.0-72 226  12,86% | 8 : 252 14,34% || 1.36-1.72 2,36% (|,
level 3 ) o : 5290 3,628 '86% || 84.1-881 251  14.20% |[1.72-2. as6  2766% | 77 7755
(100mm) Distri- -3.2 435 21,11% |f 2.4-3.6 é37 81,31 15,34 29% [11.72-2.08 207 11.78%
bution || 3-2-64 238 11,55% ’ 16,35% || 88.1-92.0 4 1,584 0,827
6.4-0.6 55% || 3.6-4.8 324 1 9 ’ 00 19,41% || 1.00-
4-8. 219 10.63% || 6.072 265 572% || 84.1-881 320  15,53% 00-1.36 1004  48,71%
12,86% || 92.006.0 279 13. % (136172 584  2834% 2061 9096
sa% 172208 261 12.66%
] 0




Silicon Particles Analysis (MTT)

Magnification: 1000 X Field Area (pm2) : 5664 Updated:
No. of Fields: 40 Total Area (um2) : 2,26572E+05 2005-09-30
4 0 RO s R 0 0 P
A D A D A D A D »
M1-0 Oh 2,941 4,558 3,196 3,213 56,96 27,34 2,511 1,332
Level 1 Range Qty.  Percent || Range  Qty. Percent | Range Qty.  Percent|| Range Qty. Percent
(10mm) Distri- 0-3.2 5137 72,88% || 0-1.2 2090 29,65% || 96.0-100 951 13,49% || 1.72-2.08 1260 17,87% 7049 38889
bution 3.2-6.4 1046  14,84% || 1.2-24 1704 24,17% | 60.4-64.3 386 548% | 1.36-1.72 1123 15,93%
6.4-9.6 377 535% || 2.4-3.6 1054 14,95% | 24.7-28.7 346 491% |l 1.00-1.36 1103 15,65%
M2-0 Oh 5,037 8,477 4417 5110 55,26 29,51 2,907 1,624
Level 2 Distri- 0-3.2 3294 63,55% || 0-1.2 1715 33,09% || 96.0-100 880 16,98% || 1.72-2.08 852 16,44% 5183 22876
(50mm) Kcon 3.2-6.4 668 12,89% || 1.2-2.4 852 16,44% | 16.8-20.8 267 5,15% || 1.00-1.36 702 13,54%
6.4-9.6 388 7,49% || 2.4-3.6 578 11,15% | 64.3-68.3 262 5,05% || 1.36-1.72 620 11,96%
M3-0 Oh 8,980 12,950 6,109 6,219 51,16 29,97 2,760 1,521
level 3 Distri- 0-3.2 1644  47,39% || 0-1.2 800 23,06% || 96.0-100 426 12,28% || 1.72-2.08 561 16,17% 3469 15311
(100mm) beSion 3.2-6.4 492 14,18% || 1.2-2.4 478 13,78% | 12.8-16.8 230 6,63% || 1.00-1.36 522 15,05%
6.4-9.6 280 8,07% || 2.4-3.6 378 10,90% | 16.8-20.8 222 6,40% || 1.36-1.72 446 12,86%
M1-1 8h 9,308 9,592 4,491 3,482 76,05 18,99 1,868 0,788
Level 1 Distri- 0-3.2 860 27,84% || 2.4-3.6 645 20,88% | 88.1-92.0 371 12,01% || 1.00-1.36 857 27,74% 3089 13634
(10mm) bution 3.2-6.4 618 20,01% || 3.6-4.8 571 18,48% | 84.1-88.1 349 11,30% || 1.36-1.72 806 26,09%
6.4-9.6 520 16,83% || 0-1.2 446 14,44% | 96.0-100 339 10,97% || 1.72-2.08 614 19,88%
M2-18h || 11,210 11,330 5543 4,378 65,93 22,78 2,307 1,194
Level 2 Distri- 0-3.2 649 24,59% || 3.6-4.8 447 16,94% | 96.0-100 222 8,41% | 1.36-1.72 496 18,79% 2639 11648
(50mm) bedion 3.2-64 443 16,79% || 2.4-3.6 415 15,73% | 88.1-92.0 198 7,50% || 1.00-1.36 494 18,72%
6.4-9.6 395 14,97% || 0-1.2 329 12,47% | 84.1-88.1 193 7,31% || 1.72-2.08 477 18,08%
M3-18h || 14,070 13,830 6,609 5328 63,92 23,16 2,430 1,291
level 3 Distri- 0-3.2 509 21,82% || 2.4-3.0 324 13,89% | 96.0-100 162 6,94% | 1.00-1.36 408 17,49% 2333 10297
(100mm) holios 3.2-64 325 13,93% || 3.6-4.8 299 12,82% | 88.1-92.0 156 6,69% | 1.36-1.72 395 16,93%
6.4-9.6 277 11,87% || 0-1.2 271 11,62% || 84.1-88.1 154 6,60% | 1.72-2.08 395 16,93%
M1-216h || 10,840 9,995 4,788 3,203 76,68 17,22 1,814 0,746
Level 1 Distri- 0-3.2 548 2215% || 2.4-3.6 491 19,85% | 88.1-92.0 344 13,90% || 1.00-1.36 737 29,79% 2474 10919
(10mm) hilian 3.2-64 429 17,34% || 3.6-4.8 483 19,52% | 84.1-88.1 298 12,05% || 1.36-1.72 646 26,11%
6.4-9.6 394 15,93% || 4.8-6.0 341 13,78% | 92.0-96.0 240 9,70% || 1.72-2.08 466 18,84%
M2-2 16h || 14,120 18,930 5910 4,518 71,48 20,12 2,021 0,867
Level 2 Distri- 0-3.2 518 22,73% || 2.4-3.6 329 14,44% | 80.2-84.1 230 10,09% || 1.00-1.36 533 23,39% 2279 10059
(50mm) bution 3.26.4 279 12,24% || 3.6-4.8 310 13,60% | 84.1-88.1 201 8,82% | 1.36-1.72 500 21,94%
6.4-9.6 277 12,15% || 4.8-6.0 293 12,86% || 96.0-100 187 8,21% || 1.72-2.08 450 19,75%
M3-2 16h || 16,870 15,040 7,076 5307 67,54 21,91 2,233 1,102
level 3 Distri- 0-3.2 314 16,46% || 3.6-4.8 263 13,78% |/ 88.1-92.0 160 8,39% | 1.36-1.72 379 19,86% 1908 8421
(100mm) bution 6.4-9.6 215 11,27% || 4.8-6.0 219 11,48% | 84.1-88.1 158 8,28% || 1.00-1.36 370 19,39%
9.6-12.8 212 11,11% || 6.0-7.2 214 11,22% || 80.2-84.1 137 7,18% | 1.72-2.08 333 17,45%
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Silicon Particles Analysis (SrMTT)

Magnification: 1000 X Field Area (pm2) : 5664 Updated:
No. of Fields: 40 Total Area (pm2) : 2,26572E+05 2005-09-30
D a RO A R 0 P
A D A D A D A D D
M1-0 0h || 0,9392 1,846 1,399 1,280 78,87 20,35 1,814 0,666
Level 1 _Range Qty.  Percent || Range Qty. Percent Range Qty.  Percent| Range Qty. Percent
(10mm) Distri- 0-3.0 2495 93,98% || 0.6-1.2 1119 42,15% | 96.0-100 7745 29,17% | 1.96-2.12 4798 18,07% || 26554 146499
bution 3.0-6.0 1085 4,09% || 1.2-1.8 5096 19,19% | 88.1-92.0 2226 8,38% || 1.48-1.64 3878 14,60%
6.0-9.0 266 1,00% 0-0.6 4692 17,67% | 84.1-88.1 2193 8,26% | 1.00-1.16 3685 13,88%
M2-0 Oh 1,383 2,438 1,742 1,595 77,32 20,87 1,827 0,692
Level 2 Distri- 0-3.0 21365 89,60% || 0.6-1.2 8711 36,53% || 96.0-100 5518 23,14% || 1.96-2.12 3433 14,40% 23846 105247
(50mm) butlon 3.06.0 1631 6,84% || 1.2-1.8 5402 22,65% || 88.1-92.0 2300 9,65% || 1.48-1.64 3429 14,38%
6.0-9.0 447 1,87% 0-0.6 2735 11,47% | 84.1-88.1 2180 9,14% | 1.00-1.16 2867 12,02%
M3-0 0h 1,531 2,696 1,865 1,719 75,81 21,48 1,873 0,720
level 3 Distri- 0-3.0 18752 88,09% || 0.6-1.2 7085 33,28% || 96.0-100 4412  20,73% || 1.96-2.12 2978 13,99% 21288 93957
(100mm) finian 3.0-6.0 1651 7,76% | 1.2-1.8 5002 23,50% | 88.1-92.0 2045 961% || 1.48-1.64 2885 13,55%
6.0-9.0 441 2,07% 0-0.6 2303 10,82% | 84.1-88.1 1964 9,23% || 1.00-1.16 2400 11,27%
M1-1 8h 6,407 6,735 3,264 2247 84,21 15,81 1,545 0,814
Level 1 Distri- 0-3.2 2462 39.80% || 24-36 1678 27,13% |/ 92.0-96.0 1437 23,23% || 1.00-1.36 3276 52,96% 6186 27303
(10mm) bution 3.2-64 1468 2373% || 1.2-24 1672 27,03% |/ 88.1-92.0 1249 20,19% || 1.36-1.72 1595 25,78%
6.4-9.6 916 14,81% || 3.6-4.8 967 15,63% || 96.0-100 881 14,24% || 1.72-2.08 702 11,35%
M2-1 8h 7,344 7,607 3,529 2461 85,41 14,11 1,467 0,471
Level 2 Distri- 0-3.2 2101  3465% || 24-36 1746 28,79% || 92.0-96.0 1527 25,18% | 1.00-1.36 3309 54,57% 6064 26764
(50mm) Bl 3.2-64 1415 2333% || 1.2-24 1516 25,00% |l 88.1-92.0 1310 21,60% || 1.36-1.72 1618 26,68%
6.4-9.6 974 16,06% || 3.6-4.8 999 16,47% | 96.0-100 844 13,92% || 1.72-2.08 628 10,36%
M3-1 8h 6,811 6,683 3,360 2,106 86,02 12,94 1,430 0,396
level 3 Distri- 0-3.2 2279 3363% || 2.4-36 2109 31,12% |{ 92.0-96.0 1683 24,83% || 1.00-1.36 3780 55,78% 6777 29911
(100mm) hatlon 3.26.4 1815 26,78% || 1.2-2.4 1648 24,32% || 88.1-92.0 1503 22,18% || 1.36-1.72 1838 27,12%
6496 1114 16,44% || 3.6-4.8 1173 17,31% || 96.0-100 920 13,58% || 1.72-2.08 719 10,61%
M1-216h || 8,516 9,465 3644 2652 84,07 14,13 1,466 0,455
Level 1 Distri- 0-3.2 1355 35,69% || 2.4-3.6 878 23,12% || 88.1-92.0 795 20,94% || 1.00-1.36 2058 54,20% 3797 16758
(10mm) Gioliie 3.26.4 679 17,88% || 1.2-2.4 757 19,94% | 92.0-96.0 663 17,46% || 1.36-1.72 1000 26,34%
6.4-9.6 565 14,88% || 3.6-4.8 661 17,41% || 96.0-100 517 13,62% || 1.72-2.08 444 11,69%
M2-216h || 7,822 8,230 3,579 2,396 84,86 12,79 1,474 0,421
Level 2 Distri- 0-3.2 1537 35,04% || 2.4-3.6 1137 2592% || 88.1-92.0 975 22,22% || 1.00-1.36 2201 50,17% 4387 19362
(50mm) akion 3.2-6.4 934 21,29% || 1.2-2.4 995 22,68% || 92.0-96.0 867 19,76% || 1.36-1.72 1287 29,34%
6.4-9.6 658 15,00% || 3.6-4.8 770 17,65% | 84.1-88.1 619 14,11% || 1.72-2.08 538 12,26%
M3-2 16h || 8,446 8,932 3,801 2,676 84,46 13,30 1,508 0,486
level 3 Distri- 0-3.2 1244 3144% || 24-36 1052 26,59% | 88.1-92.0 829 20,95% || 1.00-1.36 1943 49,10% 3957 17465
(100mm) il 3.26.4 841 21,25% || 1.2-2.4 813 20,55% || 92.0-96.0 799 20,19% || 1.36-1.72 1141 28,83%
6.4-9.6 670 16,93% || 3.6-4.8 759 19,18% || 84.1-88.1 609 15,39% || 1.72-2.08 488 12,33%
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