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Le présent travail vise a étudier les effets des additifs sur les propriétés mécaniques ainsi
que sur l'usinabilité d’un nouvel alliage de fonderie, le 220 (Al-2%Cu-1.3%Si-0.4%Mg),
destinés a des applications automobiles. Ce travail de recherche a été accompli a travers
deux types d’étude : (i) I’étude des propriétés mécaniques (ii) et 1’étude de [’usinabilité.
L’étude des propriétés mécaniques visait & examiner les effets du Sr, Ti, Zr, Fe, Mn et Ag
en plus des éléments de décolletage, Sn et Bi, sur les propriétés mécaniques de 1’alliage 220
aux conditions tel que coulée et traitée thermiquement. Les propriétés mécaniques en
question incluant la traction, la dureté et la résilience lesquelles ont tous été évaluées a la
température ambiante. L’étude de 1’usinabilité a été consacrée a I’examen des performances
de percage et de taraudage de quatre alliages basés sur le 220 ainsi que sur ’alliage A206
qui a été sélectionné dans le but d’une étude comparative sur 1’usinabilité sur celui-ci et
celle du 220. Les quatre alliages sélectionnés parmi les alliages préparés pour la premiére
étude incluent : (i) I’alliage 220, (ii) I’alliage 220 + Ti + Zr, (iii) I’alliage 220 + Ti + Zr +
Sn et (iv) I’alliage 220 + Ti + Zr + Bi. Les performances d’usinage ont été évaluées en
terme de force de coupe, de moment de coupe et de durée de vie de I’outil aussi bien que
par la caractérisation des copeaux. La durée de vie de D’outil est exprimée en termes de
nombre de trous percés ou taraudés avant que 1’outil ne céde.

Une évaluation microstructurale révele que les phases Al,Cu, AlsMgsSisCuy, et le script
chinois a-Al;s(Fe,Mn);Si; sont les principaux constituants de la microstructure de l'alliage
220. L'absence de particule libre de Si dans la microstructure implique que le silicium a été
consommé sous forme de phases intermétalliques Al-Fe-Si et Al-Cu-Mg-Si. Les plaquettes
de la phase S-AlsFeSi ne sont pas en évidence en raison du haut ratio Mn: Fe (~ 1) de
l'alliage 220 qui favorise la formation de la phase a-Fe au dépend de la phase S-Fe. L'ajout
de Sr affine la morphologie de la phase de script chinois a-Fe dans une certaine mesure,
résultant a une distribution égale des particules de cette phase dans la matrice d'aluminium.
L'ajout combiné de Ti et Zr provoque une diminution de la taille des grains de 68% par
rapport & l’alliage de base 220 non-affiné. Cette réduction peut-&tre attribuable a la
formation de particules Zr-Ti qui agissent comme sites de nucléation pour les petits grains
équiaxes de a-Al. Les précipités d’étain formant les particules f-Sn qui apparaissent sous
forme de petites grappes réparties aléatoirement, se solidifient habituellement au sein du
réseau de phase Al,Cu. Apres le traitement thermique, des particules de Bi et de f-Sn ont
été trouvés non dissoutes dans la matrice d’aluminium, rendant ainsi possible leur action de
décolletage pendant l'usinage.

L'évaluation des propriétés mécaniques montrent que I’effet du Sr sur les propriétés
mécaniques a 1'égard de la modification du silicium eutectique n’entre pas en jeu et ce en
raison de la faible teneur en Si. Le role du Sr d’affiner la morphologie de la phase de script
chinois a-Fe contribue a une légére amélioration de la ductilité et la ténacité. L'ajout de
zirconium produit une amélioration marquée des propriétés mécaniques dans la condition
telle que coulée et apres traitement thermique en raison de son action d’affinage de grains.
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réduisant ainsi les propriétés de traction et de résilience. L'ajout subséquent de Mn
augmente légérement la limite élastique et la limite ultime sans créer de changement
observable pour la ductilité et la ténacité. Contrairement aux attentes, l'ajout d'argent ne
produit pas d'augmentation considérable dans les propriétés de résistance (YS et UTS) ou
dans les valeurs de dureté pour les conditions traitées. Ces résultats sont attribuable a la
présence de Si qui favorise la formation de la phase Mg-Si au début du vieillissement, qui &
son tour réduit le nombre de co-amas Mg-Ag, appelés a servir de sites de nucléation
efficaces pour les précipités de durcissement. L'addition de Sn diminue les propriétés de
résistance et les valeurs de dureté mais augmente la ductilité et la ténacité dans I'état tel que
coulé en raison de l'effet d'adoucissement de la phase Sn. Dans les conditions de traitement,
la réduction causés aux propri€tés de résistance et de dureté est principalement attribuable a
la formation de porosité associée a la fonte de Sn pendant le traitement de mise en solution
et le remplacement du Si par le Sn dans les composés de Mg, ce qui a son tour, entrave la
précipitation de la phase de Mg lors du durcissement. La présence de Bi sous forme de
particules fragiles non dissoutes réduit mécaniquement les propriétés de traction et de
résilience dans 1’état tel que coulé. Ces particules, en liaison avec 1’interaction Bi-Mg qui
consomme le Mg libre disponible pour former la phase de durcissement Mg, sont
responsables de la réduction causée aux propriétés mécaniques dans les conditions traitées.

Les caractéristiques de vieillissement réveélent qu’un traitement a 180°C entraine un
durcissement de 1’alliage pour des temps allant de 2 & 16 heures, alors qu’un traitement a
220°C cause un sur-revenu qui occasionne un adoucissement aprés 2 heures de
vieillissement. La présence de plusieurs phases de durcissement dans le systéme d’alliage
Al-Cu-Si-Mg, y compris 8 (Al,Cu), § (Mg,Si), et O (AlsMgsSisCuy), qui ne doivent pas
céder a tous croissance simultanément, conserve les propriétés de résistance et les valeurs
de dureté a des niveaux élevés, sans aucun recul pour un vieillissement & 180°C allant
jusqu’a 16 heures. Basé sur cette enquéte, afin de maintenir un compromis satisfaisant entre
la résistance et la ductilité, un traitement T6, réalisé a 180°C pour des temps de
vieillissement allant de 2 & 8 heures, est recommandé¢ pour le nouvel alliage
Al-Cu.

Pour les essais d'usinage, les résultats montrent que tous les alliages €tudiés ont atteint un
taux d’usinabilité supérieur tout en respectant la durée de vie de 1’outil qui peut dépasser
2500 trous. Ces résultats pour la durée de vie de 1'outil sont compatibles avec le fait qu'il n'y
a pas eu d'usure importante sur le foret ou de changement observable dans la largeur de la
I’aréte (BUE) pendant le processus de forage. L'addition de Sn et Bi améliore
considérablement I'usinabilité en diminuant la force totale de forage pendant la période
d'évaluation par des valeurs moyennes de 14% et 25%, respectivement, par rapport a
I’alliage de base 220. Le moment total de forage a été réduit d’a peu prés les mémes
valeurs. Une inspection des copeaux de forage révele que les alliages de base 220 produits
des copeaux en forme d'éventail a l'exception des alliages contenant du Bi, les copeaux ont
tendance a prendre une forme d'aiguille. L'ajout de Bi augmente la fragmentation des
copeaux de 70% par rapport a 1’alliage de base 220, alors qu'aucun changement pour les
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caractéristiques des copeaux a été causé par I'addition de Sn. De par sa ductilité supérieure,
l'alliage A206 est apte a produire des copeaux coniques longs et continus et affiche une
fragmentation qui est 32% inférieure a celle de l'alliage 220. Les résultats de taraudage
montrent que les additifs ont le méme effet sur la force et le moment de taraudage que celle
observée pour les essais de forage. Le taraud, cependant, affiche une durée de vie plus
courte par rapport & le foret pour toutes les conditions d'alliage étudiées. Une telle
diminution de la durée de vie peut étre attribuable a une plus grande sensibilité du taraud en
acier rapide a l'effort de coupe par rapport au foret en carbure. Une étude comparative
menée sur le comportement d'usinage de l'alliage 220 et celui des alliages A206, 356,
B319, A319 révéle que l'alliage 220 peut étre proposé comme une alternative moins
dispendicuse et plus légére pour une utilisation dans les applications d'usinage des alliages
A206. Cette conclusion est solidement fondée sur la convergence des résultats pour les
deux alliages a 1'égard des forces et des moments de forage, ainsi que sur 1’amélioration
relative des caractéristiques des copeaux obtenus de l'alliage 220. La comparaison montre
également que l'usinabilité de l'alliage 220 peut étre un compromis acceptable entre ceux
des alliages 356 et B319, d'une part, et celle de l'alliage A319 de ['autre.
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The present dissertation is aimed at investigating the effects of additives on the
mechanical properties and machinability of the 220 alloy which is a new Al-2%Cu-
1.3%Si-0.4%Mg casting alloy intended for automotive applications. The research
involved here was accomplished through two types of study: (i) study of mechanical
properties; (ii) and study of machinability. The study of mechanical properties was
proposed to examine the effects of Sr, Ti, Zr, Fe, Mn, and Ag as well as of free-cutting
elements, specifically Sn and Bi, on the mechanical properties of the 220 alloy in both
the as-cast and heat-treated conditions. The mechanical properties in question include
tensile, hardness, and impact properties which were all evaluated at room temperature.
The study of machinability was devoted to examining the drilling and tapping
performance of four 220 based-alloys as well as of A206 alloy which was selected for a
comparative study on the machinability of this particular alloy and that of 220 alloy.
The four 220 based-alloys were selected from amongst the alloys prepared in the first
study and include: (i) 220 alloy; (ii) 220 alloy + Ti + Zr; (iii) 220 alloy + Ti + Zr + Sn;
and (iv) 220 alloy + Ti + Zr + Bi. The machining performance was evaluated based on
the calculation of the cutting force, cutting moment, and tool life, as well as on the
investigation of chip characteristics. Tool life was expressed as the number of holes
drilled/tapped up to the point of tool breakage.

An assessment of the microstructure reveals that Al,Cu, AlsMggSigCu,, and the Chinese
script-like a-Al;s(Fe,Mn);Si; phases are the main microstructural constituents of the
220 alloy. The absence of free Si in the microstructure implies that the Si-content was
consumed in the formation of the Al-Fe-Si and Al-Cu-Mg-Si intermetallic phases. The
platelet-like S-AlsFeSi phase was not in evidence because of the higher Mn:Fe ratio
(~1) of the 220 alloy which promotes the formation of the a-Fe phase at the expense of
the f-Fe phase. The addition of Sr refines the morphology of the a-Fe Chinese script
phase to a certain extent, resulting in the even distribution of the particles of this phase
within the aluminum matrix. The combined addition of Ti and Zr causes a reduction in
the grain size by about 68% compared to the non-grain-refined base 220 alloy. This
reduction may be ascribed to the formation of Zr-Ti particles which act as nucleation
sites for small equiaxed grains of a-Al. Tin precipitates in the form of -Sn particles
which appear as small non-uniformly distributed clusters usually solidified within the
Al Cu phase network. Bismuth and $-Sn particles were found undissolved in the Al-
matrix after heat treatment, thereby making it possible to induce their free-cutting
action during machining.

Results from the evaluation of the mechanical properties show that, because of the low
Si content, the effects of Sr on the mechanical properties with respect to the
modification of silicon eutectic do not come into play. The role of Sr in refining the
morphology of the a-Fe Chinese script phase, however, contributes to a slight
improvement in ductility and toughness. The addition of zirconium produces a



significant improvement im the mechanicat-properties—in-the-as=cast-and-heat-treated
conditions as a result of its grain-refining action. An excess amount of Fe increases the
precipitation of a-Fe Chinese script particles thereby reducing the tensile and impact
properties. The subsequent addition of Mn marginally increases the YS and UTS
without creating any observable change in ductility and toughness. Contrary to
expectations, the addition of silver does not produce any considerable increase in the
strength properties (YS and UTS) or in the hardness values in the heat-treated
conditions. Such results may be ascribed to the presence of Si which favors the
formation of the Mg-Si phases during the early stages of aging, in turn reducing the
number of Mg-Ag co-clusters known to act as effective nucleation sites for hardening
precipitates. The addition of Sn lessens the strength properties and hardness values but
raises the ductility and toughness in the as-cast condition as a result of the softening
effect of the soft Sn-bearing phases. In the heat-treated conditions, the reduction caused
in the strength properties and hardness is attributed mainly to the formation of porosity
associated with the melting of Sn during solution heat treatment and the replacement of
Si with Sn in Mg compounds; this in turn hinders the precipitation of Mg-hardening
phases. The presence of Bi as undissolved brittle particles mechanically reduces the
tensile and impact properties in the as-cast condition. These particles, in conjunction
with the Bi-Mg interaction which consumes the amount of free Mg available to form
the Mg-hardening phases, are responsible for the reduction caused in the mechanical
properties in the heat-treated conditions.

Aging characteristics reveal that age-hardening at 180°C results in alloy-hardening with
aging for times ranging from 2 to 16 hours, whereas age-hardening at 220°C causes
overaging and alloy-softening after 2 hours of aging. The presence of several hardening
phases in the Al-Cu-Si-Mg alloy system, including 8 (AlLCu), f (Mg:Si), and Q
(AlsMgsSicCuy), which need not all yield to coarsening simultaneously, maintains
strength properties and hardness values at high levels without any significant decline for
up to 16 hours of aging at 180°C. These results suggest that a T6-temper, carried out at
180°C for aging times ranging from 2 to 8 hours, may be recommended for the new Al-
Cu based alloys under investigation in order to maintain a satisfactory compromise
between strength and ductility.

As regards the machinability trials, the results show that all alloys studied attained a
superior rate of machinability with respect to the drill life which may exceed 2500
holes. This record of tool life is consistent with the fact that there is no significant drill
wear or any outstanding change in the width of the built-up edge (BUE) observed with
the progress of the drilling process. The addition of Sn and Bi improves the
machinability considerably by decreasing the total drilling force over the evaluation
period by average values of 14% and 25%, respectively, compared to the base 220
alloy. The total drilling moment was reduced by almost the same values. An inspection
of drilling chips reveals that all 220 based-alloys produce fan-shaped chips except for
the Bi-containing alloy, chips from which tend to assume a needlelike form. The
addition of Bi increases chip breakability by about 70% compared to the base 220 alloy,
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the light of its higher ductility, the A206 alloy is apt to produce long continuous conical
chips and displays a chip breakability which is about 32% less than that of the 220
alloy. Tapping results show that the additives have the same effect on the tapping force
and moment as that observed for the drilling tests. The tap, however, displays a shorter
tool life compared to the drill for all the alloy conditions studied. Such a shorter tool life
may be ascribed to the higher sensitivity of the high-speed steel tap to the cutting force
compared to the carbide drill. A comparative study carried out on the machining
behavior of the 220 alloy and that of the A206, 356, B319, and A319 alloys reveals that
the 220 alloy may confidently be proposed as a promising cheaper and lighter
alternative for use in the machining applications of A206 alloy. This conclusion is
solidly based on the convergence found in the results for both alloys with respect to the
drilling forces and moments, as well as on the relatively improved chip characteristics
displayed by the 220 alloy. The comparison also shows that the machinability of the
220 alloy may be deemed an acceptable compromise between that of the 356 and B319
alloys, on the one hand, and that of the A319 alloy on the other.
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CHAPTER 1

DEFINING THE PROBLEM

1.1 INTRODUCTION

This study was undertaken to examine the effects of certain additives on the
mechanical properties and machinability of a new Al-2%Cu-1.3%8Si-0.4%Mg casting alloy
intended for automotive applications; this is known as the 220 alloy. This alloy may be
proposed as a potentially promising companion to the notable alloys of both the Al-Cu and
Al-Cu-Si-Mg systems based on the following considerations:

» The alloy can be produced easily by recycling aluminum scrap.

» The alloy composition makes it possible for the same phases found in the A319
alloy to form, except for the Al-Si eutectic phase, which ensures a significant
response to the precipitation-hardening process.

» The Si content is sufficient to tie up the Fe and Mg in the form of intermetallics.
There would, thus, be no free Si in the matrix to cause problems from the
machinability point of view.

» The lower copper content in the 220 alloy of only 2%, compared to 5 % in the 206
alloy, improves the corrosion resistance, as well as reduces the density and cost of

this category of alloys.



on their distinctive age-hardening response which is attributed to the precipitation of the

effective hardening phase 8 (Al,Cu) in such alloys. Poor casting properties, however,
restrict the application of high strength binary Al-Cu casting alloys. These alloys are
therefore usually inoculated with Si in order to increase their fluidity and to curtail their
tendency to hot tearing. Magnesium may also be added to Al-Cu casting alloys to stimulate
the aging process and to form the S (Al,CuMg) hardening phase as well as f (Mg,Si)
and/or Q (AlsMgsSisCuy) hardening phases in the presence of Si.

Addition of alloying elements is one of the major techniques used to improve the
quality of aluminum casting alloys in the form of better structure and mechanical
properties. Traces of Sr are added to Al casting alloys containing Si to modify the
morphology of Si particles from coarse flakes to a finer spherical morphology. In addition,
recent studies show that the absorption of Sr by iron intermetallics will refine their
morphology considerably.'? Titanium and boron are added either individually or in
combination to refine the grain structure of a-Al by providing large numbers of nuclei in
the melt; this in turn induces the formation of small equiaxed grains of a-Al which
otherwise solidifies with a coarse, columnar grain structure. Zirconium is used as a
grain refiner and can also be used to form the fine coherent Al;Zr dispersoids. These
coherent particles are observably stable at high aging temperatures and they resist
coarsening due to the low solubility and diffusivity of Zr in the Al matrix.** Silver is added
to Al-Cu-Mg alloys to enhance their age-hardening response. It has been reported that Ag

and Mg atoms attract each other forming atom clusters which serve as nucleation sites



substantially improves high-temperature strength values because of its considerable thermal

stability.®

All elements which are not classified as alloying additives are termed impurities.
The percentage of such impurities must be controlled carefully to avoid their negative
effects on the castability and mechanical properties of aluminum alloys. Iron is the most
common impurity to be found in aluminum alloys appearing in the form of intermetallic
second phases in combination with aluminum as well as other elements. The most
deleterious Fe-rich intermetallic phase is the brittle platelet-like S-AlsFeSi.'®'? It has been
reported that the presence of Mn promotes the development of a more compact, less
harmful a-Al;s(Fe,Mn);Si; phase at the expense of the S-AlsFeSi phase.!* "

Heat-treatment is of major importance since it is commonly used to alter the
mechanical properties of cast aluminum alloys. Heat-treatment improves the strength
properties and dimensional stability of aluminum alloys through a process known as
precipitation-hardening in which precipitates are formed in the aluminum matrix. These
second-phase particles impede the motion of the dislocations which in turn increases
strength. When an alloy is heated above the solvus temperature of the secondary phases in
the matrix, the hardening alloying elements dissolve in the aluminum matrix to form a solid
solution. Following a quench or rapid cooling, the alloying elements precipitate out of the
solution during the next step called aging, which may be carried out either naturally at
room temperature or artificially at elevated temperatures to increase the kinetics of the

process. The T6 and T7 tempers are the most frequently applied heat treatments for the
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obtain the best compromise between strength and ductility, whereas the stabilizing

T7-temper is usually carried out to increase dimensional stability and performance at
elevated temperatures.'®

Machinability can be defined, simply, as a measure of the ease with which a
particular material can be machined satisfactorily. The most commonly used criteria for
assessing machinability are the cutting force, or power consumption, chip form, and tool-
wear rate.'>2! Machinability increases as the cutting force and power consumption decrease
for the cutting conditions of interest. Lower cutting forces imply lower tool-wear rates,
better dimensional accuracy, and increased machine tool life. Based on the chip form
criterion, materials producing short chips which are easily managed and disposed of are
more machinable than those which produce long unbroken chips or small, powder-like
chips. Chip form is often used to assess the machinability of soft, ductile alloys, especially
aluminum alloys. Chip control involving chip breaking and removal are of great importance
in drilling, since the allowable penetration rate of the drill is often limited by the
chip-breaking characteristics.

The development of free-cutting aluminum alloys is the most common metallurgical
technique used to improve the machinability of this type of alloys. The terms free cutting or
free machining mean that the chips should flow freely from the cast specimen being cut,
and that they should also be short and breakable to prevent fouling of the cutting tool or
other operating parts of the machine. Free-cutting aluminum alloys were prepared through

the addition of free-cutting elements such as tin, lead, and bismuth, which remain as



separate phases dispersed in the matrix due to their very timited sotubility i the aluminum
matrix.?? During the machining operation, the temperature generated in the cutting zone is
believed to be sufficient enough to melt these dispersed phases. This melting leads to a
local loss in material strength and ductility which in turn promotes the formation of short,
discontinuous chips. Also, these elements act as a lubricant during machining, thereby
decreasing the friction between chip and tool edge which again leads to lower cutting
forces, less tool wear, a low tendency to form built-up edge (BUE), and a smooth surface

finish.

1.2 OBJECTIVES

This research study was planned with the aim of understanding how alloying
elements affect the mechanical properties and machinability of an Al-2%Cu-1.3%Si-
0.4%Mg casting alloy (the 220 alloy). In keeping with this aim, the objectives of the
proposed research are as follows:

1. Determining the effects of certain additives, namely Sr, TiB,, Zr, Ag, Fe, and Mn,
as well as certain free-cutting elements, specifically Sn and Bi, on the mechanical
properties (i.e. tensile, hardness, and impact properties) of the base 220 alloy in the
as-cast and different aging conditions.

2. Using quality index maps to correlate the tensile properties, i.e. YS, UTS, and %EL,
and to evaluate the quality of the alloys corresponding to the abovementioned

additives.



3.ASsessing the machinability of Selected compositions (4 of > alloys) in the drillifig
and tapping processes through the measurement of the cutting force, cutting
moment, and tool life, as well as through the investigation of chip characteristics.
In addition, introducing the 220 alloy for industrial applications relevant to
machining processes imposes the need for:
4. Ranking the machinability of the 220 alloy against that of the most significant Al-

Cu and Al-Si-Mg-(Cu) alloys, namely the A206, 356, and 319 alloys.
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REVIEW OF THE LITERATURE

2.1 ALUMINUM ALLOYS

The unique combination of properties provided by aluminum and its alloys makes
aluminum one of the most adaptable, economical and attractive metallic materials for a
broad array of uses ranging from soft, highly ductile wrapping foil to applications in the
automobile and aircraft industries.

Aluminum alloys are divided into two main groups: aluminum wrought alloys and
aluminum casting alloys.23 Aluminum wrought alloys are available primarily in the form of
worked products which have been subjected to plastic deformation by cold and hot working
processes such as rolling, extrusion, and drawing either singly or in combination, so as to
transform cast aluminum ingots into the desired product form. The microstructural changes
associated with the working and with any accompanying thermal treatments are used to
control certain properties and characteristics of the worked, or wrought, product or alloy.
Typical examples of wrought products include plates or sheets, household foil, extruded
shapes such as window frames, and forged automotive and airframe components.

Aluminum casting alloys are the most versatile of all common foundry alloys and

possess the following favorable characteristics: excellent castability, low melting
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temperature, Iow gas solubilify, and high strength-to-weight rafio, all of which are
accompanied by good machinability and satisfactory thermal and electrical conductivity.
Worldwide, the use of aluminum casting alloys for automotive applications is increasing;
these alloys are thus used primarily for engine components, including engine blocks,
cylinder heads, pistons, intake manifolds, and housings. Aluminum alloy castings are
routinely produced by means of high-pressure die, permanent-mold, green-and dry-sand,
investment, and plaster casting. They are also readily cast with vacuum, low pressure,
centrifugal, and pattern-related processes such as lost foam.

Aluminum wrought alloys and aluminum casting alloys are most commonly
identified according to the Aluminum Association (AA) using a four digit designation xxxx
and a three-digit-plus decimal designation xxx.x, respectively.'® For both wrought and
casting alloys the first digit indicates the alloy series. The second digit in the wrought
alloys designation, if different from 0, indicates a modification of the specific alloy. The
last two digits for wrought alloys and the second and third digits for casting alloys are
arbitrary numbers given to identify a specific alloy in the series or to identify aluminum
purity for 1xxx and 1xx.x pure aluminum series. For casting alloys, the digit following
the decimal indicates the form of the product so that the alloys are registered by the
AA as xxx.0 to represent the chemical composition limit for castings and as xxx.1
and xxx.2 to represent the chemical composition limits for ingots. Several casting
alloys designations also include a capital letter prefix indicating certain composition
modifications to a specific alloy, for example 356 and A356, or 380, A380, and B380,

and so forth.
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alloys, based on the primary mechanism of property development.”*** Heat-treatable alloys

are strengthened by precipitation hardening involving solution heat treatment, quenching,
and controlled aging. Non-heat-treatable alloys are those which derive strength from solid
solution or dispersion hardening and are further strengthened by strain hardening. The
major heat-treatable aluminum alloy systems include Al-Cu(-Mg), Al-Mg-Si, and Al-Zn-
Mg(-Cu) systems while the non-heat-treatable aluminum alloy systems include Al-Si, Al-
Mg, and Al-Mn systems. Heat-treatable alloys are used for manufacturing aircraft and
automotive parts and structures, screw machine parts, and welded structures. Non-heat-
treatable alloys are used for manufacturing deep drawn parts, sheets, foil, tubes, wire,
extruded parts, and pressure vessels.

Aluminum alloys usually contain several alloying elements in order to achieve the
best combination between mechanical, physical, and processing properties. The major
alloying elements are Si, Cu, Mg, and Zn.'®*** Silicon provides excellent castability, good
wear resistance, low specific gravity, high thermal conductivity, and a low thermal
expansion coefficient and contributes to the age-hardening process in the presence of Mg
by forming the precipitation hardening f (Mg;Si) phase precipitates. Copper imparts
substantial precipitation-hardening characteristics through the precipitation of the
6’ (Al,Cu) phase. Magnesium is used in combination with copper to accelerate and
intensify the age-hardening process, particularly at room temperature. Zinc and magnesium
form MgZn,, which produces a considerable response to heat treatment. The addition of

minor alloying elements such as Sr, Ti, Sn, Pb, and Bi are also important because of their
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of Si particles from coarse flakes to a finer spherical morphology. Titanium is added at

concentrations of 0.1 to 0.2% to refine the primary aluminum grain structure for aluminum
alloy castings and ingots. The low melting-point metals such as Sn, Pb, and Bi are
introduced either individually or together to improve the machinability of both wrought and
casting aluminum alloys. Some elements may frequently be present in aluminum alloys in
small quantities as impurities. Iron is the most common impurity to be found in aluminum
alloys appearing in the form of intermetallic second phases in combination with aluminum
as well as other elements. Despite the fact that small amounts of Fe occurring in aluminum
may reduce soldering during die casting, its presence in Al-Si casting alloys is generally
undesirable since it forms coarse iron-rich phases which adversely affect the mechanical

properties and machinability of these alloys.

2.2 ALUMINUM-COPPER CASTING ALLOYS

Copper is one of the most important alloying ingredients for aluminum alloys
because of its appreciable solubility in solid aluminum with a maximum value of
approximately 5.7 wt% at the eutectic temperature of 548°C, as depicted in Figure 217
The aluminum rich a-Al phase forms initially during the solidification of hypoeutectic
alloys containing less than 33.2% Cu; subsequently the remaining liquid separates at the
eutectic temperature into o-Al and the ALCu intermetallic phase designated 6. The
composition of the § (Al,Cu) phase ranges from 52.5 to 54.1% Cu corresponding to the

eutectic temperature and room temperature, respectively.
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Figure 2.1 Phase diagram of the Al-Cu alloy system, from 0 to 54% Cu”

Owing to their distinctive precipitation-hardening response, Al-Cu alloys have
contributed more than any other alloy system to the growth of the aluminum industry. A
significant expansion of the use of aluminum castings occurred with the development of the
heat-treatable Al-Cu alloy 295 which offered much higher mechanical properties than were
available in previous alloys. Later, another variation of this 4.5% Cu alloy was developed
for use in permanent mold castings, namely alloy 296 containing 0.5% Si, which improves
resistance to hot cracking. Alloys 240, 242, A242, and 243 also possess high strength and
hardness values at elevated temperatures and are used for diesel engine pistons and air-
cooled cylinder heads for aircraft engines. The more recently developed 201, A206, 224,

and 249 alloys have revealed higher tensile properties which are comparable to those of any
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previous aluminum casting atloys, and they are consequently being used to cast
premium-quality aerospace parts.'®

Aluminum-copper alloys, however, have marginal castability relative to almost any
of the alloys containing Si. These alloys have limited fluidity and require careful gating and
generous riser feeding during solidification to ensure casting soundness. In addition, it
should be kept in mind that pressure-tight parts of intricate design are difficult to obtain,
and their resistance to hot cracking is relatively poor; they are also susceptible to stress-
corrosion cracking in the fully-hardened condition. As a result, the binary Al-Cu casting
alloys are infrequently used, in actual fact, while most commercial alloys are alloyed with
other additives, mainly Si and Mg.

The addition of Si and Mg to Al-Cu based alloys results in the formation of a family
of Al-Cu-Si-Mg alloys which has widespread applications, especially in the automotive and
aerospace industries based on the superiority of their mechanical properties, castability,
weldability and machinability. The metallurgical parameters controlling the quality and
mechanical properties of these alloys, namely, melt treatment, heat treatment, iron-

intermetallics, and the addition of alloying elements, will all be discussed in the following

subsections.

2.2.1 Melt Treatment

Melt treatment is carried out with the aim of obtaining a preliminary improvement

in both the casting and mechanical properties of the cast alloy. The melt treatment of
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Al-Si eutectic; and (iii) refining the grain structure of a-Al.

2.2.1.1 Melt Degassing

Melt cleanliness is one of the major concerns in the aluminum casting processes due
to the desirable high quality of cast produc‘cs.26’27 The unwanted inclusions and impurities
that could be present in the melt include dissolved gases such as hydrogen, and solid
particles such as oxides, carbides, and intermetallic compounds. A high level of these
constituents is detrimental to the fluidity, mechanical properties, and machinability of the
cast product. Therefore, melt-cleaning practices are routinely used in aluminum casting
processes. Rotary degassing is one of the most common techniques that are used for
removing unwanted solid particles and dissolved hydrogen from molten aluminum alloys.
In this technique an inert gas is injected into the melt through a rotating impeller. The most

commonly used inert gas is argon. Figure 2.2 shows a schematic representation of the

l Purge gas

Flow field set
by iImpeller

Attachment of
particles to the rising
gas bubbles

Figure 2.2 Schematic representation of rotary degassing process.
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rotary degassing process. The mechanism of hydrogen removal is by diffasionof hydrogen———
across the metal/gas interface, and the unwanted solid particles are attached to the rising
gas bubbles, and may subsequently be removed by carefully skimming the surface layer of

the melt.

2.2.1.2 Modification of Al-Si Eutectic

The morphology of eutectic silicon, that is to say, particle size and shape, plays an
important role in determining the mechanical properties of Si-containing aluminum cast
alloys. The silicon particles appear in the form of coarse acicular plates, and they therefore
act as internal stress raisers leading to a lowering in the mechanical properties particularly
ductility and impact strength. Changing this morphology, with its deleterious aspect, into a
finer and more interconnected fibrous one is known as eutectic modification®>" Typical
examples for the microstructure of unmodified and modified alloys are provided in
Figure 2.3.>! Chemical modification is the most commonly applied method of modification

which produces a fine fibrous silicon structure through the addition of trace levels of

e
D AR R AT St

@ ®)
Figure 2.3 Silicon morphology in (a) unmodified; and (b) Sr-modified hypoeutectic Al-Si a.lloys.3 !
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certain modifying elemenis, such as strontium, sodium, and antimony. Strontium is
preferred as a modifying agent in the light of the rapid fading of sodium and the toxic
effects associated with antimony.>®

This modification of Si morphology reduces the stress-raising capacity of the silicon
particles and significantly improves the mechanical properties. Hafiz er al.>® reported that,
for steel mold-cast Al-Si alloys, the UTS improved from 177.2 MPa for the non-modified
alloy to 225.6 MPa for the modified one using 240 ppm Sr. Fat-Halla®® also reported that
the addition of 200 ppm Sr to Al-13% Si type alloys increases the percentage elongation
and the tensile strength without significantly changing the yield strength.

Unfortunately, eutectic modification has also been associated with undesirable
changes in porosity characteristics. Modification causes a redistribution of the porosity,
which is sometimes accompanied by an increase in porosity levels. It has been observed
that the redistribution of porosity is a fundamental characteristic of modification, whereas
the effects of modification on the amount of porosity may depend on the casting design and

the casting condition.**

2.2.1.3 Grain Refining

The quality of aluminum cast alloys can be improved by grain refining which
reduces the grain size of primary a-Al which otherwise solidifies with a coarse, columnar
grain structure. The addition of grain refiners produces large numbers of nuclei in the melt

which, in turn, induces the formation of small equiaxed grains of a-Al, as may be seen in
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Figure24:
as upgraded mechanical properties, improved machinability and heightened surface finish.
In addition, the fine grains promote adequate feeding during solidification, thereby
eliminating shrinkage porosity, and ensuring the even distribution of second phase

constituents and microporosity.>” >

Figure 2.4 Micrographs of Al-3%Si: () unrefined; and (b) refined with 0.15%Ti.>¢

The best grain refiner is that which possesses the same crystal structure as a-Al and
which can be effective in small quantities without harming the melt properties. Generally
speaking, Al-Ti, Al-B, and Al-Ti-B master alloys are efficient grain refiners for cast
aluminum alloys.>** The master alloy Al-3%Ti-1%B is most often used in Al-Si cast
alloys to obtain fine equiaxed grains. The grain refining power of Al-5%Ti-1%B master
alloy appears to be less than that of Al-3%B and Al-3%Ti-3%B master alloys, however, in
Al-Si alloys containing high levels of Si. This occurrence may be attributed to the
formation of titanium silicide over the surface of TiAl; particles in the melt which poisons

the nucleating action of the latter.*
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2.2.2 Heat Ireatment of Al-Cu-dS1-Vig Alloys

Heat treatment is one of the major techniques applied to enhance the mechanical
properties of aluminum casting alloys. The T6 treatment, which comprises solution heat
treatment, quenching, and precipitation hardening through artificial aging, is the one most
commonly used for Al-Cu-Si-Mg casting alloys with the intent of obtaining the best
compromise between strength and ductility.'*!”?* The stabilization T7 temper is conducted
at higher aging temperatures (200-240°C) than is the T6 temper (150-180°C), causing
overaging and a consequent reduction in the hardening effect. The T7 treatment is usually
carried out to improve some specific characteristic such as corrosion resistance and/or to
increase the stability and performance at elevated temperatures.'® The three steps involved
in both T6 and T7 tempers, ie. solution heat-treatment, quenching, and precipitation
hardening through artificial aging, are reviewed in the following sections in connection

with Al-Cu-Si-Mg alloys.

2.2.2.1 Solution Heat Treatment

The solution heat treatment of Al-Cu-Si-Mg alloys is carried out mainly to dissolve
the Al,Cu and Mg;Si hardening phases in the Al matrix thereby producing a supersaturated
solid solution (S.S.S) of a-Al rich in hardening solutes. The process involves heating the
alloy to a temperature which is sufficiently high for a duration of time long enough to
achieve a nearly homogeneous solid solution. Under common foundry conditions, polynary

Cu-rich eutectic phases with low melting points are often found at the grain boundaries of
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treatment at a higher temperature than the optimum can lead to the incipient melting of

these phases at the grain boundaries, which in turn would affect the mechanical properties
adversely. Solution heat treatment at low temperatures can also cause problems, however,
by not allowing enough solute to go into solid solution. The temperature range of the
solution heat treatment of binary Al-Cu alloys is shown in Figure 2.5.'® It will be observed
that the initial eutectic melting temperature is only a few degrees above the maximum

recommended solution heat treatment temperature.
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Figure 2.5 Partial equilibrium diagram for aluminum-copper alloys showing the temperature
range of solution heat treatment.'®

For Al-Cu-Si-Mg alloys containing high levels of Cu, such as the 319 alloys, three
different copper-rich eutectic phases were reported together with their eutectic melting
temperatures, namely, Al,Cu blocklike eutectic (7x = 540°C), Al-Al,Cu eutectic (T =

520°C), and AlsMgsSisCu; fine eutectic (7 = 507°C).** It was suggested that the solution
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heat treatment temperature of these AI-Cu-Si-Mg alloys should be restricied 10 below
495°C.**" Wang et al.*® studied the influence of Cu content on the solution heat treatment
of Al-11%Si-x%Cu-0.3%Mg cast alloys. They found that an increase in Cu content
increases the amount of polynary eutectic phases and consequently the restrictive solution
temperature for avoiding incipient melting at the grain boundaries is lowered. For alloys
containing 1 wt% Cu, this temperature should be 535°C whereas for alloys having more
than 2 wt% Cu it should be 500°C. Crowell ez al.*® determined the optimum solution heat
treatment for 319.1 alloy by studying the tensile properties at different solution heat
treatment temperatures and times. They suggested that, at a temperature of 495°C, the
strength properties improve with solution heat treatment time, attaining a peak value
between 16 and 32 hours in sand castings and at about 16 hours in unmodified permanent-
mold castings. The Sr-modified permanent-mold samples display higher peak values of

tensile strength after only about 4 hours.

2.2.2.2 Quenching

The objective of quenching is to preserve the solid solution formed at the solution
heat treatment temperature by rapidly cooling it to some lower temperature, usually close to
room temperature. When castings are removed from the solution treatment furnace, they are
usually quenched in warm or hot water. The best strength is attained when the time taken to
place hot castings into water is less than five or six seconds. A high cooling rate after
solution treatment significantly increases the hardness in the peak-aged condition.”®' Slow

quenching rates result in precipitation during quenching, thus reducing the amount of the
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subsequent possible hardening. This outcome may be ascribed to the fact that, as solute is
precipitated from the solid solution during quenching, it is unavailable for any further
precipitation reactions. In addition, the slow quenching rates may reduce the corrosion
resistance of the alloy at the grain boundaries.'®* Thus, many foundries prefer to build the
heat treatment furnaces directly above the quenching tank so as to be able to drop the

castings directly into the tank thereby obtaining rapid quenching.

2.2.2.3 Precipitation-Hardening Characteristics of Al-Cu-Si-Mg Alloys

The hardening of Al-Cu alloys is achieved by the precipitation of the hardening

phase 6 (Al,Cu) out of the supersaturated solid solution (S.S.S), as shown in Table 2.1.1%
Table 2.1 Precipitation-hardening system of Al-Cu alloys'®
a- — Vacancy-Rich — 6" — o' — 0
AlS.S.S
GP Zones Disk-Like Disk-Like AlL,Cu
Coherent Semi- Equilibrium
Coherent

The addition of Si and Mg to Al-Cu alloys alters the precipitation-hardening system of
these alloys substantially. The precipitation-hardening characteristics of the resulting Al-
Cu-Si-Mg alloys often appear to be relatively complex. This complexity may be attributed
to the formation of several hardening phases including 8’ (Al,Cu), B"” (MgSi), S’
(Al,CuMg), and the quaternary phase AIMgSiCu which is designated as O (AlsMggSicCuy)
or 4 (AlsMggSisCup).”> > It is imperative to mention here that the precipitation-hardening

characteristics of Al-Cu-Si-Mg alloys are sensitive to the Cu/Mg and Mg/Si ratios as well
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in Figure 2.6, was proposed for the identification of the equilibrium phases which may exist
in Al-Si-Cu-Mg alloys.”* When the Mg/Si ratio is greater than about 1, the compositions lie
in Field I, having the coexisting phases (Al), O, 0, and 5. When the Mg/Si is less than 1, the
compositions occupy Field II, having the coexisting phases (Al), O, 6, and (Si). Field III is
occupied when the Cu content is generally less than 0.2-0.5%, with variations in the Mg

and Si levels.

(Al) + Q + Mg,Si + (Si)

(si) +——Si Mg, Si

Figure 2.6 Projection of tetrahedron phase fields of Al-Si-Cu-Mg alloys.**

The precipitation-hardening characteristics of Al-Cu-Si-Mg alloys have been widely
studied. Suzuki er al> reported that the precipitation sequence of Al-2%Cu-0.9%Mg-
0.25%Si results in the formation of S’ (Al,CuMg) and S’ (Mg;Si) phase precipitates.
Increasing the Si content of up to 0.5%, however, promotes the precipitation of 8’ (Al,Cu)
and Q (AlsMgsSicCu,) while suppressing the formation of the S’ and S’ phase precipitates.
According to Yao et al.,’® the peak hardening of the Al-7.1%Si-3%Cu-0.39%Myg alloy is

caused by the combined precipitation of plate-like 8’ precipitates and needle-like
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precipitates. Some of these needles have the same crystal structure as the L and f* phases
where L phase has been reported as a precursor of the Q' phase.”” In addition, small B’
precipitates were observed to be present in the peak-aged specimens and were confirmed to
be the lath-shaped transient Mg,Si-phase, which differs from the rod shaped S "phase.”® Li

et al>®

concluded that the improvement observed in the mechanical properties of Al-7%Si-
0.5%Mg foundry alloys through the addition of Cu may be attributed to the increase in the
density of B" precipitates and the precipitation of Q phase precursors in addition to the
precipitation of the 8’ phase at higher Cu contents.

A comparison of the age-hardening curves of Al-Si-Mg, Al-Si-Cu, and Al-Si-Cu-

Mg alloys was made by Li et al, %

as shown in Figure 2.7. It was found that double aging
peaks are present in the age-hardening curves of Al-Si-Cu-Mg alloys and that the first peak
is higher than the second one, whereas a hardness plateau and single hardness peak are

present in the age-hardening curves of Al-Si-Mg and Al-Si-Cu alloys, respectively. For the

Al-Si-Cu-Mg alloy, the first aging peak is associated with the formation of GP II zones/6"
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Figure 2.7 (a) Age-hardening curves for Al-Si-Cu-Mg alloy aged at different temperature; and
(b) age-hardening curves for the Al-Si-Mg and Al-Si-Cu alloys aged at 17 50C.%°
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and " phase, while the second one is the result of the precipitation of metastable phases ¢
and B'. The interval occurring between the transition from GP zones to metastable phases,
caused by the dissolution of the GP zones and the nucleation of the metastable phases upon

dislocation, may be the main reason of the formation of double aging peaks.

2.2.3 Effects of Iron Intermetallic Phases

Iron is one of the most common impurities found in aluminum alloys, frequently
appearing as intermetallic second phases in combination with aluminum and other
elements. The less common Fe-rich intermetallic phases are J-AlsFeSi; and 7-AlgMg;FeSis,
while the more outstanding and commonly observed ones are a-Al;s(Fe,Mn);Si; and f-
AlsFeSi.!% ¢! On a metallographic section, the a-phase appears as Chinese script particles

while the platelet-like S-phase appears as needles (Figure 2.8).5

R 6 LS s s N

Figure 2.8 Optical micrographs obtained from an as-cast 319 alloy showing the
morphology of -Fe and a-Fe intermetallic phases.”

The brittle S-Fe intermetallic phase platelets act as stress raisers during service and

adversely affect mechanical properties. It was reported that increasing the iron content from
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0.5 to 1.2% in Al-Si casting alloys dramatically reduces the mechanical properties,
particularly ductility, due to the formation of the f-Fe phase.!! Bonsack'? found that in Al-
Si alloys with Fe contents higher than 0.5%, the formation of the f-Fe phase increases
strength values and slightly decreases ductility; when the Fe content exceeds 0.8%,
however, the ductility decreases significantly. In Al-Si-Cu alloys, increasing the Fe content
continuously decreases ductility, and drastically so for Fe contents above 0.9%.'% The
coarse f-Fe phase platelets interfere with liquid flowing into interdendritic channels; this
reduces feeding during solidification and consequently promotes the formation of
porosity.* %4 Increasing the Fe content also adversely affects machinability. It has been
reported that the abrasive Fe-rich phases abrade cutting tools, even at Fe contents of less
than 0.6%. Moreover, the dispersion hardening effect of iron is also likely to increase tool
wear.'?

The critical iron content at which the f-Fe phase appears has been the subject of
much debate in the literature. The f-Fe phase is most associated with Fe content of more
than 1%.!° Backerud et al.* reported, however, that an iron content of 0.48% is sufficient
to form the f-Fe phase during solidification of the 356 aluminum alloy. In fact, the critical
iron content at which the p-Fe phase forms is strongly dependant on the cooling rate. A
recent study states that, at low cooling rates (0.1°C/s), the S-Fe phase is favored, at high
cooling rates (10°C/s), the S-Fe phase is inhibited, but at very high cooling rates (20°C/s),
the S-Fe phase is strongly favored.®’

Neutralization of Fe through the promotion of the less harmful a-Fe Chinese script

phase is sought at the expense of the brittle needlelike f-Fe phase with the goal of
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improving strength, ductility and other properties. Small amoumnts of manganese (usually
Mn:Fe = 0.5) play a positive role in combining with iron to form the less harmful a-Fe
Chinese script phase instead of the brittle S-Fe phase.lz’13 At higher Mn:Fe ratios and/or in
the presence of chromium, however, the iron, manganese and chromium form another
version of the a-Fe phase, a-Al;s(Fe,Mn,Cr);Si, , termed sludge, displaying a star-like
morphology. These sludge particles are extremely hard and thus have a detrimental effect
on mechanical properties and machinability. The formation of these particles may be
controlled by calculating the sludge factor which correlates the %Fe, %Mn, and %Cr

levels, as follows:®% ¢

Sludge Factor (S.F.) =1 x wt% Fe + 2 x wt% Mn + 3 x wt% Cr 2.1

The critical sludge factor beyond which sludge is formed equals 1.8 if a casting temperature
of 650°C or more is maintained. However, for holding temperatures lower than this value, a
critical sludge factor of 1.4 is recommended, since sludge formation is a temperature-

dependent process in combination with the Fe, Mn, and Cr concentrations.

2.2.4 Effects of Alloying Elements

The addition of alloying elements is a further technique used in combination with
heat treatment to improve the mechanical properties of aluminum alloys. The influence of
the alloying elements, as used in this research, on heat treatment characteristics and hence
on the mechanical properties of aluminum alloys is reviewed below. The alloying elements

in question include, specifically, zirconium, silver, tin, and bismuth.
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2.2.4.1T Effects of Zircomium

Only a few scattered studies are available to date on the subject of the effects of Zr
on cast aluminum alloys. Zirconium is used as a grain refiner to reduce the as-cast grain
size and consequently to improve strength and ductility.'®** Moreover, additions of Zr in
the range of 0.1 to 0.3% are used to form fine coherent precipitates of Al;Zr called
dispersoids. These coherent particles are observably stable upon heating and they resist
coarsening because of the low solubility and diffusivity of Zr in the Al matrix and also
because of the low interface energy of the particles with the matrix.* As a result, these
dispersoids effectively inhibit recovery and recrystallization during heat treatment due
to their obstructive action thereby causing an increase in hardness and strength
properties.®*®

It has been reported that a minor addition of Zr, in the amount of 0.15 wt%, can
significantly improve the hardness and strength properties of A319 aluminum alloy in both
the as-solutionized and age-hardened conditions. This hardening effect of Zr is ascribed to
the precipitation of the coherent coarsening-resistant Al;Zr dispersoids during solution heat
treatment.”® Sepehrband ez al.”' reported that small additions of Zr to A319 aluminum cast
alloy improve the hardness of the material in both the as-solutionized and age-hardened
conditions provided that the alloy is solutionizied for sufficiently long times; this is to
allow the precipitation of Al;Zr phase during solution heat treatment, which has very slow
kinetic of precipitation. The same study showed that the aging curve of the Zr-containing

A319 alloy exhibits almost constant behaviour after peak hardness has been attained,

thereby confirming the resistance of the AlsZr dispersoids to coarsening. Yin et al.” found
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by 150MPa, whereas the ductility remains at a high level. These authors attributed the

increment in strength mainly to grain-refinement strengthening, to Als3(Zr,Sc) dispersive

strengthening, and to substructure strengthening.

2.2.4.2 Effects of Silver

The addition of silver to Al-Cu-Mg alloys has been known to promote the formation
of a hexagonal-shaped Q-strengthening phase that forms as finely dispersed plates on the
{111}, habit planes replacing the precipitation sequence of Al-Cu based systems.73'75 The
Q phase, believed to be a variant of the equilibrium 6 (Al,Cu) phase, is most commonly
found in Al-Cu-Mg-(Ag) alloys and greatly improves high-temperature strength because of
its considerable thermal stability. Based on its similarity with the structure of the § (Al,Cu)
phase, Garg et al. 7 designated the Q phase as O\, representing a modified 8 phase.

Reich et al.”® studied the evolution of the Q phase in an Al-1.9%Cu-0.3%Mg-
0.2%Ag alloy. They concluded that this phase evolves from Mg-Ag co-clusters to plate-like
precipitates continuously, rather than precipitating directly by heterogeneous nucleation on
their precursors. It was also found that neither Mg nor Ag is incorporated within the well-
grown Q plate and its chemical composition is Al-33wt%Cu. Zhu er al.’ stated that, in
ternary Al-Cu-Mg alloys with low Mg-to-Cu ratios, Mg-rich Mg-Cu co-clusters act as
precursors for the plate-like Q precipitates. In Al-Cu-Mg-Ag alloys, Ag has an
overwhelming tendency to form co-clusters with Mg and this leads to Ag-Mg-Cu co-

clusters which act as precursors for Q precipitates.
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The effects of Ag addition on the aging response and mechanical properties of Al
Mg-Si alloys has been discussed in a number of studies.”””® Zou et al.”’ compared the age-
hardening behavior of Al-0.67%Mg-0.77%Si and Al-0.67%Mg-0.77%Si-0.5%Ag alloys.
They found that the Ag-bearing alloy has higher aging-hardness than the Ag-free alloy
under the same aging conditions. It was presumed that the Ag atoms can trap some moving
Mg atoms forming Mg-Ag clusters which provide large number of nucleation sites for Mg-
Si clusters or GP zones; this in turn refines and increases " phase precipitates. Matsuda et
al.™ investigated the effects of the addition of silver on the mechanical properties of two
types of Al-Mg-Si alloys, namely a “balanced” alloy and an “excess Si” alloy with a
Si-content in excess of that required for Mg,Si precipitates. These authors found that the
addition of Ag increases the peak hardness of the “balanced” alloy, whereas no obvious
changes were observed in the hardness of the “excess Si” alloy. The same study indicated
that the addition of silver significantly reduces the width of precipitates-free zones (PFZ)
which suppresses the intergranular fracture and consequently improves the elongation of

the alloy.

2.2.4.3 Effects of Tin

It has been reported that small quantities of Sn, of the order of 0.05 wt%, can have a
definite influence on the course of the precipitation of copper in an Al-4%Cu-0.15%Ti
alloy. The natural aging of the alloy becomes dampened, but during elevated temperature
aging at 165°C and 190°C both the response to artificial aging and the absolute strength

increase.”
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Tin is one of the microalloying elements which is most effective at facilitating
the nucleation of @'. Silcock er al.*® found that the hardening of the Sn-containing Al-Cu
alloy proceeds through a single stage at aging temperatures of 130°C and 190°C as a result
of the nucleation of the &' phase at the expense of (GP) zones and 8”. Due to the high
binding energy between Sn atoms and vacancies, it is likely that a high vacancy
concentration is associated with the Sn clusters reducing the number of free vacancies
available to promote the diffusion of Cu atoms for the formation of GP zones and
6" precipitates.SI’ 82 This interpretation was supported by research carried out by Bourgeois
et al®® in which the response to natural aging and the width of the precipitate-free zone
(PFZ) in Al-4%Cu and Al-4%Cu-0.05%Sn were compared. It was found that the strong
interaction between Sn and vacancies causes a lowering of the diffusion rate of Cu
atoms, which would explain the large reduction in the natural aging response and
the narrowness of the PFZ observed in the Sn-containing alloy compared with the
binary alloy.

To date, there are still a number of different conflicting explanations for the
effectiveness of Sn in nucleating &'. Ringer et al.®* observed that -Sn particles precipitated
in an Al-4%Cu-0.05%Sn alloy after quenching created heterogeneous nucleation sites for
fine and uniformly dispersed §' phase precipitates. Silcock et al. % studied the role of the
trace elements Cd, In or Sn, coded X, in the formation of §' in Al-Cu alloys. They reported
that the nucleation of #' is considered to result from two possible mechanisms.
Heterogeneous nucleation on pre-precipitated X particles is the main mechanism involved

at high aging temperatures, at and above 200°C. At lower temperatures, the easier
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nucleafion is due fo the incorporation of X atoms into the &' nuclei which reduces the misfit
with the aluminum matrix and thereby reduces the interfacial energy of 6’ nuclei.

On the other hand, an automotive parts manufacturing foundry recently reported
that Sn reduces the hardness of the heat-treated 319 alloy, a phenomenon which is believed

1.8 found that Sn and Pb are the electronic

to be due to the softening of a-Al. Grebenkin et a
analogs of silicon and replace it in magnesium compounds thereby preventing the

formation of the Mg,Si and AlyMgsSisCus hardening phases in Al-Cu-Si-Mg alloys.

2.2.4.4 Effects of Bismuth

Bismuth was used to improve the machinability of free cutting steel and aluminum
alloys. Only a limited amount of research has been carried out on the effects of Bi on the
mechanical properties of Al casting alloys. It was demonstrated that Bi could serve as an
effective eutectic modifier in Al-Si casting alloys.®® ¥ Thai*® concluded that Bi refines the
eutectic silicon at a concentration of 0.005%, and that the refining ability diminishes
beyond this level. It was reported, however, that increasing the amounts of added Bi may
counteract the modification effect of Sr.%*° Cho er al.*® found that increasing the amounts
of Bi addition to the Sr-modified A356.2 Al alloy decreases the Sr-modification effect and
that at a concentration of 1000 ppm Bi, the Sr-modification effect is completely eliminated.
It was also reported that Bi counteracts the modification effect of Sr in Al-Si-Cu 319 type
casting alloy.” This negative effect of Bi was interpreted in terms of Bi-Sr or Bi-Mg-Sr
interactions which reduce the amount of free Sr available for Si modification. Despite this

marked influence of Bi on the microstructure of Al-Si alloys, it was observed that the
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Sr-modified A413 alloy does not bring about any significant deterioration in the hardness

values or the tensile properties.”!

Hardy” found that Bi has no influence on the aging behavior of an Al-4%Cu-
0.15%Ti alloy. It was also suggested that the presence of undissolved Bi particles
mechanically reduces the strength properties and elongation of the alloy studied. The
effects of the addition of Zn and Bi on the precipitation process of Al-6%Mg alloy was
investigated.”? The results show that the addition of 0.3% Bi to Al-6%Mg-1%Zn alloy
further improves the aging response. This effect is surprising since Bi is usually added to
Al-Mg-Zn alloys to increase the stress-corrosion performance. It was suggested that the
favorable effect produced by the addition of Bi may be explained in terms of an increase in
the supersaturation of the alloy, despite the very small atomic fraction that goes into

solution.

2.3 QUALITY OF CAST ALUMINUM ALLOYS

Quality in engineering applications will usually be governed by a combination of
different factors which provide the minimum risk and maximum performance in
conjunction with cost efficiency. The quality of a cast alloy is related to certain
microstructural features such as porosity, inclusions, and intermetallic compounds; on the
other hand, this quality can also be characterized in terms of its mechanical performance.
From the design point of view, the quality of an alloy may be understood as a combination

of mechanical properties which meet the design prerequisites of a given application. Thus,



34

the quality of aluminum alloy castings may be defined using a unique numerical value
called the quality index “Q” which is used to correlate specific mechanical properties.
Based on the concept of the quality index, it is possible to generate quality maps for use in
evaluating cast aluminum alloys thereby providing the designer a tool for selecting a
particular material with properties tailored to suit the requirements of the specific
application under consideration. The quality index was first proposed by Drouzy ef al.>® in
1980 to correlate the tensile strength and ductility values of Al-7%Si-Mg casting alloys,
namely A356/357 alloys. It was then developed in different forms in order to evaluate and
optimize the mechanical properties of various series of cast aluminum alloys used for
automotive and aerospace applications. The most significant quality indices proposed for
aluminum casting alloys together with the relevant quality maps will be explained in

greater detail in the following subsections.

2.3.1 Quality Index (Q) Proposed by Drouzy et al.

The concept of the quality index, O, was originally proposed by Drouzy et al.”
from the observation that, as a batch of specimens of an Al-7%Si-Mg alloy is aged, a
semilogarithmic plot of the tensile strength versus the tensile ductility follows a linear

relationship as follows:
Q = UTS + dlog(s) 2.2)

This relationship implies that alloy quality with respect to the tensile strength, UTS (MPa),

and the elongation-to-fracture, s, (%), can be expressed by a single numeric quality index,
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On the other hand, the study of correlations between tensile strength, 0.2% yield
strength, and percentage elongation-to-fracture in cast aluminum alloys® showed that the

probable yield strength, ¥S (MPa), may be estimated using the following relationship:

YS =aUIS - blog(s) + ¢ 2.3)

The coefficients a, b, and ¢ depend upon the nature of the alloy. For the Al-7%Si-Mg alloy
family,93 they were determined as 1, 60 MPa, and -13 MPa, respectively. The two equations
shown above are valid only for an elongation > 1.

Drouzy and co-workers used Equations (2.2) and (2.3) to plot the “Quality Index
Chart” for the A356 alloy (Al-7%Si-0.4%Mg) as shown in Figure 2.9. The chart has two

main axes, UTS and s,, and two auxiliary ones represented by the two sets of parallel lines.

UTS (MPa)

Figure 2,9 A quality index chart for heat-treated Al-7%Si-Mg alloys.93
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Y and gra

The tinesidentified by thequality-indexvalue,©O;-are-generated-by Equation(2-2)-and-are
called “iso-Q” lines, while the lines identified by the probable yield strength value, YS, are
generated by Equation (2.3) and are called “iso-YS” lines. The change in UTS and log(sy) is
then said to follow an “iso-Q” line or, in other words, the loss of ductility due to the
increased strength does not reduce the “quality” of the alloy, as indicated by arrow 1-2 in
Figure 2.9. On the other hand, if the ductility is reduced at constant yield strength, for
instance by increasing either the dendrite arm spacing (DAS) or the Fe-content of the alloy
(for a given aging and Mg content), the alloy quality is said to decrease, as indicated by
arrow 1-3 in Figure 2.9. These observations mean that the quality index, Q, is practically
independent of the degree of hardening of the alloy, ie. of Mg content and aging
conditions, but it depends essentially on the alloy quality, namely upon the soundness,
compactness, and fineness of its structure and upon all the factors related to solidification
conditions. On the other hand, the probable yield strength YS depends on the Mg-content

and heat treatment conditions.

2.3.2 Quality Index (Q.) Proposed by Ciceres

The drawback of the quality index concept proposed by Drouzy et al.”’ is that, it
was given no proper theoretical grounding or explicit physical meaning. This gap in its
physical basis has been bridged recently by the analytical model created by Céceres™™’

which allows calculation of the quality index from knowledge of the parameters of the

deformation curve, namely, the strength coefficient of the material and the strain-hardening
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curves of the material can be described with a constitutive equation of the following form
c=Ke" (2.4)

where o is the true flow stress, K is the strength coefficient of the material, € is the true

plastic strain, and » is the strain-hardening exponent, defined by

n=(¢/o)(do /de) (2.5)

The true stress o and the engineering stress P are related by the equation

o A;=PA, (2.6)

where 4, and Ay are the cross sectional areas in the initial and strained conditions,
respectively. Since the volume is assumed to be constant during deformation, the following

equation can be obtained

A,/ A= € 2.7)

where g, is the total true strain which has elastic and plastic components. Combining

Equations (2.4), (2.6), and (2.7) gives
P=Ke"e® = Ks"e® 2.8)

where s is the engineering plastic strain. In Equation (2.8), the sign ~ indicates that the

elastic strain component as well as the difference between the engineering and true strain
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have been disregarded. The lafter is a reasonable assumption for casting atloys due to their
limited ductility.

Equation (2.8) has been used to draw the family of solid flow curves for the A356
alloy (Al-7%Si-0.4%Mg) with K = 430 MPa, as shown in Figure 2.10. The curves are
identified by n-values which vary between 0.2 for as-quenched samples and 0.08 for
samples aged 6 hours at 170°C. The values of the strength coefficient, X, and the strain-
hardening exponent, n, were obtained from the true stress-true strain curves of Al-7%Si-Mg
alloys.95 The YS-values on the right hand side axis indicate the flow stress (MPa) at an
offset strain of 0.2%. As reported by Caceres,” for a given aging condition the flow curve
of the most ductile samples represents the locus of the UTS/elongation-to-fracture points of
the samples with the same yield stress but lower ductility. Thus, the solid flow curves in
Figure 2.10 may be interpreted in terms of Drouzy et al.”> as “iso-YS” lines relating UTS

and elongation-to-fracture, each for a particular aging condition.

300 YS = 260
YS = 227
E YS=171
= q ys=124
[
E
®
® 200
£
E
o
[
100

0.002 0.01 0.1
nominal strain

Figure 2.10 The quality index chart proposed by Céceres for A356 alloy.”
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necking. Necking begins when the Considére criterion is met, that is y =1, where y is the

strain-hardening parameter defined as

y=(1/6)(do/de) (2.9)

By comparing Equations (2.5) and (2.9), it is obvious that y = n/&. Thus, when y = 1, this
implies that & = n, where & is the true plastic strain at the onset of necking. Assuming
that s* ~ € = n, the relative ductility parameter g, defined as the ratio between the
engineering plastic strain at failure, s, and the engineering plastic strain at the onset of

. * ., .
necking, s , is given by

q=sf/s*=sf/n (2.10)

Combining Equations (2.8) and (2.10) gives

P=Ks"¢* (2.11)

Equation (2.11) can be used to generate the lines representing contours of constant
relative ductility called “iso-g” lines, as shown in Figure 2.10, each identified
by a g-value. The usefulness of g resides in the fact that it expresses how far a particular
sample is from its maximum possible ductility. The samples which deform up to
or beyond necking (i.e. ¢ > 1) have the highest combination of elongation and UTS

or be of the best quality possible, while the samples which fail before the onset of
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physical meaning for the quality index, O, in terms of the relative ductility parameter; it

implies that the “iso-g” lines are roughly equivalent to the “iso-Q” lines generated by
Drouzy et al

The correlation between the models created by Céaceres, and Drouzy and co-workers
can be understood from Figure 2.11 where the lines of Figure 2.10 (solid lines) are
superimposed on those of Figure 2.9 (dashed lines). It will be observed that the flow
curves identified by the n-value are nearly parallel to the “iso-YS” lines except where
necking occurs, while the “iso-g” lines tend to run parallel to the “iso-Q” lines, especially
at higher flow stress values. Thus, Figure 2.11 shows that the “iso-YS” are actually flow
curves for a given aging condition, as was anticipated earlier, but more importantly, it

shows that the “iso-Q” lines can be identified as lines of constant relative ductility, i.e.

“iso-q” lines.

1 n=0.08
n=0.10

n=0.14

Figure 2.11 Curves of Figure 2.10 (solid lines) superimposed on Figure 2.9 (dashed lines).
Note that the two sets of lines are nearly parallel to each other.”
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2.4 MAUHINING

Machining is a term applied to material removal processes in which excess metal is
removed through a process of extensive plastic deformation or controlled fracture. The
most common types of machining are: (i) traditional machining including turning, milling,
drilling, efc.; and (ii) non- traditional machining including electrical discharge machining
(EDM), electrochemical machining (ECM), etc. The drilling and tapping processes which
were selected to study the machinability of the alloys introduced in this work are described

in the following sections.

2.4.1 Drilling Process

Drilling is the standard process for producing holes and is known to be one of most
common metal cutting processes. Drilling is often a bottleneck process in high volume
manufacturing; in engine manufacture, for example, critical holes may be drilled in two or
more passes, each penetrating to only a fraction of the final depth, so as to reduce cycle
time. In drilling, the cutting tool used is the drill which has one or more cutting edges, and
flutes to allow the cutting fluid to enter and chips to eject. There are many different types of
drills including twist drills for general machining, laser drills for extremely small holes, and
gun drills for deep holes. The most significant nomenclature pertaining to the twist drill,
which is the most commonly used drill, is illustrated in Figure 2.12.%®

An essential feature of drilling is the variation in the cutting speed along the cutting
edge. The speed is at a maximum at the periphery of the drill and approaches zero near the

center-line of the drill, the web, where the cutting edge is blended to a chisel shape.
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Figure 2.12 Nomenclature of the twist drill.”®

Also, the cutting action on the cutting edge differs from one radius to another since the rake
angle varies along the cutting edge. The variations in speed and rake angle along the cutting

edge are responsible for many aspects of drilling which are peculiar to this cutting

process.”® %

The cutting forces, namely thrust (Th) and radial force (F;), as well as cutting

moment (M) acting on the drill during the drilling process together with the three cutting

3. The main

edges responsible for these forces and moment are shown in Figure 2.1
cutting edges or cutting lips are of the greatest interest and account for most of moment and
power consumption, a significant portion of axial thrust force, and the radial forces caused

by cross holes, inclined exits and point asymmetry. The central chisel edge generally

produces much of the axial thrust force and affects the centering accuracy and buckling



main cutting-edge thrust. The marginal cutting edges form the machined surface of the hole

and may contribute to the cutting moment.
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- 9
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Main cutting
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Point 2,
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@

Figure 2.13 (a) Forces and moment acting on the drill; and (b) cutting edges of a conventional dril

2.4.2 Tapping Process

Tapping is a common cutting process used for producing internal threads. In
tapping, a specially formed threading tool called a tap is fed into a pre-drilled hole. The tap

and thread nomenclature is provided in Figure 2.14.%8 The tap may either cut or plastically

(®
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198

deform the hole wall material to form the thread. Size and geometric style are two of the

major considerations in selecting the correct tap for a particular material and machine/part

setup. The tap style is defined by the number of flutes, rake or hook angle, chamfer length,

land, and helix a.ngle.100
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Figure 2.14 Tap and thread nomenclature.”®

Cut tap, which cuts and removes metal to produce threads, is the major tap style
used for internal threading. In cut tapping, only the chamfered teeth on the front end portion
of the tap contribute to the cutting action, as shown in Figure 2.15(a), while the uniform
threads behind the tapered portion guide the tap by bearing on the thread already generated.
The chamfered teeth and the first full thread of the tap cut or deform the material. Each
succeeding chamfered tooth makes a deeper cut until the full thread is generated. The
chamfer is directly related to the chip load. It is therefore important to use the proper

chamfer depending on the thread pitch, workpiece material, and the type of hole involved.
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Commonly used chamfers include taper, plug, and bottoming, which are all ittustratedin
Figure 2.15(b).”® The taper chamfer is designed for difficult-to-machine materials because
it provides a better distribution of chip load per tooth, resulting in better thread quality. The
plug chamfer is used for through holes in most materials to be tapped at conventional or
higher speeds. The bottoming chamfer results in a large chip load, which requires less

torque, and is used mainly for blind holes.

Bottoming
Plug
Nominal chamfer ' Taper
lé length
/ VA4
Wwall of hole

First full No.3 No. 2 No.1
forming tooth Three chamfer teeth
A\ N\ WY \ A e
AV B\ = W 2 W g WS
90

|_Chip load per tooth 30°

{depth of cut) Taper chamfer 4° 8-10 THDS.
Plug chamfer 9° 3-5 THDS.
Bottoming chamfer 30°  1-1.5THDS.

(@ (b)

Figure 2.15 (a) Chip load per individual tooth of a tap; and (b) Influence of chamfer on tap geometry.98

2.4.3 Machinability

The term machinability can refer either to the ease or difficulty of machining a
material. When used in the first sense, machinability is often regarded as a material
property and assigned a numerical rating. As shown schematically in Figure 2.16, however,
the ease or difficulty of machining a particular part is affected by a variety of factors. These
factors include the chemical composition, mechanical, and thermophysical properties of the

work material, the rigidity of the machine tool and fixtures, the tool material, and such
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cutting variables as cutting speed, feed, and depth of cut- Machimabitity is thusin reality a

property of both the workpiece material and the machining system operating under a given

set of conditions.

Work material Cutting Machine tool
and conditions cutting tool
tool material part fixture
Mechanical properties Cutting speed Type of operation
Microstructure Depth of cut Vibration
Factors Physical properties feed rate Rigidity
affecting Chemical properties Atmosphere Workpiece holding
machinability composition Cutting fluid device
indirectly Inclusion and cooling Power
Heat treatment Tool geometry
Grain size of tool Tool duliness
Surface finish of tool
Coating of 100l
Factors '
affecting Cutting mechanism Cutting force Cutting temperature
machinability 1
directly
Machinability modeling
J |
Parameters Crater wear Power required Surface finish
for Flank wear Cutting torces Surface integrity
machinability Other type of Chip form Dimensional accuracy
measurement wear if required

Tool life

|

Efficiency of Workpiece quality
Chip removal J
i

Measuring methods
Instrumention accuracy
and resolution
Data processing

Optimized
machining
conditions

Machinability

Figure 2.16 Factors affecting machinability.98
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1) Tool Life or Tool Wear Rates. This is the most meaningful and common
machinability criterion.'” Tool wear affects both the quality and cost of the
machined part. Machinability is said to increase when tool wear rates decrease, or
tool life increases, under the machining conditions of interest. Ratings based on
wear rates are generally applicable to a restricted range of cutting conditions; when
conditions change, for example, when the cutting speed is substantially increased or
decreased, the dominant tool wear mechanism and tool wear rate may change. This
fact is particularly relevant when ranking the machinability of a group of materials
under different cutting conditions.

2) Chip Form. Materials producing short chips which are easily managed and disposed
of are more machinable than those which produce long unbroken chips or small
powder-like chips. The chip form is particularly important for applications such as
drilling for which chip-breaking and disposal concerns may limit production rates.
Chip form is often used to assess the machinability of soft ductile alloys, especially
aluminum alloys, since these materials are normally machined with diamond tools

and do not generate a great deal of wear.

Tool wear and chip control issues will be discussed in the next sections particularly with
regard to the drilling process since the drilling performance of a new Al-Cu base alloy will
be evaluated in this study. Less commonly used machinability criteria include the

following:* !
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5)

2.4.4
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and power consumption decrease for the cutting conditions of interest. Lower

cutting forces imply lower tool wear rates, better dimensional accuracy as a result of
decreased deflections, and increased machine tool life.

Achievable Surface Finish. Generally, machinability increases as the surface finish
obtainable under a given set of cutting conditions improves. The average roughness
is the most common parameter used to assess surface quality in machining tests.
This criterion is most useful in ranking different classes of materials, for example,
conventional versus powder metal steels.

Cutting Temperature. Cutting temperature measurements such as tool-work
thermocouple measurements can be used to compare the machinability of materials
under a given set of cutting conditions. Machinability increases as the cutting
temperatures decrease because many tool wear mechanisms are temperature-
activated. The average temperature is therefore correlated with tool life, and thus

with machinability.

Tool Wear and Tool Life

Tool life is often the most important practical consideration when selecting cutting

tools and cutting conditions. Tools which wear out or otherwise fail slowly have

comparatively long service lives, resulting in reduced production costs and a more

consistent dimensional and surface finish capability. For these reasons, tool life is the most

common criterion used to rate cutting tool performance and the machinability of materials.
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It is often possible to predict tool wear rates based on test data, but this does mot translate
into a prediction of tool life in a general sense, since tool life depends strongly on part
requirements. In practice, tools are removed from service when they no longer produce an
acceptable part. This may occur when the dimensional accuracy or surface finish of the part
is out of tolerance or when there is an unacceptable probability of gross failure due to an
increase in cutting forces or power. Tool wear may be classified by the region of the tool

affected or by the physical mechanisms which produce it, as explained below.

2.4.4.1 Tool Wear Mechanisms

The physical mechanisms which produce the various types of wear depend on the
materials involved, tool geometry, and the cutting conditions, especially the cutting speed.
The most significant wear mechanisms are:'%1%

1) Adhesive or Attritional Wear. This occurs when small particles of the tool adhere or
weld to the chip due to friction and are then removed from the tool surface. It occurs
primarily on the rake face of the tool and contributes to the formation of crater wear.
Significant adhesive wear may accompany built-up edge (BUE) formation, since the
BUE is also caused by adhesion, and can result in chipping of the tool. The problem
of BUE is usually encountered in the drilling process of soft work materials. A full
discussion of BUE formation will be found in Subsection 2.4.5.1.

2) Abrasive Wear. This occurs when hard particles abrade and remove material from

the tool. The abrasive particles may be contained in the chip, as with free silicon

particles in Al-Si alloys and fibers in metal matrix composites. Abrasion occurs
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primary cause of flank wear and affects crater wear as well, as such it is often the

mechanism of wear which controls tool life, especially at low to medium cutting

speeds.

As the cutting speed is increased further, temperature-activated wear mechanisms
become predominant; these include diffusion, oxidation, and chemical ot corrosion wear.
These mechanisms of wear depend on the chemical compatibility of the tool and workpiece
materials, tool-chip interface temperature, and the melting temperature of the chip.
Generally, these mechanisms of wear can be controlled by machining at lower speeds to
reduce cutting temperatures, or by coating the tool with a hard layer of chemically inert
material to act as a buffer between the tool substrate and the chip, cutting fluid, and the

105
atmosphere. 0

2.4.4.2 Types of Drill Wear

Characteristic wear patterns for conventional twist drills are shown in Figure 2.17.

Four types of wear may commonly be observed: %1%

1) Chisel Edge Wear. This takes place at the central chisel edge of the drill and results
from abrasion or plastic deformation. This form of wear may double or triple the
thrust force on the drill and affects its centering accuracy.

2) Lip or Flank Wear. This occurs along the relief face of the cutting lips of the drill

and results from abrasion, plastic deformation, insufficient flank relief caused by

improper point grinding, or excessive dwelling at the bottom of blind holes. Lip



3) Margin or Land Wear. This occurs at the outer corner of the cutting lip or on the

4)

becomes excessive, the drill may cease to cut and fail by chatter or breakage.

Chisel edge wear

Crater wear
Flank wear

Margin
wear

Figure 2.17 Types of drill wear.”®

produces an oversized hole.

chipping, or breakage.
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which in turn leads to increased thermal softening and further wear. Lip wear also

increases the size of the burr produced when drilling through holes. When lip wear

land which contacts the drilled surface. Margin wear results from abrasion, thermal
softening, or diffusion wear. Excessive margin wear results in poor hole size control
and surface finish. Generally, margin wear produces an undersized hole unless it is

accompanied by built-up edge (BUE) formation or centering errors, in which case it

Crater Wear. This occurs on the flute surface and results from thermal softening or
diffusion wear. Moderate crater wear is usually not of concern, but excessive

cratering weakens the cutting edge of the drill and can lead to edge deformation,
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holes to failure can be estimated from an abrasive wear model. In general, the number of

holes to failure, N, depends directly on the feed, £, and is inversely proportional to the

cutting speed, V, as follows:

N=C,.VB.f/V (2.12)

The time to failure, 7, should be independent of the feed and inversely proportional to the

cutting speed:

T=C,. VB/V*" (2.13)

In the above equations, C, C,, and @ are empirical constants whereas VB is the width of

flank wear.''°

2.4.5 Chip Formation

It is important to study the formation of chips during the machining process as this
affects the surface finish, cutting forces, cutting temperature, tool life, and dimensional
tolerance which in turn all affect machinabilty, as mentioned above. Understanding the chip
formation of a specific material will make it possible to determine the machining speeds,
feed rates, and depth of cuts for the creation of an efficient machining process. The

significant aspects of chip issue are discussed in the following sections.
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2.4.5.1 Types of Chip

The type of chip produced depends on the characteristics of the workpiece material

112

and the geometry of the cutting tool. According to Ermnst''" and Merchant''? chips formed

during the machining process fall into three categories, as shown in Figure 2.18; these are:

Chip,
Tool
Built-up
_edoe
Workpiece Workpiece Workpiece
€)) (® (©

Figure 2.18 Three basic types of chips: (a) discontinuous; (b) continuous; and (c) continuous
with built-up edge (BUE).”

1) Discontinuous Chip. This type of chip occurs during the machining of brittle work
material such as grey cast iron, bronze, and cast brass. It also occurs when
machining is carried out using cutting tools with small rake angles, coarse
machining feeds, low cutting speeds and lack of lubricant or cutting fluid.

2) Continuous Chip. This is the long ribbon-like chip which is produced by tools with
high positive rake angle when machining ductile materials such as low-carbon
steels, copper, and aluminum. Continuous chips have razor-sharp and ragged edges
which are extremely dangerous. These long ribbon-like chips tend to tangle with the
tool and workpiece, and they are difficult to dispose of. Swarf removal is
particularly important in high-production automatic and computer-controlled

machine tools.
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3) Continuous Chip with Built-Up Edge. This type of chip 1s basically the same as the
continuous chip. When the friction between the continuous chip and the rake face of
the tool increases, however, the metal particles from the chip become pressure
welded to the rake face, and layer after layer of chip material is built up; this is
called built-up edge (BUE). It occurs most often when cutting soft metals, such as
aluminum alloys, at low cutting speeds. Heginbotham and Gogia'" noted that BUE
starts as an embryonic structure to which successive layers adhere as cutting
progresses, until it eventually attains a size and shape characteristic of the cutting
conditions. Ultimately the BUE breaks off and the process repeats itself
continuously. The formation of BUE is undesirable because it changes the effective
depth of cut (or hole diameter), and also because it is often unstable, leading to poor
surface finish and tool chipping. Buildup is also a serious problem in drilling
operations; it may occur at the outer corner of the spiral point drills because the chip
becomes thin at this point. BUE formation can be minimized by using a more
positive rake angle, higher cutting speeds, coolant with increased lubricity to reduce
tool-chip friction, and by making the work material less ductile through the addition

of inhomogeneities such as Sn, Bi, or Pd particles in free-cutting aluminum alloys.

Chip size in the drilling process is governed by its formation geometry at the cutting
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edge, namely thickness and curl, and the characteristic length. Nakayama " attributed chip

curl to the following consideration as depicted in Figure 2.19:
1) The rake face is not flat and the rake angle varies along the cutting edge. The

twisted, non-planer rake face gives the chip a rotation, w., about the drill axis.
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2) The cutting speed varies proportionally with the distance from the drill center,
which cause a side-curl, shown by ®,.
3) The side-curled chip is forced to curl in another direction by the obstruction of the

web and flutes of the drill giving the chip the rotation oy.

®n

Figure 2,19 Drilling chip-curl components.'™

Given the three components of angular velocity ®., ®,, and wy, the chip experiences a
helical motion with the angular velocity wp, which is the resultant of these three angular
velocity components. The remaining dimensions required to fully describe the morphology
of the chip are: the deformed chip thickness, which may vary along the lip, and the
characteristic length, which is determined by the point at which the chip breaks in the
generation cycle.

As the drilling process progresses, the weight of the chip increases constantly and
the center of gravity moves away from the root of the chip. Chip flow then gradually
becomes impeded by the web and the flutes, thereby imposing a resistance force on the
chip. This force develops a bending moment at the root of the chip causing unstable or

fragmented chips. The fragmentation acts to decrease the resistance force and consequently
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the bending moment. In other words, the chip changes its form to meet the external forces
and constraints governing its flow. The resistance force acting on the chip contributes to the
total thrust and torque on the drill.

Kahng and Koegler'" studied the chip formation characteristics in twist drilling. It
was concluded that chip curl formation in drilling is governed by the variation in the rake
angle and the widely varied chip flow direction along the lip. Moreover, the first generated
chip is generally larger than subsequent chips. The study also shown that, the effects of
cutting conditions on the chip properties are closely related. This conclusion is based on the
observation that increasing the cutting speed or feed rate remarkably increases the
microhardness of the resulting chip, meaning that the chip was work hardened.

The effects of cutting variables on the chip morphology in the drilling of cast
aluminum alloys were investigated.!'® The variables involved are workpiece material,
speed, feed, hole depth, drill type, and cutting fluid. The feed and workpiece material were
found to be the most significant variables affecting the chip size. As the feed increased, so
did the mass of the chips produced. This was due to increased cutting edge engagement
leading to a greater undeformed chip thickness which in turn increases the bending strength
of the resulting chip, delaying chip fracture. The SAE 308 and SAE 390 cast aluminum
alloys chosen for this study exhibited different chip characteristics. The SAE 390 alloy,
having the greater Si content and therefore lower ductility, produced consistently smaller
chips.

The chip forms which may be created during the drilling of cast aluminum alloys are

shown in Figure 2.20; these include!!®
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2)

3)

Figure 2.20 Generated chip forms: (A) conical; (B) fan sha{ped; (C) chisel edge;
(D) amorphous; (E) needle; and (F) impacted.1 ¢

Conical Chip. The diameter of this chip must be small enough to allow it to move
loosely through the flute/hole wall cavity.'!” The conical chip begins with a spiral
form when the drill contacts the workpiece and grows as the entire lip becomes
engaged. After several rotations, the chip fractures and all newly developed chips
are fan shaped.

Fan-Shaped Chip. This chip is formed when a conical chip cannot curl sufficiently
to follow the flute and fractures prior to a complete revolution. The fan shape is by
far the predominant chip form and can be considered the ideal chip for most drilling
applications.

Chisel-Edge Chip. Tt forms due to the extrusion of metal from the drill chisel
edge."'® This chip is long and narrow, streaming out of the drill along the interior of
the flute at the web. To eliminate the chisel-edge chip, it may be necessary to

decrease the feed and thereby the amount of metal extruded.
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— &) Amorphous Chip. This chip has a rather wrinkled, uncurled appearance. It does not

have enough consistent curl to take a fan shape and are guided unbroken up the
flutes. Apparently, the amorphous form is the heaviest chip form and the least
desirable.

5) Needle Chip. 1t is caused by severe upcurling.114 As can be shown there is no
substantial difference between the needle and fan-shaped chips except for
the marked change in the radius of the former about the lip axis which results
in the needle shape. This change in radius occurs when the BUE alters the
geometry of the drill cutting surface. In spite of the needle chip is the smallest chip
observed, it may be undesirable, since it is associated with the formation of the
unfavorable BUE.

6) Impacted Chip. This chip is the aggregation of primary smaller chips which have
amalgamated while moving up the flute. It is thus heavier than the primary chip and
takes on the shape of the flute. The impacted chip is undesirable since its formation
results in the clogging of the flute. To avoid this chip, it may be necessary to reduce

the feed, cutting speed or both, or to use a drill with a larger flute cavity.

2.4.5.2 Chip Control

Chip control is an important issue in many machining operations, especially turning
and drilling operations involving ductile work materials such as low-carbon steel and
aluminum alloys. Chip control usually involves two tasks; that of the breaking of chips to

avoid the formation of long continuous chips which can become entangled in the
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“machinery, and that of the removal of chips from the cutting zone to prevent damage to the
machined surface.

Chip-breaking and removal are important in drilling, since the allowable penetration
rate is often limited by chip-breaking characteristics. Chip-breaking can be facilitated by
modifying the flute profile or drill point.'”® Common modifications to split the chip are
shown in Figure 2.21; these include grooves in the flute or flank profiles, stepped cutting
edges, and multi-faceted point geometries with cusps. Chip-breaking in drilling can also be
promoted by adding the free-cutting elements, Sn, Bi, and Pb, to the work material, as will

be explained later in greater detail.

Nl

Chip-breaking grooves Chip-breaking grooves
in flute in fiank
Cusped flute Stepped cutting edge

Figure 2.21 Drill point and flute modifications to improve chip breaking.98

Even if chips are broken, they may cause difficulties if they are not cleared from the
machine tool or machined part. Chip-packing in drilling occurs when the chips become

lodged in the flute, so that further chip evacuation is impossible; it occurs especially when
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a parabolic flute), (ii) by increasing the helix angle, (iii) by decreasing the feed rate, and

(iv) by changing the spindle orientation from vertical to horizontal.

2.4.6 Machinability of Aluminum Alloys

Machinability problems of aluminum alloys with respect to tool wear, chip disposal,
cutting force and moment, and surface finish, depend to a large extent on the chemical
composition of the alloy and the additives involved.

Jorstad'? studied the effects of minor elements and impurities on the machinability
of primary 380 die casting aluminum alloy. It was found that the addition of 0.3% Mg to
the alloy improves its machinability. Magnesium hardens the alloy matrix leading to the
formation of shorter and tighter chips and to a reduction in the coefficient of friction
between tool and workpiece; this in turn decreases the tendency to form a BUE and it also
provides a better surface finish. Although zinc, lead, and tin are often credited with
producing improvements in the machinability of casting alloys, they were observed to be
much less effective than Mg in altering the machining characteristics of the primary 380
alloy. The heavy elements, Mn and Cr, increase the abrasiveness of the alloy, and therefore
detract from tool life.

The effects of metallurgical parameters, namely alloy chemistry, additives, and
hardness, on the drilling and tapping performance of 319 and 356 aluminum alloys were
investigated.m’122 It was concluded that increasing the Mg content of 319 alloy results in a

higher cutting force for the same level of hardness. This can be explained by the fact that a
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high volume fra F-Vig precipitates may be formed withinthe attoy matrixin the
high Mg-content 319 alloy compared to the low Mg-content one. The high Mg-content
319 alloys, however exhibit a lower cutting force compared to 356 alloy having the same
level of hardness. This may be explained by the improvement in the homogeneity of the
alloy matrix hardness in high Mg-content 319 alloys caused by the cooperative
precipitation of Al,Cu and Mg,Si hardening phase particles compared to the precipitation
of only Mg,Si particles in the 356 alloy. It was also observed that as the hardness
increases both the cutting force and moment increase while the BUE on the cutting tool
decreases.

The development of “free-cutting” aluminum alloys is the most common
metallurgical technique used to improve the machinability of aluminum alloys. The term
“free cutting” or “free machining” means that the chips should flow freely from the
specimen being cut, and that they should also be short and breakable to prevent fouling of
the cutting tool or other operating parts of the machine. Free-cutting aluminum alloys are
prepared from standard heat-treatable alloys with the addition of free-cutting elements
which form inhomogeneities in the aluminum matrix. Due to the very limited solubility of
the free-cutting elements in the Al-matrix, they remain as separate entities dispersed in the
matrix. During the machining operation, it is believed that the temperature generated in the
cutting zone is great enough to melt these dispersed entities. This melting gives rise to a
local loss of material strength and ductility which in turn leads to the formation of short,
discontinuous chips. Also, these elements act as a lubricant during machining, thereby

decreasing the friction between chip and tool edge which, again, in turn leads to lower
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cutting forces, less tool wear, a low tendency to form BUE, and a smooth surface finish.

According to Smolej et al.,?? free cutting elements should have the following properties:

1) No solubility in either liquid or solid aluminum
2) Low melting point compared to aluminum
3) Must not form intermetallic compounds with aluminum and other alloying elements

4) Lower hardness values with regard to the aluminum matrix.

The most common free-cutting elements fulfilling the above requirements include Pb, Bi,
Sn, and In. Due to the harmful effect of Pb on the environment and the high price of In,
both Bi and Sn are the most preferable choice as free-cutting elements.

The most significant application of Bi in aluminum alloys is its use as a chip
breaker in free-machining alloys. It was used principally together with Pb in AA2011
alloy;'® after solidification of this alloy, Bi and Pd were to be observed in the form of
eutectic globules at the grain boundaries. These globules melt during machining thereby
producing an internal notch effect and leading to fracture of the chip. Kim and Chung'**
concluded that as the Pb and Bi contents increase, the turning performance of Al-Cu alloys
with regard to cutting forces and bite temperature is remarkably enhanced without any
observable degradation of tensile properties. It was also found that the appropriate addition
levels, beyond which Al-Cu alloys attain their optimum cutting properties, are 0.4% Pd and
0.4% Bi.

As mentioned earlier, the use of Pb as a free-cutting element is being discouraged in

view of its potential for causing environmental problems. Also, the addition of Bi to Mg-
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containing alloys 1s not advantageous since this elément has a strong attinity 1or Mg which
increases the tendency towards the formation of Mgs;Bi, and thus hinders the hardening
effect of Mg. The design strategy aimed at the replacement of Pb and Bi with Sn in the
free-cutting aluminum alloys was, therefore, introduced. Smolej et al*'%% substituted Pb
and Pb + Bi with Sn in the standard AICuMgPb (AA2030) and AICuSPbBi (AA2011)
alloys. They found that Sn formed free-machining inclusions which were finely distributed
on the grain boundaries together with the intermetallic compounds of other alloying
elements. They also suggested that the machinability of Sn-containing alloys in terms of the
size and shape of the chips was favorable at a Sn content of higher than 1 wt %. Sircar et
al.'*® developed the AA6262 alloy by replacing the Pb-Bi eutectic with the In-Sn eutectic.
It was found that, provided the In and Sn are added in the correct eutectic proportions, the
addition of this eutectic improves chip-formation characteristics without significantly
affecting other desirable properties. On the other hand, the replacement of the Pb-Bi
eutectic with Bi-Sn eutectic in AA6262 did not bring about any improvement in the
machinability of the alloy.

Faltus ef al.'*” demonstrated that the Pb-containing machinable AlCu;PbMg(Mn)
alloy can be successfully replaced with alternative Pb-free AlCuMgSnBi alloys. The
distribution of Pb particles in the AlICu4PbMg(Mn) alloy was found to be rather irregular in
comparison with the regular distribution of soft Sn phases in the experimental
AlCu4MgSnBi alloy. This difference in phase distribution explains the relatively low chip
quality in the reference Pb-containing alloy with a tendency to form continuous chips.

Royset et al.'®® reported that an addition of 0.28% Sn is insufficient to improve the chip
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produces excellent chip formation. Furthermore, the chip formation is observed to improve

considerably when the hardness of the alloy is increased.
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CHAPTER 3

EXPERIMENTAL PROCEDURES

3.1 INTRODUCTION

This chapter will endeavor to shed light on the experimental procedures carried out
for the purposes of the present study. Eleven alloys were prepared and classified into three
groups according to the additives used. All of the alloys were mechanically tested in order
to acquire an understanding of the effects of these additives on the mechanical properties.
For machinability testing, only four alloys were selected from amongst the eleven alloys
based on the selection considerations to be outlined in Chapter 6. The relevant experimental
procedures, namely (i) preparation of the different alloy composition melts; (ii) pouring of
the castings from these melts; (iii) heat treatment of the cast samples; (iv) investigation of
the microstructure; (v) tensile testing; (vi) hardness testing; (vii) impact testing; and (viii)

machinability testing, will all be discussed in the following subsections.

3.2 ALLOYS AND MATERIALS

The nominal level of the alloying elements added to the base alloy and the

codes of the resulting alloys as well as their classification are shown in Table 3.1.
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Group 1 Group II Group III
1:(1)1((1):' Composition 1:(1)1:;3 Composition ﬁ(l)lgz Composition
A Base alloy A3 | A+Sr+0.15%Ti Ad A +0.15%Ti + 0.20%Zr
Al |A+Sr A31 | A3 +0.20%Fe Adl | A4+0.15%Sn
A2 | A+0.15%Ti A32 | A3+0.20%Fe+0.2%Mn | A42 | A4+ 0.50%Bi
A3 | A+Sr+0.15%Ti A33 | A3 +0.50%Ag A43 | A4+0.15%Sn+0.5%Bi
Ad | A+0.15%Ti+0.20%Zr

Note: Sr level = 100-150 ppm

It will be observed that the alloys were classified into three groups according to the alloying

additions involved, namely, Groups I, II, and III.

- Group I was used to examine the effects of melt treatment through the addition of
Sr, Ti, Sr + Ti, and Ti + Zr to the base A alloy (Al, A2, A3, and A4 alloys,
respectively).

- Group II was used to examine the effects of iron intermetallics and hardening
alloying elements by adding Fe, Fe + Mn, and Ag to the A3 alloy (A31, A32, and
A33 alloys, respectively).

- Group III was used to examine the effects of free-cutting elements through the
addition of Sn, Bi, and Sn + Bi to the A4 alloy (A41, A42, and A43 alloys,

respectively).

Melts of the eleven alloys listed in Table 3.1 were prepared so as to obtain castings
for mechanical test samples. Melts of alloys A, A4, A41, and A42 were subsequently
prepared once again to obtain castings for machinability test blocks. The actual chemical

composition for each of the alloys for the mechanical test samples and for the machinability
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test-blocks wasobtained-by meansof chemicat-anatysis-and-ts-provided-in—tables 3:2-and

3.3, respectively.

Table 3.2 Actual chemical compositions for the alloys of the mechanical test samples

Alloy Chemical Composition (% wt)

code | Cu | Si | Mg | Fe | Mn | Sr Ti | Zr | Ag | Sn | Bi | Al
A [209]132]042 058|059 |0.000]| 007 | 000 | 0.00 | 0.00 | 0.00 | bal
Al [ 213 ] 1.28 [ 042 [ 0.58 | 0.60 | 0.013 | 0.08 | 0.00 | 0.00 | 0.00 | 0.00 | bal
A2 | 218 | 123 ] 040 | 0.61 | 0.61 | 0.000 | 0.15 | 0.00 | 0.00 | 0.00 | 0.00 | bal
A3 [ 211 ] 123040 052 ] 060 0011 ] 016 | 000 [ 0.00 | 0.00 | 0.00 | bal
A4 | 224 ] 128 | 041 ] 061 ] 0.58 | 0.000 | 0.15 | 0.20 | 0.00 | 0.00 | 0.00 | bal
A31] 217 | 122 | 040 | 0.84 | 0.59 | 0.014 | 0.16 | 0.00 | 0.00 | 0.00 | 0.00 | bal.
A32]209 | .17 | 039 | 0.82 | 0.79 | 0.010 | 0.18 | 0.00 | 0.00 | 0.00 | 0.00 | bal
A33] 209 | 1.21 | 039 | 057 | 0.60 | 0.010 | 0.16 | 0.00 | 0.50 | 0.00 | 0.00 | bal.
Ad1] 231 | 133 | 043 | 0.63 | 0.59 | 0.000 | 0.16 | 0.20 | 0.00 | 0.22 | 0.00 | bal.
A42] 231 | 1.26 | 045 | 052 | 0.61 | 0.000 | 0.18 | 0.20 | 0.00 | 0.00 | 0.51 | bal
A43] 224 | 124 | 047 | 045 | 0.61 | 0.000 | 0.17 | 0.20 | 0.00 | 0.24 | 0.55 | bal

Table 3.3 Actual chemical compositions for the alloys of the machinability test blocks

Alloy Chemical Composition (% wt)

code | Cu | Si | Mg | Fe | Mn | Sr Ti | Zr | Ag | Sn | Bi | Al
A 249 | 1.22 | 036 | 0.38 | 0.62 | 0.000 | 0.05 | 0.00 | 0.00 | 0.00 | 0.00 | bal.
A4 | 241 | 1.10 | 033 | 037 | 0.59 | 0.000 | 0.17 | 0.19 | 0.00 | 0.00 | 0.00 | bal
Ad41]| 243 | 1.10 | 034 | 036 | 0.59 | 0.000 | 0.18 | 0.19 | 0.00 | 0.21 | 0.00 | bal.
A42 ] 242 | 1.10 | 036 | 0.37 | 0.60 | 0.000 | 0.19 | 0.18 | 0.00 | 0.00 | 0.52 | bal.

A206 | 544 | 0.10 | 0.25 | 0.10 | 0.39 | 0.000 | 0.18 | 0.00 | 0.00 | 0.00 | 0.00 | bal.

The actual chemical composition of the A206 alloy, which was selected here for a
comparative study of the machinability of this particulaf alloy and that of 220 alloy, is also
provided in Table 3.3. Each alloy composition listed in Tables 3.2 and 3.3 is the average of
three different chemical analysis samples taken from the alloy melt. The chemical analysis
was carried out at the GM facilities in Milford, NH using a Spectrolab Jr CCD Spark
Analyzer. The actual chemical composition of each alloy was checked to make sure that it

matched the corresponding nominal one.
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3.3 MELTING AND CASTING PROCEDURES

The base alloy A used in this study was supplied in the form of 12.5-Kg ingots
which were cut, dried, and then melted in a SiC crucible of 150-Kg capacity, using an

electrical resistance furnace shown in Figure 3.1. The melting temperature was maintained

mjhenitnr

[

& ]
—
-
&

Figure 3.1 Electrical resistance melting furnace.

at 750 = 5°C. The melt was grain-refined and modified using Al-5%Ti-1%B and Al-10%Sr
master alloys, respectively. Iron, manganese, silver, zirconium, and bismuth were added in
the form of Al-25%Fe, Al-25%Mn, Al-50%Ag, Al-15%Zr, and Al-50%Bi master alloys,
respectively, whereas Sn was introduced as a pure metal. Degassing was carried out using
pure dry argon for 15 min, injected into the melt by means of a graphite impeller rotating at
150 rpm. The surface oxides/inclusions were skimmed thoroughly prior to pouring. The

melt was poured at ~ 735°C into the following molds, which had been preheated to 450°C:
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(i) an ASTM B-108 permanent mold-to-obtain castings for tensite-test-bars;-as-shownin
Figure 3.2, (ii) an L-shaped rectangular graphite-coated metallic mold to obtain castings for
hardness test blocks, as shown in Figure 3.3, and (iii) a starlike mild-steel mold to obtain
castings for impact test bars, as shown in Figure 3.4. Each casting obtained by each one of
these molds provides two ASTM tensile test bars, three rectangular (35 x 30 x 80 mm)
hardness test blocks, and ten square (10 x 10 x 55 mm) impact test bars, respectively, as
shown in Figure 3.5. The tensile test bars were subsequently cut from their castings with
dimensions corresponding to the ASTM dimensions shown in Figure 3.6. Both the hardness

test blocks and the impact test bars were subsequently cut from their castings and

Figure 3.3 (a) L-shaped metallic mold; and (b) corresponding hardness test block casting.
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Figure 3.5 (a) 2 ASTM tensile test bars; (b) 3 rectangular (35 x 30 x 80 mm) hardness test
blocks; and (¢) 10 square (10 x 10 x 55 mm) impact test bars.

All cimensions are in mm

Figure 3.6 The dimensions of the tensile test bar used according to ASTM specifications.

further machined to the final testing dimensions of 35 x 30 x 80 mm and 10 x 10 x 55 mm,
respectively. For each alloy composition listed in Table 3.2, one hundred tensile test bars,

twenty hardness test blocks, and one hundred impact test bars were prepared from their
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respective castings:Sa
were also taken simultaneously for each alloy melt composition during the casting of the
mechanical test samples.

The machinability test blocks were later cast for the 220 based alloys assigned
for machinability tests, namely A, A4, A4l, and A42 alloys, as well as the A206 alloy.
The melting procedures and the addition of alloying elements were carried out as
explained above for the casting of mechanical test samples. A waffle-plate graphite-coated
metallic mold was used to obtain the machinability test block castings, as shown
in Figure 3.7. One test block was subsequently cut from each casting and then machined
to the final testing form shown in Figure 3.8(a). A descriptive drawing for the
machinability test block is provided in Figure 3.8(b). For each alloy composition listed in
Table 3.3, eighteen test blocks were prepared. Samplings for spectrochemical analysis were
also taken simultaneously for each alloy melt composition during the casting of these

blocks.

Figure 3.7 (a) Waffle-plate mold; and (b) corresponding machinability test block casting.
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Figure 3.8 (a) Machinability test block; and (b) dimensions of machinability test block.

3.4 HEAT TREATMENT

The mechanical test samples obtained for each alloy composition were divided into

twenty sets. Each set contains five tensile test bars, one hardness test block, and ten impact

test bars. The twenty sets were assigned to the following alloy conditions:

as-cast condition;

as-solutionized condition (solution heat treatment at 495°C for 8 h followed by
quenching in warm water at 65°C);

nine T6 heat-treated conditions corresponding to nine aging times;

nine T7 heat-treated conditions corresponding to nine aging times.

In both T6 and T7 tempers, the samples were solution heat-treated at 495°C for 8 h,

quenched in warm water at 65°C, and then artificially aged. The artificial aging was carried

out at 180°C and 220°C for T6 and T7 tempers, respectively, for aging times of 2, 4, 6, 8,

12, 16, 20, 24, and 48 h.
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test, i.e. A, A4, A4l, and A42 alloys, were all T6 tempered at 180°C for 4 h. This temper

condition was most specifically selected from amongst the abovementioned heat treatment
conditions, since it is able to deliver hardness values to within 100+10 HB for these alloys,
as was observed from the hardness test results. This hardness range is to be desired since it
conforms to most of the required hardness levels observed in the commercial application of
aluminum alloys. The T71 temper was carried out in accordance with AMS (Aerospace
Material Specifications) 4235A'% for the A206 alloy machinability test blocks as a
common heat treatment used for A206 alloy applications. Solid solution treatment was
carried out at 515°C for 2 h then raised to 525°C for 8 h. The blocks were then quenched in
warm water, followed by artificial aging at 185°C for 5 h. All heat treatments were
conducted in a forced-air Blue M Electric furnace equipped with a programmable

temperature controller (+ 2°C), as shown in Figure 3.9.

3.5 METALLOGRAPHY-MICROSTRUCTURAL EXAMINATION

For metallographic observations, 25 x 25 mm samples were cut from the castings
prepared for this purpose, and mounted in bakelite using a Struers Labopress-3 Mounting
Press. The samples were then ground and polished to the desired fine finish by means of a
Struers Tegrapol-35 Grinder-Polisher. The grinding was carried out using successively
#120, # 240, # 320, # 400, # 600, # 800 grit SiC papers. The polishing was carried
out by applying polycrystalline diamond powder suspended in water with particles

of 6 pm and 3 um for rough and fine polishing, respectively. Struers oil is used in both
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Figure 3.9 (2) Blue M Electric furnace; (b) furnace loaded with tensile test bars; and (c) furnace
loaded with machinability test blocks.

polishing stages as a cooling and lubricating medium. Finally, to produce a mirror-like
surface of the samples, the ultimate polishing stage was completed using 1 um colloidal
silica suspension with water as a coolant and lubricant. After polishing, the mounted
samples were washed with a mix of soap and alcohol, and then dried using compressed air.
The microstructures were examined by means of a Leica DM LM optical
microscope. The grain-size measurements were carried out using a Clemex image analyzer
in conjunction with the optical microscope. The grain size was obtained from the average
of 200 measurements taken over 20 fields (10 measurements per field) at 100x
magnification for each alloy sample. Phase identification was carried out using an Electron

Probe Micro-Analyzer (EPMA) in conjunction with energy dispersive X-ray analysis
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(EDX) —and —wavelength—dispersive—spectroscopic—anatysis—(WDS)—where—required;
integrating a combined JEOL JXA-89001 WD/ED microanalyzer operating at 20 kV and

30 nA, where the size of the spot examined was ~ 2 um. Figure 3.10 shows an illustration

of the JEOL WD/ED combined microanalyzer setup as used for this purpose.

Figure 3.10 Electron probe microanalyzer used in the present work.

3.6 MECHANICAL TESTS

The mechanical tests carried out for the purposes of this study include tensile,
hardness, and impact tests. The description of the samples prepared for these tests has been

provided in subsection 3.1.2.

3.6.1 Tensile Test

The tensile test bars were pulled to fracture at room temperature at a strain rate of
4 x 10* s, using a Servohydraulic MTS Mechanical Testing machine, shown in

Figure 3.11. A strain gauge extensometer (with a 50.8 mm range) was attached to the test
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Strain gauge extensometer
attached to tensile bar being
tested.

Figure 3.11 Servohydraulic MTS mechanical testing machine with data-acquisition system.

bar to measure percentage elongation as the load was applied. The data were analyzed
using the TestWorks 4 software designed for tensile testing. The tensile properties, namely
yield stress (YS) at a 0.2% offset strain, ultimate tensile strength (UTS), and fracture
elongation (%El), were derived from the data-acquisition and data-treatment systems of the
software. The tensile properties of each alloy condition were represented by the average
%El, YS, and UTS values which were calculated over the values obtained from the five

tensile test bars assigned to that condition.

3.6.2 Hardness Test

The hardness measurements were carried out on both the hardness test blocks and
the machinability test blocks using a Brinell hardness tester, as shown in Figure 3.12. For

all hardness measurements, the Brinell hardness tester used a steel ball indenter of 10 mm



78

©)
Figure 3.12 (a) Brinell hardness tester; (b) hardness measurement for hardness test blocks; and
(c) hardness measurement for machinability test block.

diameter. The indenter was pressed into the test block by an accurately controlled test force
of 500 Kg for a dwell time of 30 s causing a round indentation in the test block, as shown in
Figure 3.13. The diameter, d, of the indentation, which is inversely proportional to the
block hardness, is the average of two diagonal diameters, d; and d», measured optically at
right angles after removal of the applied test force, using a portable scaled microscope. The
Brinell hardness number (BHN) corresponding to the resulting indentation was calculated

by dividing the applied test force by the surface area of the indentation as follows:'*°

BHN = 2F/[zD(D-(D? - &)'?)] (3.1)

where F is the applied force (kgf), D is the diameter of the ball indenter, and 4 is the

diameter of the indentation left in the test block.
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Figure 3.13 Brinell hardness test method.

The Brinell hardness value of each alloy condition is the average of eight
determinations obtained from two perpendicular faces of the hardness test block (i.e. four
indentations per face) corresponding to that condition. Hardness measurements were also
carried out subsequently on the heat-treated machinability test blocks to make sure that the
blocks acquired the desired hardness levels of 100=10 HB. Four blocks were randomly
selected from among the eighteen machinability test blocks prepared for each alloy in order
to carry out the hardness measurements. The Brinell hardness value of each block is the
average of thirty determinations obtained from both faces of the five ribs (i.e. three
indentations per rib face) of such a block. The average hardness of the four blocks was then
calculated and taken to represent the hardness value of the eighteen machinability test

blocks from which the four blocks were randomly selected.
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3.6.3 Impact Test

A computer-aided instrumented SATEC SI-1 Universal Impact Testing Machine
(SATEC System Inc., Model SI-1D3), shown in Figure 3.14, was used to carry out the
impact test. The striking pendulum of the machine is latched in the high latch mode without
additional weights to provide an operating capacity of 81.35 J. The pendulum then strikes
the impact test bar in the direction shown in Figure 3.15. A Dynatup Impulse Data

Acquisition and Analysis System had earlier been connected to the impact machine to

Figure 3.14 Computer-aided instrumented impact testing.

% A
e
direction
- 55 > | 10—

All dimensions are in mm

Figure 3.15 Striking direction taken by the pendulum.
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determine the total absorbed energy during thetest; the crack initiationand propagation
energies, total time, and maximum load required to break the specimens. Furthermore, the
load-time and energy-time curves were also obtained at the same time. The average values
of the energies obtained from the five bars tested for each alloy condition were taken as the

representative values for that particular condition.

3.7 MACHINABILITY TESTS

Drilling and tapping experiments were carried out on a HURON high speed 5-axis
CNC vertical machining centre, as shown in Figure 3.16. The drilling of each test block
was accomplished in such a way that 36 blind holes of 6.5 mm diameter arranged in two
columns were drilled in each rib, giving a total of 180 holes per test block. Tapping was
done simultaneously for the drilled holes of the full test block. A machinability test block,
after drilling and tapping of 180 holes, is illustrated in Figure 3.17(a) while the dimensions

of the resulting holes are provided in Figure 3.17(b).

Figure 3.16 (2) HURON high speed machining center; (b) drilling of machinability test block
(180 holes/block).
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Figure 3.17 (a) Machinability test block after drilling and tapping; (b) dimensions of the

resulting holes.

Each alloy condition was tested with a new drill and new tap(s). A drill life of 2520
holes, i.e. 14 test blocks, was targeted for each alloy condition. If the drill broke during the
drilling of the blocks of a particular alloy condition, two options could be followed: (i) if
the drill broke because of the presence of a defect or a large inclusion, the test would be
resumed for the remaining blocks of the same alloy condition using a new drill; otherwise
(ii) drilling would be stopped and tapping would be continued up to the position where the
drill had broken and then the test would be changed for that of the blocks of another alloy
condition. If the tap broke during the tapping of the blocks of a particular alloy condition, it
would be replaced by a new one as long as the drill used for such an alloy condition did not
break.

All the alloy conditions were tested under the same drilling and tapping parameters
listed in Table 3.4. Straight flute and coolant-fed carbide “G” type drills of 6.5 mm

diameter and a minimum of 30 mm length were used to carry out the drilling process.



Titanium-nitride coated HSS cutting taps, M8x1.25-6H; with three spiral flutes-wereused——
for subsequent tapping processes. The dimensions of these cutting tools are provided in

Figure 3.18 together with Table 3.5.

Table 3.4 Cutting parameters applied for machinability testing

Parameter Drilling Tapping
Speed (rpm) 11000 400
Hole diameter (mm) 6.5 M8 x 1.25
Hole depth (mm) <4.5xD (=28) <3xD (*21)
Feed rate (mm/s) 19.50 9.33
Synthetic metalworking fluid concentrate
Ooclet CIMTECH® 310
2 ¥ A _
e = < i ]
g —_-_——
L3 EL L2 b
L1 | i
@ ®)

Figure 3.18 (2) Straight flute and coolant-fed carbide “G” type drill; (b) TiN-coated HSS cutting tap.

Table 3.5 Cutting tool dimensions in mm

Tool | a1 | a2 | L1 | 12 | L3 | sw | Point | Helix
angle | angle

Drill 6.5 8 90 53 36 - 120° 0°
Tap 7.9 8 90 - - 6.2 - 40°

A Go/No-Go gauge test was executed after the drilling and after the tapping of each
test block (180 holes) to verify the dimensional accuracy of both drilled and tapped holes.
The reference diameters of Go/No-Go gauge test are 6.5024 and 6.5278 mm, respectively,

for drilled holes while they are 7.02056 and 7.15518 mm, respectively, for tapped holes.
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— The drilling chips wete coll
test block. This examination was not made for tapping since there were no chips produced
during the tapping test. After the drilling and tapping of each test block, the built-up edge
(BUE) width of the drill was measured and the failure of the first and second teeth of the
tap was checked using a TM-505 type Toolmaker’s Microscope with a 30x magnification.
All of these examinations were conducted periodically throughout the drilling and tapping
tests for each alloy composition to monitor the condition of the cutting tools used, and to
evaluate the cutting performance of the alloys tested.

A Kistler 6-component piezoelectric quartz crystal dynamometer of the type 9255B
shown in Figure 3.19(a) was used for measuring the cutting force and moment during
drilling and tapping tests. In such measuring systems, the force acting on the quartz crystal
element is converted to a proportional electric charge. Thus, the four sensors of the
dynamometer provide eight electric charges corresponding to the values of eight
components of the cutting force measured in X, y, and z directions, namely Fx,,, Fx, ,,
Fy,.4 FYyi3, F2y, Fz,, Fz;, and Fz,, as shown in Figure 3.19(b). The sampling rate of these
charges or force components is 1000 Hz which implies that each force component is
measured at each 0.001 s of the drilling or tapping time of the test block. The charges were
then fed directly into the eight charge amplifiers, shown in Figure 3.19(c), through the
eight-core connecting cables, type 1677A5/1679AS5. The charge amplifiers convert these
charges into standardized voltage signals which are subsequently converted into force
signals through an analog-to-digital (A/D) converter. It should be kept in mind that the

eight force signals obtained for a particular test block (180 holes) give the values of the
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abovementioned eight drilling/tapping force components over the dritting/tapping timeof ————
such a block. These force signals were independently monitored and recorded for each test

block into the Lab View program, as shown in Figure 3.20, where Cut Pro 8.0 software was

used for cutting force measurements.

(@ ©
Figure 3.19 (a) Kistler 6-component dynamometer; (b) 8 charge amplifier channels; and
(c) 8 charge amplifiers.

Figure 3.20 Monitoring and recording of drilling/tapping force signals.
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CHAPTER 4

MICROSTRUCTURAL CHARACTERIZATION

4.1 INTRODUCTION

A metallographic study was carried out with the intention of identifying the phases
contained in the microstructure of the base 220 alloy under investigation. In addition, the
study also examined the specific microstructural changes associated with such melt
treatment procedures as modification and grain refining, as well as the addition of alloying
elements, and solution heat-treatment. The results obtained will be discussed in the

following subsections.

4.2 MICROCONSTITUENTS OF THE BASE ALLOY

The optical micrograph and backscattered image obtained from the as-cast base A
alloy and shown in Figures 4.1(a) and 4.1(b), respectively, reveal that 6-Al,Cu,
0-AlsMgsSigCuy;, and Chinese script-like a-Aljs(Fe,Mn);Si, phases are the main
constituents of the alloy microstructure. The Al,Cu phase precipitates in both block-like
and eutectic-like forms whereas the AlsMggSisCu, phase appears as small particles growing
out of the Al,Cu phase. The absence of free Si in the microstructure implies that the Si
content of the alloy was consumed in the formation of the (O-AlsMgsSicCu; and

a-Al;s(Fe,Mn);Si, phases.
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Figure 4.1 (a) Optical micrograph; and (b) backscattered image obtained from the as-cast
base A alloy.
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of the alloy which promotes the formation of the a-Fe phase at the expense of the f-Fe

phase. The chemical compositions of the phases observed in the as-cast base A alloy, as

identified by using wavelength dispersive spectroscopy (WDS), are listed in Table 4.1

together with the shape characteristics and suggested formulae for these phases.

Table 4.1 Chemical composition of the phases observed in the as-cast base A alloy

Phase | Element | Wi | avo | "Gl | erities | foramata.
Al-Cu Al 48.17 | 68.48 Al 15Cu Block-like / ALCu
Cu 52.03 | 31.47 eutectic-like,
Total 100.2 | 99.95 white
Al-Mg-Si-Cu Al 15.83 | 16.78 | Al313MgsSis7Cu174 | Small particles, | AlsMgsSicCu,
Mg 36.42 | 42.84 grey
Si 29.96 | 30.51
Cu 20.74 | 9.33
Total 102.9 | 99.46
a-Fe Al 63.48 | 74.08 | Ali39(Fe,Mn);Siyg; | Chinese-script, | Alis(Fe,Mn);Si,
Fe 1492 | 8.48 grey
Mn 13.22 | 7.51
Si 8.67 | 9.72
Total 100.3 | 99.79

Thermal analysis techniques were also applied in order to monitor the reactions

which take place during the solidification of the base A alloy producing the

abovementioned alloy phases. A sample taken from the alloy melt was poured into a

preheated (600°C) graphite crucible of diameter 50 mm and height 100 mm. The

temperature was measured by means of a sheathed thermocouple inserted through the

bottom of the crucible along its centre-line before pouring. A PC-based data acquisition
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system connected to-the-thermocoupte-was-then-used-to-analyze-the-data--The-temperature———

of the metal was recorded as a function of time from the fully liquid state, through the
solidification range, to the solid state. From the temperature-time curve obtained, the first
derivative was determined and the resulting peaks corresponding to the main reactions were
identified, as shown in Figure 4.2. These reactions, together with the temperatures at which

they occurred, are summarized and presented in Table 4.2.
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Figure 4.2 Temperature-time cooling curve and its first derivative obtained from the 220 (A) base alloy.

Table 4.2 Main reactions observed from the thermal analysis diagram shown in Figure 4.2

Nz::tl:er Temgeé';a e Reaction
1 639 Formation of a-Al
2 615 Precipitation of a-Al,s(Fe,Mn);Si,
3 497 Precipitation of 6-Al,Cu and O-AlsMgsSisCu,
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4.3 EFFECTSO

Owing to the absence of free Si in the base A alloy, it might be expected that there
would be no significant change in the alloy microstructure resulting from Sr addition as a
chemical modifier for eutectic silicon. However, upon comparing the micrographs obtained
from the unmodified A alloy and the Sr-modified Al alloy, shown in Figures 4.3(a) and
4.3(b), respectively, it would be appear that the addition of Sr refines the morphology of the
a-Fe Chinese-script phase to a certain extent in the Al alloy, resulting in the even
distribution of the particles of this phase within the aluminum matrix. The effects of Sr
modification on the formation of iron intermetallics have recently been investigated.'
Samuel er al.! demonstrated that the beneficial effects of Sr modification are manifested
through the fragmentation and dissolution of the platelet-like 5-Fe phase. Shabestari et al.>
reported that the addition of 600 ppm Sr to the Al-12%Si alloys leads to a considerable
reduction, of ~ 46%, in the particle size of the a-Fe Chinese-script phase.

The combined addition of Ti and Zr to the base A alloy, i.e. producing the A4 alloy,
results in the formation of Al3(Zr,T1) phase particles as may be seen in the backscattered
image shown in Figure 4.4. It will be observed that these particles tend to assume a star-like
morphology and are present within some of the a-aluminum grains as if they were
crystallization nuclei. The Al3(Zr,Ti) phase particles are clearly depicted in the higher
magnification backscattered image shown in Figure 4.5, whereas the distribution of Zr and
Ti in these particles is provided in the corresponding X-ray images shown in Figures 4.6(a)
and (b), respectively. In addition, the composition of the Al3(Zr,Ti) phase, as confirmed by

WDS analysis, is also listed in Table 4.3.



(2) the unmodified base A alloy; and (b) the Sr-

ined from

0

mi
modified Al alloy in as-cast condition.

Figure 4.3 Optical



Figure 4.4 Backscattered image showing the precipitation of Aly(ZrTi) phase
particles in A4 alloy in the as-cast condition.

Figure 4.5 Higher magnification backscattered image showing the Al;(ZrTi)
phase particles.
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Figure 4.6 X-ray images of (2) Zr; and (b) Ti, corresponding to the backscattered image shown in
Figure 4.5.

Table 4.3 Chemical composition of the Al-Zr-Ti phase observed in the as-cast A4 alloy

Phase Element | Wt% | At% C;:)l :;llal;:d Shape characteristics S;:) grgmeitlzd
Al-Zr-Ti Al 49.87 | 74.10 | Al(ZrTi) Star-like, Al3(ZrTi)
Zr 41.32 | 18.15 Light grey
Ti 7.18 | 6.32
Total | 98.37 | 98.57

In order to appreciate the importance of Al3(Zr,Ti) phase particles with regard to the

nucleation of the a-aluminum grains, grain size measurements were carried out for both the

non-grain-refined base A alloy and the grain-refined A4 alloy containing additions of Ti

and Zr. It was found that the combined addition of Ti and Zr causes a decrease in the grain

size from 500um in the base A alloy to 160um in the A4 alloy. This difference in grain size

is clearly evident upon comparing the micrographs of both the alloys, as shown in Figures

4.7(a) and (b), respectively.
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Figure 4.7 Micrographs obtained from: (a) non-grain-refined base A alloy; and (b) grain-refined A4

alloy containing Ti and Zr.
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The addition of 0.2% Fe to the A3 alloy, thereby producing the A31 alloy, was
found to increase the precipitation of the a-Fe Chinese script phase particles, as illustrated
by the optical micrograph shown in Figure 4.8. This finding was supported by further
evidence from volume fraction measurements, as will be discussed in Section 4.6. The
platelet-like S-Fe phase, however, did not form since the Mn/Fe ratio of the allqy was still
high enough (~0.7) to promote the formation of the a-Fe phase rather than that of the f-Fe
phase.

The further addition of 0.2% Mn to the A31 alloy, producing the A32 alloy, did not
lead to the precipitation of undesirable sludge particles, which may form at higher Mn
levels, as may be noted by their absence in the micrograph shown in Figure 4.9. The WDS
analysis relating to both the A31 and A32 alloys did not detect any additional phases,
namely platelet-like S-Fe and the star-like sludge phases, other than those found in the base
A alloy; this in turn sustains the fact that increasing either the Fe level or the Fe and Mn
level in these alloys, respectively, leads only to intensifying the precipitation of a-Fe

Chinese-script phase particles.

4.5 EFFECTS OF THE ADDITION OF TIN AND BISMUTH

Figure 4.10 is a high magnification backscattered image obtained from the as-cast
Sn-containing A41 alloy where the precipitation of Sn in the form of 5-Sn particles may be

observed as the white phase, based on its high atomic number. These particles appear as
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4.8 Micrograph obtained from the A31 alloy (A3 alloy + 0.2% Fe) in the as-cast condition.

Figure 4.9 Micrograph obtained from the A32 alloy (A3 alloy + 0.2%Fe + 0.2%Mn) in the as-cast condition.



98

. —small non-uniformly-distributed-clusters-usually-solidified-within-the-Al,Cu-phase-network-
The atomic composition of the S-Sn phase, as indicated by WDS analysis, is 97.93 £ 0.16%

Sn and 2.10 = 0.29% Cu.

Figure 4.10 Backscattered image obtained from the A41 alloy (A4 alloy + 0.15%Sn)
in the as-cast condition.

Considering that the melting point of Sn is ~231°C, the S-Sn particles would be
subjected to melting during the solution heat treatment carried out at 495°C. Figure 4.11 is
a higher magnification backscattered image obtained from the A41 alloy solutionized at
495°C for 8 h, followed by quenching in hot water at ~65°C and aging at 180°C for 2 h; it
shows a resolidified B-Sn particle which had undergone incipient melting during the
solution heat treatment.

Tiny Mg>Sn phase particles were also found in the Sn-containing A41 alloy, as will

be observed from the high magnification backscattered image shown in Figure 4.12.
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Figure 4.11 Resolidified S-Sn particle which had undergone incipient melting
during the solution heat treatment of A41 alloy.

Figure 4.12 Precipitation of MgSn phase in the Sn-containing A41 alloy.

The chemical composition of the Mg,Sn phase found in the A41 alloy, as identified by
WDS analysis, is provided in Table 4.4. The formation of the higher melting point Mg>Sn
phase consumes the amount of Mg present, thereby hindering the precipitation of such

Mg-hardening phases as f-Mg>Si and O-AlsMgsSisCu,. Grebenkin et al.¥® found that Sn
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— ——and-Pb—are-the-electronic-analogs—of silicon—and-have-been-observed-to-replace—it-in——

magnesium compounds, this in turn impedes the formation of the Mg-hardening phases in

Al-Cu-Si-Mg alloys.

Table 4.4 Chemical composition of the Mg-Sn phase observed in the as-cast A41 alloy

Phase Element | Wt% | At% Cg:;l:;;d Shape characteristics S;,grgmoitlzd
Mag-Sn Mg | 30.05 | 68.01| MgiSn Tiny particles, Mg,Sn
sn | 68.64 | 31.81 grey
Total 98.69 | 99.82

Figure 4.13 is a high magnification backscattered image obtained from the as-cast
Bi-containing A42 alloy. It will be observed that Bi precipitates in the form of undissolved
independently-distributed particles within the alloy microstructure. There is no evidence for
the formation of any intermetallic compound between Bi and Al or any other alloying

elements. The higher magnification backscattered image shown in Figure 4.14 illustrates

Figure 4.13 Backscattered image showing the precipitation of Bi particles
in the A42 alloy.
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the morphology of both Bi-and Sn-particles precipitated in the A43attoy. Also; there isno -
intermetallic compound to be found in this alloy occurring between Sn and Bi, both of them
having been precipitated independently. The X-ray images of the Sn and Bi particles shown

in Figure 4.14 are displayed in Figures 4.15(a) and 4.15(b), respectively.

Figure 4.14 Backscattered image showing the precipitation of Sn and Bi
particles in the A43 alloy.

Figure 4.15 X-ray images of (a) Sn; and (b) Bi, corresponding to the backscattered
image shown in Figure 4.14.
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4.6 EFFECTS OF SOLUTION HEAT TREATMENT

Figure 4.16 shows the backscattered image obtained from the solutionized base A
alloy. The rarity of the Cu-rich intermetallic phases in the microstructure shown implies
that the solution heat treatment dissolved these phases almost completely into the solid
solution. On the other hand, the a-Fe Chinese-script phase particles, clearly seen in the

microstructure, were not habitually affected by the solution treatment.

Figure 4.16 Backscattered image obtained from the solutionized base A alloy.

Figure 4.17 shows the effects of solution heat treatment on the volume fraction of
the iron and copper intermetallics contained in the alloys studied. It will be seen that

solution heat treatment reduces the volume fraction of these intermetallics by
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Figure 4.17 Effects of solution heat treatment on the volume fraction (%) of copper and
iron intermetallic phases.

approximately 35%, corresponding to the dissolution of the Cu-rich intermetallic phases.
Thus, the volume fractions of the a-Fe Chinese-script phase, which remained unaffected by
the solution heat treatment, would correspond to the values plotted in the solution heat-
treated condition. It will be observed that all the alloys, except for the A31 and A32 alloys,
have almost the same volume fraction value with regard to this phase. As will be seen, both
the A31 and A32 alloys exhibit an increase in the volume fraction of a-Fe Chinese-script
phase by approximately 27% and 30%, respectively, compared to the other alloys because
of the higher Fe content in the former and the higher Fe and Mn content in the latter. This
increase in the volume fraction of a-Fe Chinese-script phase is clearly seen from a

comparison of the backscattered image obtained from the solutionized A32 alloy (having
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the-higherFe-and-Mn—content)-shown-in—Figare—4-18—with-the-one—obtained from-the—

solutionized base A alloy, shown in Figure 4.16.

Figure 4.18 Backscattered image obtained from the solutionized A32 alloy.
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CHAPTER 5

INVESTIGATION OF THE MECHANICAL PROPERTIES

5.1 INTRODUCTION

This chapter will focus on the mechanical properties, specifically tensile, hardness,
and impact properties, of the alloys prepared for this study with the intention of identifying
the effects of the additives and heat treatment regimes on the mechanical properties of the
base alloy in question, namely the 220 alloy. Moreover, the quality index technique will be
applied here as a trial to correlate the tensile properties YS, UTS, and %El, and to evaluate

the quality of the alloys corresponding to the additives introduced.

5.2 EFFECTS OF ADDITIVES ON THE TENSILE PROPERTIES AND
HARDNESS

The following subsections will discuss the effects of additives on the tensile

properties and hardness of the base 220 alloy in both as-cast and heat-treated conditions.

The results will be elaborated upon for the three alloying groups which, as described in

Chapter 3, were separated in order to examine: (i) the effects of melt treatment: Alloying

Group I; (ii) the effects of iron intermetallics and hardening alloying elements: Alloying

Group II; and (iii) the effects of free-cutting elements: Alloying Group III.
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5.2.1 Effects of Melt Treatment: Alloying Group I

The effects of melt treatment on the tensile properties and the hardness of the
Alloying Group I are shown in Figures 5.1(a) and 5.1(b), respectively, for the as-cast
condition. These effects are also shown in Figures 5.2 and 5.3 for the T6 and T7 heat-
treated conditions, respectively.

It will be observed that, owing to the low Si content of the base A alloy, the effect
of Sr with respect to the modification of silicon eutectic did not bring about any substantial
change in the strength properties (YS and UTS) of the Sr-modified Al alloy either in the
as-cast or in the heat-treated conditions. The slight improvement caused in the ductility of
the A1 alloy, especially in the as-cast condition, can most probably be ascribed to the role
of Sr in refining the morphology of the a-Fe script phase observed in the alloy
microstructure. This role may also be considered responsible for the reduction caused in the
hardness values of the A1 alloy.

A comparison of the grain-refined A2 alloy with the base A alloy in the as-cast
condition reveals that the A2 alloy shows improvement in the %El values, whereas neither
the strength properties nor the hardness values appear to have been affected. In both T6 and
T7 heat-treated conditions, the UTS, %El, and hardness values of the A2 alloy were
observed to be higher than those of the base A alloy for most of the aging times applied.

In spite of the grain-refined A2 alloy displaying improvements in the tensile
properties and hardness values, the modified grain-refined A3 alloy did not produce tensile

properties or hardness values which were any better than those of the former alloy whether
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Figure 5.1 Variation in: (2) tensile properties (YS, UTS, and %EIl); and (b) hardness values of
Alloying Group I in the as-cast condition.
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Figure 5.2 Variation in tensile properties and hardness values of Alloying Group I after aging at
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Figure 5.3 Variation in tensile properties and hardness values of Alloying Group I after aging at

220°C: (a) YS; (b) UTS; (c) %E]; and (d) hardness values.
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in the as-c | -

mechanical properties may be explained in terms of the interaction between Sr and B and/or
Sr and Ti as reported by Liao et al.®"13% These interactions have been known to cause
mutual “poisoning” of the elements involved and consequently to suppress their
modification and/or grain-refining effects.

The Zr-containing A4 alloy possesses the highest values for tensile properties and
hardness of the alloys in Group I. This alloy displays significant increases in the YS and
UTS together with a high level of ductility in the as-cast and heat-treated conditions. There
is a distinct possibility that the higher strength increment produced in this alloy, particularly
in the as-cast condition, may be attributed to the strengthening mechanism stimulated by
the grain refining action of Zr through the formation of Al3(Zr,Ti) phase particles, as

previously discussed in Chapter 4.

5.2.2 Effects of Iron Intermetallics and Silver: Alloying Group II

The effects of the addition of Fe, Fe + Mn, and Ag on the tensile properties and
hardness of the Alloying Group II are shown in Figures 5.4(a) and 5.4(b), respectively, for
the as-cast condition. These effects are also shown in Figures 5.5 and 5.6 for the T6 and T7
heat-treated conditions, respectively.

It appears that increasing the Fe content to 0.8% in the A31 alloy decreases the
tensile properties, particularly ductility, but increases the hardness values in the as-cast and
heat-treated conditions. These effects were predictable based on the increase in the volume

fraction of iron intermetallic phases, mainly the a-Fe Chinese-script phase, caused by
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increasing the iron content, as previously mentioned in the discussions on solufion heat
treatment and microstructure.

The subsequent addition of 0.2% Mn to the A31 alloy, producing the A32 alloy,
seems to recover the YS and UTS values which were previously reduced by increasing the
iron content in the A31 alloy. The %El and hardness values were not, however, markedly
affected. The positive role of Mn in the promotion of the less harmful a-Fe Chinese-script
phase instead of the brittle platelet-like f-Fe phase may explain the improvement caused in
the YS and UTS values of the A32 alloy which was ascribable to the addition of Mn in
spite of the preponderance of the former phase in the microstructure of the A31 alloy.

The addition of silver to the A3 alloy, producing the A33 alloy, did not in fact
change the tensile properties or the hardness values in the as-cast condition. In the heat-
treated conditions, however, the addition of silver did increase the strength properties and
hardness values but not as originally expected. This situation may be attributed to the
presence of Si in the base 220 alloy which favors the formation of the Mg-Si phases during
the early stages of aging, in turn exhausting the supply of magnesium and reducing the
number of Mg-Ag co-clusters known to act as nucleation sites for hardening precipitates, in
particular, the Q phase precipitates.7’13 3

Abis et al.** demonstrated that the addition of 0.15-0.5%Si to an Al-4.5%Cu-
0.3%Mg-0.7%Ag alloy eliminates Q precipitation at an aging temperature of 190°C. These
researchers stated that the addition of Si inhibits the nucleation of Q precursors which in
turn leads to an enhancement in the precipitation of 8 (Al,Cu) and S (Al,CuMg) phases.

Gable et al.'®® showed that trace amounts of Si, depending on the Mg content, were



120

At

responsible for limiting Q precipitation in both At-Cu-Mg and-Al-Cu-Mg-Ag base-alloys;
and that a Mg/Si ratio of ~2.0 must be exceeded for Q nucleation. It was also found that the
addition of Ag to an Al-4.3%Cu-0.8Mg-0.7%Si, with a Mg/Si ratio of ~1.1, had little effect
on age hardening.”

Matsuda et al.”® found that the addition of Ag to the Al-Mg-Si alloy, containing Si
content in excess of that required for Mg,Si precipitates, did not produce any substantial
improvement in age-hardening characteristics; the presence of Si was found to prevent the
formation of Mg-Ag clusters which provide a large number of nucleation sites for fine and
more dispersed " phase precipitates.77 Mechanical testing at elevated temperatures may be
recommended, so as to evaluate the mechanical properties of the A33 alloy; this should be
carried out in view of the fact that the Q phase, which favors precipitation at the expense of
the 8 (Al,Cu) phase in the presence of Ag, was reported to improve the mechanical

properties at higher temperatures.'*®

5.2.3 Effects of Free-Cutting Elements: Alloying Group III

The effects of the addition of free-cutting elements, namely Sn and Bi, as well as a
combination of both, on the tensile properties and hardness of the Alloying Group III are
shown in Figures 5.7(a) and 5.7(b), respectively, for the as-cast condition. These effects are
also shown in Figures 5.8 and 5.9 for the T6 and T7 heat-treated conditions, respectively.

The addition of 0.15%Sn to the A4 alloy, producing the A41 alloy, causes a
decrease in the strength properties and hardness values but increases the %El in the as-cast

condition as a result of the softening effect of the soft Sn-bearing phases dispersed within
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the strength properties and hardness values of the Sn-containing A41 alloy may be

explained in terms of the following effects, which were previously confirmed by an
examination of the microstructure presented in Chapter 4: (i) the softening effect of the
soft Sn-rich phases; (ii) the replacement of Si by Sn in Mg compounds, forming Mg,Sn,
which in turn diminishes the precipitation of the Mg,Si and/or the AlsMgsSicCu, hardening
phases; and (iii) the increase in the percentage porosity arising from the melting of the
low melting point Sn-phases during solution heat treatment. It should be noted here
that the increase in ductility resulting from the softening effect of the soft Sn-bearing
phases may balance out the reduction caused by the increase in the percentage
porosity, thus explaining why the ductility of the Sn-containing A41 alloy was not
significantly affected by the addition of Sn in both T6- and T7-tempers for all the aging
times applied.

The abovementioned effects were also confirmed by the work of Mohamed et al L7
who found that increasing the Sn content in B319.2 and A356.2 alloys decreases their
mechanical properties in the heat-treated condition; this was ascribed to the increase in the
percentage porosity resulting from the melting of S-Sn particles in the B319.2 alloy during
solution heat treatment and the formation of Mg;Sn in the A356.2 alloy which lessens the
amount of Mg required for the formation of Mg hardening phases. Smolej et al'®
demonstrated that the strength properties of AICuMgSn alloys decreased with increasing Sn

content and were lower in all cases in comparison with the standard AICuMgPb alloy.

These lower strength properties of the alloys containing Sn resulted from its distribution in
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the microstructure.

The bismuth-containing A42 alloy displays considerable deterioration in its tensile
properties and hardness values in the as-cast and heat-treated conditions. The presence of
Bi particles within the alloy microstructure reduces the tensile properties as reported by
Hardy.” It is important to mention here that the effectiveness of Bi additions in improving
the machinability of 6262 Al-Mg-Si alloys was found to be reduced by the loss of Bi in the
formation of Bi;Mg; particles.'*® The Bi-Mg-Sr interaction was also confirmed in research
carried out by El Hadad.” Based on these preceding observations, it might be suggested
that the reduction caused in the strength properties and hardness values of the A42 alloy in
heat-treated conditions may be explained in terms of the Bi-Mg interaction which consumes
the Mg available for the precipitation of Mg-hardening phases.

The deterioration occurring in the tensile properties and hardness values of the A43
alloy containing Sn and Bi in the as-cast and heat-treated conditions was fully expected in
the light of the detrimental effects of the individual additions of Sn and Bi on the
mechanical properties with regard to the A4l and A42 alloys, respectively. It may be
concluded that the reductions caused in the values of the strength properties, YS and UTS,
and the hardness as a result of the combined addition of Sn and Bi are approximately the
sum of the reductions caused by the individual additions of these elements namely, the A41
and A42 alloys, respectively. Moreover, the %El values of the A43 alloy appear too close
to those of the Bi-containing A42 alloy. This observation indicates that the %E] of the A43

alloy was only reduced by the effects of Bi whereas Sn did not significantly affect the
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in the %EIl of the A43 alloy observed in the T7-tempered condition may be attributed to the

fact that the detrimental effect of porosity arising from the melting of Sn was overridden by

the beneficial softening effect of the soft Sn-rich phases.

5.3 EFFECTS OF HEAT TREATMENT

The precipitation-hardening characteristics of Al-Cu alloys containing Si and Mg
often appear to be quite complex. This particularity may be attributed to the formation of
several hardening phases including 6’ (ALCu), " (MgSi), S’ (AlL,CuMg) and the
quaternary phase which is designated Q (AlsMgsSisCuy) or 4 (AlsMgsSisCuy).>*** It may
thus to be expected that the best combination of mechanical properties will be obtained
when all these precipitates are present.

The precipitation-hardening characteristics of the alloys prepared in this study can
be understood by investigating the curves representing the tensile properties and hardness
values shown in Figures 5.2, 5.5 and 5.8, and in Figures 5.3, 5.6 and 5.9, corresponding to
aging at 180°C and 220°C, respectively. It will be observed that all the alloys studied
display almost the same hardening trend with the progress of aging time for both 180°C and
220°C tempers, regardless of the additives introduced. Age-hardening at 180°C results in
alloy-hardening with aging for times ranging from 2 to 16 hours, whereas age-hardening at
220°C causes overaging and alloy-softening after 2 hours of aging. In the 180°C temper, the
alloys attain the highest hardness peak after 2 hours of aging with a satisfactory age-

hardening ability, 4BHN, of 30 BHN calculated using the following equation:'*
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where BHNpax is peak hardness and BHNsyr is the hardness value corresponding to the
solution heat treated condition. It is important to note also that applying the 180°C temper
for aging times ranging from 2 to 8 hours, may be a recommendable strategy for the new
220 based-alloys under investigation in order to maintain a satisfactory compromise
between strength and ductility.

Field emission scanning electromicroscopy was carried out on A4 alloy samples cut
from tensile test bars corresponding to different aging conditions with the aim of
investigating the evolution in size, shape, and density of #-Al,Cu phase precipitates
throughout the course of the aging process. Aging at 180°C for 2 hours resulted in densely
dispersed fine precipitates approximately 25 to 100 nm in diameter, as shown in
Figure 5.10(a). Increasing the aging time to 48 hours at 180°C did not significantly alter the
size or the density of the precipitates, as may be seen from Figure 5.10(b). As will be
observed, in this aging condition, the diameter of the precipitates ranges from 45 to
130 nm. Figure 5.10(c) reveals that aging at 220°C for 2 hours seems to have the same
effect as aging at 180°C for 48 hours with regard to the characteristics of the precipitates;
the precipitates are approximately 40 to 100 nm in diameter. Prolonged aging at 220°C for
48 hours coarsens the precipitates thereby increasing their diameter to a range of between
60 and 160 nm, as shown in Figure 5.10(d).

The presence of a number of hardening phases in the Al-Cu-Si-Mg alloy system,

including 6 (ALCu), f (Mg,Si), and Q (AlsMgsSicCuy), which need not all yield to



5

™~
™\ “?
~

McGill 2.0kV 6.8mm x60.0k SE(U) - 500nm McGill 2.0kV 6.8mm x60.0k SE(V) 500nm

Figure 5.10

McGill 2,0kV.6.8mm x100k SE(V)

Field emission scanning electron micrographs obtained from A4 alloy samples: (a) aged at 180°C for 2 hours; (b) aged
180°C for 48 hours; (¢) aged at 220°C for 2 hours; (d) aged at 220°C for 48 hours.

0€1



131

coarsening simultaneously, may explain why the strength properties and hardness valuesof
the 220 based-alloys remain at high levels without any significant decline for up to 16
hours of aging at 180°C. Kang et al. 139 observed that both the plate-like 6’ (Al,Cu) and the
needle-like A’ (AlsMggSisCuy) precipitates were contained in the peak-aged specimens of
Al-7.15%8i-2.8%Cu-0.43%Mg alloy. Moreover, the precipitation of the 4’ phase was found
to improve the age-hardening ability, since this phase precipitates homogeneously in a-Al
contrary to the 8’ phase which precipitates preferentially on the dislocations around eutectic
Si particles. Wang et al. 140 demonstrated that, with regard to the Al-8%Si-1%Cu-0.4%Mg
alloy, age-hardening was caused by the precipitation of the dot-shaped Q" phase which is
the precursor of the (Q phase. For the Al-8%Si-3%Cu-0.4%Mg alloy, age-hardening

resulted from the co-precipitation of the dot-shaped Q" phase and the rod shaped 6’ phase.

5.4 EVALUATION OF THE ALLOY QUALITY

The applicability of the quality index concept proposed by Drouzy ef al.”® for Al-
7%Si-Mg alloys was examined by Din er al.'*" with regard to Al-Cu alloys, specifically
A201 and A206 alloys. It was concluded that this concept did not apply to A201 and A206
alloys in any analogous manner, nor is it transferable at the present time. In another study,
Céceres ef al.*** demonstrated that when the A201 alloy is aged, a plot of tensile strength
versus elongation to fracture follows a circular pattern; this is in contrast with Al-Si-Mg
alloys, which show a linear relationship between these two parameters when aged. The
latter observation is the basis for the quality index concept of Drouzy and co-workers

which does not seem to be valid for alloy A201.
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alloys introduced in the present study as well did not show the linearity observed for Al-Si-

Mg type alloys. This observation implies that the quality index (Q) proposed by Drouzy ez
al.® is not applicable to the 220 based-alloys under investigation. On the other hand, the
universal applicability of Equations (2.8) and (2.11) which were used to draw the “iso-YS”

9597 makes it

lines and “iso-g” lines, respectively, of the quality map introduced by Caceres
possible to use this map to assess the quality of the 220 based-alloys. The alloy quality will
be expressed by the relative ductility parameter, g, based on the correlation between the

“iso-q” lines of Caceres’ map and the “iso-Q” lines of Drouzy’s map, as previously

explained in Subsection 2.3.2.

5.4.1 Methodology for Constructing the Quality Maps

The quality maps of the alloys prepared for this study which were constructed on
the basis of Caceres’ model, are shown in Figure 5.11 to 5.16. As will be observed, each
alloying group has two maps corresponding to both 180°C and 220°C tempered conditions.
The methodology used to construct each of these maps is as follows:

1) Transforming the engineering stress-strain curves of each alloy composition studied
into the equivalent true stress-strain curves. Each of these engineering stress-strain
curves corresponds to the average of five curves obtained from the tensile testing of
five tensile bars representing the alloy composition under consideration at one of

the aging times of the abovementioned tempered conditions.
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Calculating the parameters—of the true stress-strain—curves—obtained in-Step (1),
namely, the strength coefficient of the material, K, and the strain-hardening
exponent, ».

Determining K and #» for each alloy composition as the mean values calculated over
the respective values corresponding to the aging times of 180°C or 220°C tempers.
Calculating the K-value for each alloying group as the average of the K-values of
the alloys involved in such group.

Substituting the K-value in Equation (2.8) and (2.11) to plot the families of the “iso-
¥YS” lines and “iso-g” lines, respectively, of the quality map under construction for
the given values of the strain-hardening exponent, », engineering strain, s, and
relative ductility, g.

Locating the data points of each alloy composition on the relevant quality map.
Each point represents the UTS and %EIl values of that alloy composition at a
specific aging time of a particular tempered condition. Note that some points were
omitted from the map for the purpose of finding a certain trend which may describe
the relationship between the UTS and %El in a common manner for all the alloy

compositions studied.

Effects of Additives on Alloy Quality

As mentioned earlier, the quality of the alloys presented in this study will be

expressed by the relative ductility parameter, g. The higher the g-value, the higher the

combination of both UTS and %El, or, in Drouzy’s terms, the higher the Q-value. High g-
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value lines are close to the upper right hand corner o i ,
shown in Figure 2.11.

The quality maps of the melt treatment group are shown in Figures 5.11 and 5.12
for the 180°C and 220°C tempers, respectively. It will be observed that the A4 alloy
containing the combination of TiB; and Zr displays the best alloy quality of the alloys in
the melt treatment group. This alloy possesses a g-value ranging from 0.60 to 0.27 in the
180°C tempered condition and from 0.65 to 0.29 in the 220°C tempered condition. The Sr-
modified Al alloy and the grain-refined A2 alloy display comparable alloy quality,
particularly in the 220°C tempered case. This observation indicates that the increase in the
%kE]l caused by Sr addition, namely Al alloy, may balance out the increase in the UTS
caused by the addition of TiB,, namely A2 alloy, with regard to the alloy quality so that
both alloys end up having the same combination of strength and ductility. The base A alloy
and the modified grain-refined A3 alloy also display comparable alloy quality. In spite of
the fact that A alloy has higher UTS values compared to the A3 alloy, the slight
improvement caused in the %El of the latter alloy raises its quality to approximately the
same level as that of the A alloy. This observation may suggest the fact that the alloy
quality is more susceptible to the changes occurring in the %El than those which occur in
the UTS.

The quality maps of the iron intermetallics and hardening alloying elements group
are shown in Figures 5.13 and 5.14 for the 180°C and 220°C tempers, respectively. It will
be observed that the A31 and A32 alloys with higher Fe and Fe + Mn content, respectively,

display the least desirable alloy quality of all the alloys studied. The A31 alloy has a
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the 220°C tempered condition, whereas for the A32 alloy this value ranges from 0.30 to

0.18 and from 0.29 to 0.16 in the two respective conditions. The deterioration observed in
the g-value of each of these alloys can undoubtedly be attributed to the negative effects of
iron with respect to the tensile properties, particularly ductility. Addition of Ag, producing
A33 alloy, did not bring about any considerable change in alloy quality. This finding may
be interpreted in terms of the fact that the increase in the UTS caused by the addition of Ag
was dampened by the associated reduction in the %EL and thus the alloy quality was
ultimately not affected by this addition.

The quality maps for the free-cutting elements group are illustrated in Figures 5.15
and 5.16 for the 180°C and 220°C tempers, respectively. It will be observed that each of the
A41 and A42 alloys displays an alloy quality which is lower than that of the reference A4
alloy; this can be ascribed to the reduction in the tensile properties of these alloys resulting
from the addition of Sn and Bi, respectively. The A41 alloy in which the %El was not
significantly affected by Sn addition, however, has a g-value which is higher than that of
the Bi-containing A42 alloy. The aggregated deterioration previously observed in the
tensile properties of the A43 alloy caused by the combined addition of Sn and Bi makes
this alloy one of the least desirable of the alloys studied in terms of alloy quality. This alloy
possesses a g-value ranging from 0.24 to 0.18, and from 0.23 to 0.19, in the 180°C and
220°C tempered conditions, respectively.

It is interesting to note, with regard to the quality maps discussed above, that the

curves representing the UTS-%E] relation have the tendency to follow a reversible path,
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Figure 5.15  Quality map showing the relationship between UTS and %El for the alloys of Alloying Group 111 aged at 180°C for various

aging times.
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tendency results from the transition from the high g-value in the underaged and peak aged

conditions to the lower g-value associated with the overaged condition. Din er al.'*! and
Céceres et al."** concluded for both A201 and A206 alloys that the plot of the tensile
strength versus the elongation to fracture comes full circle after long aging times so that the

property combination displayed by the original as-cast alloys is reproduced.

5.5 EFFECTS OF ADDITIVES ON THE IMPACT PROPERTIES

Toughness is a measure of the amount of energy a material can absorb before
fracturing. It thus becomes important from an engineering point of view that the ability of a
material to withstand an impact load without fracturing be considered. The broader
applications of Al casting alloys may be impeded by their low fracture toughness which
originates in the microstructure of these alloys, and is influenced by the a-Al dendrite arm
spacing and grain size. Any improvement occurring in impact toughness will necessarily be
dictated by type, shape, size, and distribution of second-phase particles present in the alloy
microstructure.''** This section will discuss the effects of additives which were
introduced for the purposes of the current study regarding the relevant aspects of impact
properties.

The effects of additives on the impact energies of the Alloying Groups I, II, and III
are illustrated in Figures 5.17, 5.18, and 5.19, respectively, for both 180°C and 220°C
tempers. The values for the crack initiation energy, E;, and the total absorbed energy, E;,

were plotted simultaneously on the same graph in order to facilitate deducing the crack
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~ propagation energy E, front their difference. The most common feature observed forattthe —————
alloy conditions studied is that the impact energies vary over aging time according to a
similar trend to that displayed by the %El. Moreover, these impact energies are not
significantly affected by aging time in the 180°C tempered condition. On the contrary, the
softening effect associated with the 220°C tempered condition causes a proportional
increase in the impact energy values in line with the progress of aging time.

With regard to the melt treatment group, it will be observed that the grain refining
action resulting from the combined addition of TiB; and Zr, namely the A4 alloy, produces
the highest values of impact energies in this alloying group. The improvement observed in
the impact toughness of the Sr-containing A1 and A3 alloys is attributed to the positive role
played by Sr in refining the morphology of a-Fe phase particles as previously explained for
the effects of Sr addition on the %El; the improvement in this case, however, is more
pronounced than that observed for %ElL Richard"* indicated that impact energy values of
the Al-Si alloys are more sensitive to the minimal variations in the microstructure than the
tensile properties. Calculating the difference between the total absorbed energy, E;, and the
crack initiation energy, E;, for the alloys involved in the melt treatment group reveals that
the crack propagation energy, E,, is not significantly affected by the additives introduced.

Results obtained from the evaluation of the fracture toughness of the Alloying
Group II shows that increasing the Fe content, either individually or in combination with
Mn, producing A31 and A32 alloys, respectively, leads to a drastic reduction in the
impact energies of these alloys. The crack initiation energy of the A31 alloy was reduced

over aging time for the 180°C and 220°C tempered conditions by 29% and 33%,
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Figure 5.17 Variation in impact energies with aging time for Alloying Group I alloys aged at:

(2) 180°C; and (b) 220°C.



145

35
——A3=A+Sr+0.10%Ti
——A31 = A3 + 0.20%Fe
30 ——A32 = A3 + 0.20%Fe + 0.20%Mn
{\ ——A33 = A3 + 0.50%Ag
25 :
Crack initiation energy \ Total absorbed energy
‘3‘ 20
w 15 T
- : 2
10 E e :
b Tz i T T
5 S e —= L = -
0 2 4 6 8 12 16 20 24 48 (o} 2 4 () 8 12 16 20 24 48
(@ Aging Time (hrs)
35
—a—A3=A+ Sr+0.10%Ti
—+—A31 = A3 + 0.20%Fe
30 ——A32 = A3 + 0.20%Fe + 0.20%Mn .
i ——A33 = A3 + 0.50%Ag
25 13 =
Crack initiation energy Total absorbed energy
5 20 -
2 I ./f
g :[ = -
w 15 / & :
o 1 1.4 —
1 ot }\_/ 8
5
0 2 4 6 8 12 16 20 24 48 (o} 2 < 6 8 12 16 20 24 48
(b) Aging Time (hrs)

Figure 5.18 Variation in impact energies with aging time for Alloying Group II alloys aged at:
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respectively, compared to the reference A3 alloy. For the A32 alloy, the average reductions
were calculated to be ~36% for both tempered conditions.

The increase in the fragility of the A31 and A32 alloys can also be manifested
through the reduction caused in the crack propagation energy of these alloys. The crack
propagation energy of the A31 alloy was reduced on average by 17% and 20%
corresponding to the 180°C and 220°C tempered conditions, respectively, compared to the
A3 alloy, whereas for the A32 alloy, the average reductions were found to be ~24% for
both tempered conditions. The effects of iron on the mechanical properties of Al-Si casting
alloys were investigated by Komastu ef al.'*® Their results show that iron has a detrimental
effect on the impact strength of such alloys because of the formation of Al-Si-Fe
compounds.

The Ag-containing A33 alloy displays a slight reduction in impact energies
compared to the reference A3 alloy. This reduction is consistent with the increase in the
strength properties and hardness values of the A33 alloy produced by the hardening effect
of Ag, as previously discussed in Subsection 5.2.2.

It will be seen with regard to the Alloying Group III that the addition of Sn,
producing A41 alloy, does not bring about any substantial change in impact energies. This
observation is interpreted in terms of the fact that the increase in impact toughness resulting
from the softening effect of Sn may compensate for the reduction caused by the increase in
the percentage porosity arising from the melting of the S-Sn phase particles during solution
heat treatment. The impact toughness of both Bi-containing A42 and A43 alloys was

observed to have become remarkably deteriorated. The free Bi particles which are brittle in
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nature act as internal stress risers in the attoy microstructure and provide aneasy path to
fracture. The total absorbed energy of the A42 and A43 alloys was reduced on average by

23% and 18%, respectively, for both 180°C and 220°C tempered conditions.

5.6 FRACTOGRAPHY

Fractography is generally used for upgrading material specifications, improving
product design, and analyzing potential for failure with the intention of improving product
reliability.147 The fractographs presented in this section are backscattered electron images
which were deemed suitable for highlighting the various features observed on the fracture

surfaces of both the tensile-tested and impact-tested alloy samples.

5.6.1 Fractography of Tensile-Tested Samples

This subsection will study the fracture behavior of both the base A alloy and the Bi-
containing A42 alloy in tensile testing. The fractographic investigation will cover the
tensile-tested samples of the above alloys. For each alloy composition, four tensile-tested
samples were used corresponding to: (i) the as-cast, (ii) the solution heat-treated, (iii)
180°C/4h aged, and (iv) 220°C/4h aged conditions.

Figure 5.20(a) shows the fracture surface of the as-cast base A alloy sample. This
figure reveals the presence of two main intermetallic phases, namely 6-Al,Cu and o-
Als(Fe,Mn);Sip, as confirmed by the corresponding EDX spectrums shown in Figures
5.20(b) and 5.20(c), respectively. Solution heat-treatment of this alloy resulted in the

dissolution of the Al,Cu phase as displayed in Figure 5.20(d).
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Figure 521 presemts high magnification micrographs showing-thefracture—surface
of the base A alloy samples corresponding to different conditions. The ultra-fine particles
which precipitated after aging the alloy for 4 hours at 180°C and 220°C may be observed in
the micrographs depicted in Figures 5.21(c) and 5.21(d), respectively, as indicated by the
solid arrows. It should be noted here that the precipitation of these particles is associated
with the formation of a network of dimples of less than a micron in diameter marked by the
dashed arrows. In the as-cast and solution heat-treated conditions, represented by the
micrographs shown in Figures 5.21(a) and 5.21(b), respectively, neither the ultra-fine
particles nor the associated dimples may be observed.

The micrograph obtained from the fracture surface of the as-cast A42 alloy sample
shown in Figure 5.22(a) reveals the presence of bright AIMgBi phase particles together
with the Al,Cu phase particles marked by solid and dashed arrows, respectively. The latter
phase appears less luminous than the former because of the difference in their atomic
numbers, 83 and 29, respectively. The composition of the AIMgBi phase was identified by
the corresponding EDX-ray spectrum shown in Figure 5.22(b). Solution heat-treatment of
A42 alloy at 495°C for 8 hours resulted in the dissolution of the Al,Cu phase while both the
AlMgBi and a-Fe intermetallics were not affected, as shown in Figure 5.22(c). The higher
magnification backscattered image depicted in Figure 5.22(d) shows the Chinese-script
morphology of the a-Fe phase circled in Figure 5.22(c).

Figures 5.23(a) and 5.23(b) are high magnification fractographs of two A42 alloy
samples corresponding to 180°C and 220°C aging conditions, respectively. In these figures,

the solid arrows refer to the presence of large AIMgBi particles inside the dimples, whereas
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the dashed arrows refer to the presence of networks of ultra-fine dimples. Figure 5.23(c) is
a higher magnification micrograph of the area marked A in Figure 5.23(b), clearly showing
the fineness of the dimples which are normally associated with the precipitation of fine

particles similar to those shown previously.

5.6.2 Fractography of Impact-Tested Samples

This subsection will examine the fracture behavior of Al, A4, A32, and A41 alloys
in impact testing. The fractographic investigation will cover the impact-tested samples
corresponding to these alloy compositions. For each alloy, one impact-tested sample
originally aged at 180°C for 4 hours was used. For each alloy sample, several
backscattered images were taken from the edge and the centre of the fracture surface in
order to discern crack initiation and crack propagation characteristics. In addition,
interesting features appearing on the fracture surface will also be commented upon.

The fracture surface of the Sr-modified Al alloy sample is shown in Figure 5.24.
The area of fine dimples marked A in Figure 5.24(a) seems to be dominating the fractured
surface. The arrow in Figure 5.24(Db) refers to the fracture of the a-Fe intermetallic phase
which can clearly be seen from the higher magnification fractograph shown in Figure
5.24(c). The crack was observed to propagate through the formation of secondary cracks
marked by the arrows in Figure 5.24(d).

Figure 5.25(a) shows the crack initiation in the A4 alloy sample. The area marked A

in this figure reveals the presence of fine bright particles. Figure 5.25(b) is a higher
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magnification micrograph of this area showing the precipitation of AlzZr in the A4 atloy.
Figure 5.25(c) is a higher magnification micrograph of the area marked by the arrow in
Figure 5.25(a) displaying a deep secondary crack surrounded by fragments of the fractured
a-Fe phase. The crack propagated through the formation of different sizes of dimples and
fractured a-Fe phase, as indicated by the arrows shown in Figure 5.25(d).

Increasing both Fe and Mn in the A32 alloy resulted in an increase in the volume
fraction of the a-Fe phase. Figure 5.26(a) shows the crack initiation in the sample of this
alloy with the formation of several secondary cracks, as indicated by the arrows. The higher
magnification micrograph depicted in Figure 5.26(b) is a good example showing the
fracture of the a-Fe phase in A32 alloy. The crack continued to propagate through the
fracturing of the intermetallics, as well as the formation of secondary cracks marked by the
arrows in Figures 5.26(c) and 5.26(d).

The fracture of the A41 alloy sample initiated with formation of several deep
secondary cracks marked by the arrows in Figure 5.27(a). The arrows in Figure 5.27(b)
point to the presence of -Sn inside the dimples. Figure 5.27(c) is a higher magnification
fractograph showing the presence of a large number of $-Sn particles inside the coarse
dimples, as confirmed by EDX analysis. The crack was observed to propagate in the usual
manner, as mentioned above, through the formation of several secondary cracks. One of

these cracks is indicated by the arrow in Figure 5.27(d).
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CHAPTER 6

MACHINABILITY EVALUATION

6.1 INTRODUCTION

This chapter is devoted to examining the drilling and tapping performance of four
220-based alloys, namely the A, A4, A41, and A42 alloys, as well as the A206 alloy. These
alloys, having the chemical compositions listed in Table 3.3, were specifically selected for
this machinability study based on the following considerations:

o The A alloy is the base 220 alloy and it is necessary to identify the machining
characteristics of this new alloy, as it was received, without any metallurgical
improvements.

e The A4 alloy is the best 220-based alloy studied from the point of view of
mechanical properties; it should also be noted that the free-cutting alloys were
prepared from this alloy.

e The A41 and A42 alloys, containing Sn and Bi, respectively, were selected to
examine the effects of these free-cutting elements on machining performance.
The A43 alloy containing a combination of both Sn and Bi was, however,
excluded from the machinability study in the light of the deterioration in its

mechanical properties, as previously explained in Subsection 5.2.3.
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e Owing to its chemical composition, which is the closest to that of the 220 atloy
among the well known Al-Cu alloys, the A206 alloy was selected for a
comparative study on the machinability of this particular alloy and that of the

220 alloy.
The results reported here will focus on the machinability aspects of the abovementioned
alloy conditions with respect to the cutting force and moment, tool life, chip characteristics,
and built-up edge (BUE) formation. In addition, the machining behavior of the 220 alloy
will also be compared with that of the A206, 356, B319, and A319 alloys currently used in

industrial applications.

6.2 INVESTIGATION OF THE MICROSTRUCURE

The microstructure of the machinability test blocks of the alloys involved in the
machinability study was investigated. This microstructural investigation was decided upon
after taking into consideration the larger mass of the machinability test block casting
compared to that of the sample used in the microstructure study presented in Chapter 4. The
higher mass casting displays a lower cooling rate which may in turn affect the
characteristics of the microstructure. The microstructures shown in Figure 6.1 were
displayed by the samples cut from the heat-treated machinability test blocks prepared for
the alloys studied. The rarity of the occurrence of Cu-rich intermetallic phases in the
microstructures of the 220 based-alloys, including the A, A41, and A42 alloys, implies that

the solution heat treatment caused these phases to become almost completely dissolved in
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Figure 6.1 Microstructures obtained from the heat-treated machinability test blocks: (2) A alloy;
(b) Sn-containing A41 alloy; (c) Bi-containing A42 alloy; and (d) 206 alloy.

the solid solution. On the other hand, the a-Fe Chinese-script phase particles, clearly seen

in these microstructures, were not habitually affected by the solution heat treatment. The

presence of Sn and Bi particles in the microstructures of the free-cutting A41 and A42

alloys, respectively, will also be clearly observed. Such a particularity supports the fact that

Sn and Bi have no solubility in either liquid or solid aluminum, and do not form

intermetallic compounds with aluminum and/or other alloying elements; all of which in

turn fulfill the main requirements for obtaining the desired free-cutting action, as previously
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discussed in Subsection 2.4.6. The microstructure of the A206 alloy displays the presence
of Al;FeCu, phase particles and some AlLCu phase particles which had remained
unaffected by the solution heat treatment. The presence of such Al,Cu phase particles in the
microstructure of the A206 alloy after heat treatment may be ascribed to the higher copper
content of the alloy. This higher content increases the volume fraction of the Al,Cu phase
which may not be completely dissolved into the solid solution particularly in the light of the
restricted temperature of the solution heat treatment of Al-Cu alloys. This observation
suggests that such aluminum alloys containing high copper content, as in the case of A206
alloy, may show deteriorated machining characteristics since such undissolved Al,Cu phase

particles present in the microstructure may act as hard spots during machining.

6.3 HARDNESS VALUES

Hardness measurements were carried out on the heat-treated machinability test
blocks to make sure that these blocks acquired the desired hardness levels of 100+10 HB.
Table 6.1 provides the average hardness value for each set of eighteen heat-treated

machinability test blocks prepared for each of the alloy compositions studied. It will be

Table 6.1 Average hardness of the machinability test blocks

Alloy Average Hardness (BHN)
A (220) 101.0+2.1
A4 103.2+2.3
A4l 99.2+3.5
A42 102.0 £ 3.0
A206 103.0+ 3.5




165

observed that the hardness values for the machinability test biocks of the 220 based-alloys
are lower than those obtained from the hardness test blocks of these same alloys under the
same aging condition, namely 180°C for 4 hrs, as shown in Figures 5.2(d) and 5.8(d). This
reduction in the hardness values is to be expected in the light of the difference in mass
between the larger machinability test block casting and the smaller hardness test block
casting. The higher the casting mass, the lower the cooling rate and mechanical properties
should prove to be. The hardness values of the machinability test blocks, however, are still

within the desired range of 100+10 HB.

6.4 PROCESSING OF DATA FROM DRILLING AND TAPPING TESTS

The signal processing Matlab program developed by Tash'™' was used for
processing the cutting data obtained during both drilling and tapping tests for all alloy
conditions. The program determines the signals of the main components of the cutting force
(Fx, Fy, and Fz) and moment (Mx, My, and Mz) for each test block from the force signals
saved into the output files created by Cut Pro 8.0 software using the following set of

equations:'*®

Fx =Fx,,, + Fx;,,
Fy=Fyiy T Fyus
Fz=Fz +Fz,+Fz, + Fz,
Mx =b(Fz, + Fz, - Fz, - Fz,)
My = a(-Fz, + Fz, + Fz, - Fz,)
Mz = b(-Fx,,, + Fx;,) + a(Fy, .4 - Fy,.3) (6.1)
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—— where a and b are the distances measured fromr the center of thedynamometer sensorsto———————
the x and y axes, respectively, as shown in Figure 3.19(a). According to the specifications
of the Kistler 9255B-type dynamometer used for this work, each of these distances is equal
to 80 mm. The force components on the right hand side of Equation 6.1 were previously
defined in Subsection 3.1.6.
The signals obtained by applying Equation 6.1 were processed in such a way that

the mean components of the cutting force (Fxy, Fym, and Fzy) and moment (Mxgy, Mym,

and Mz,), as well as their corresponding standard deviations (O'Fxm, aFym’ OFz. > OMxy
My, and O'Mzm), were calculated for each hole. The program then determined the total

mean cutting force (Ft,) and moment (Mty) for each hole using the following set of

equations:

Ftm = [(Fxm)* + (Fym)’ + (Fzm)?]"

12

Mt = [(Mxm)” + Mym)* + (Mzp)*] (6.2)

The standard deviations O'thand OMt,, of the total mean cutting force and moment,

respectively, were calculated as follows:'*

oy, = [(Fxm)’ Oy )’ + ()’ (Opy, ) + [(Fzm)’ (05, 1"/ Fim

12

Oyt~ (M) (Opg Y+ Mym)? Gpgy, )+ [Mza) Opg, T/ Mt (63)
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obtained for each test block as the mean values calculated over the respective values of 180

holes drilled/tapped in the same block.

6.5 EFFECTS OF ADDITIVES ON THE DRILLING FORCES AND
MOMENTS

The effects of additives, namely TiB,, Zr, Sn, and Bi, on the drilling force and
moment are shown in Figures 6.2(a) and 6.2(b), respectively. It will be observed that the
trend lines shown do not display a sharp increase in the drilling force and moment in line
with the progress of the cutting process. This observation explains why the drill is capable
of reaching the targeted tool life of 2520 holes without breakage with regard to all the alloy
conditions investigated.

The combined addition of TiB, and Zr to the base A alloy, namely the A4 alloy,
leads to a reduction of 6% and 4% in the drilling force and moment, respectively. Such a
reduction may be ascribed to the improved distribution of second phase constituents and
microporosity in the cast structure caused by the grain-refining action of TiB, and Zr, as
previously discussed in Section 4.3.

The free-cutting A41 and A42 alloys containing Sn and Bi, respectively, display a
considerable reduction in the drilling force and moment compared with the base A alloy.
The drilling force was reduced over the evaluation extent of 2520 holes by 14%, ranging
between 18% and 10%, in the A41 alloy and by 25%, ranging between 28% and 22%, in

the A42 alloy. The drilling moment was reduced by almost the same percentages. It is clear
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fact may be understood in the light of the effect which both elements are observed to have
on ductility, as demonstrated in Subsection 5.2.3. The lower ductility displayed by the
Bi-containing A42 alloy compared to the Sn-containing A41 alloy decreases drill-chip
friction which in turn decreases the cutting force and moment. It may therefore be
concluded that Bi decreases the drilling force and moment not only through its lubricating
effect during the cutting process as a free-cutting element but also through its role in

decreasing alloy ductility.

6.6 EFFECTS OF ADDITIVES ON THE TAPPING FORCES AND MOMENTS

In the tapping test, each alloy condition was tested with two taps. The number of
holes tapped by the first tap can be identified for each alloy condition from Figures 6.3(a)
and 6.3(b) showing the effects of additives on the tapping force and moment, respectively.
After the breakage of the first tap, the second one accomplished the tapping of the rest of
the 2520 drilled holes without any breakage. In order to assure the reliability of the results,
the data concerning the tap which machined the largest number of holes within the
evaluation range of 2520 drilled holes, namely the first tap, was specifically taken into
consideration in the plots shown in Figures 6.3(a) and 6.3(b). It appears from these figures
that the additives have the same effect on the tapping force and moment as that observed in
the drilling test. The tap, however, displays a shorter tool life compared to that of the drill
for all the alloy conditions investigated. This shorter tool life may be ascribed to the high

sensitivity of the high speed steel tap to the cutting force as compared to the carbide drill.
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In spite of the considerable reduction caused by theadditives; particularly Snand
Bi, in the tapping force and moment, all the alloys display an approximate tool life ranging
from 1620 to 1800 holes. This reduction may however be manifested by examining the
breakage mode of the taps involved, as seen in the photographs shown in Figure 6.4. It will
be found that the taps used in tapping the base A alloy and the A4 alloy are subject to
abrupt breakage, as shown in Figures 6.4(b) and 6.4(c), respectively. On the other hand, the
taps used in tapping the free-cutting A41 and A42 alloys, which display lower tapping force

and moment, are subject to progressive tooth-breakage, as shown in Figures 6.4(d)

Figure 6.4 (a) New tap; (b) tap used in tapping A alloy (1620 holes); () tap used in tapping A4
alloy (1800 holes); (d) tap used in tapping A41 alloy (1620 holes); and (e) tap used in
tapping A42 alloy (1800 holes).
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gradually and the breakage illustrated in the last-mentioned figures represents the worst-

case situation in which the tap is no longer able to satisfy the dimensional accuracy of the

holes as verified by the Go/No-Go gauge test.

6.7 ASSESSMENT OF HOLE QUALITY

An important assessment criterion during the drilling and tapping tests is the quality
of the hole, that is to say, the precision of its dimensions and shape, as well as its surface
finish. The Go/No-Go test is taken as an assessment characteristic for hole accuracy. The
results relevant to this test are listed in Table 6.2 for all the alloy conditions investigated.
These results show that the drill accomplishes the drilling of the targeted 2520 holes for
each alloy condition within the allowable tolerance limits. For both the A and Al alloys,
the tap satisfies the hole accuracy up to 1620 and 1800 holes, respectively, where the abrupt
tap breakage takes place. With regard to the free-cutting A1l and A12 alloys, the
progressive tooth-breakage which occurred in the tap starts to cause the hole accuracy to

deteriorate after up to 1620 and 1800 holes, respectively.

Table 6.2 Go/No-Go test results for hole accuracy

Alloy Drilling Test Tapping Test

code | No. of holes Ga/No-Go No. of holes Go/No-Go
6.5024/6.5278 mm 7.02056/7.15518 mm

A 2520 OK 1620 OK

Al 2520 OK 1800 OK

All 2520 OK 1620 OK

Al2 2520 OK 1800 OK
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6.8 CHIP CHARACTERISTICS

The qualitative inspection of drilling chips reveals that the form of the chips
resulting from the 220 base A alloy closely approaches a fan-shaped form, as shown in
Figure 6.5(a); this is considered the ideal chip form for most drilling applications. The
addition of Bi, producing the A42 alloy, leads to a considerable refinement in chip
morphology, as shown in Figure 6.5(b). It will also be observed that the chip produced by
the Bi-containing A42 alloy tends to assume a needlelike form rather than the fan-shaped
form displayed by the chips from the 220 base A alloy. The improvement in chip
morphology caused by the addition of Bi may be attributed to the positive role played by
this element, from the machinability point of view, in decreasing alloy ductility.

The A206 alloy is apt to produce long continuous conical chips, as shown in
Figure 6.5(c), on account of the higher ductility of this alloy when compared to the 220
alloy. Long continuous conical chips are undesirable since they clog the drill flute and
eventually lead to drill breakage. The difference in ductility between the 220 alloy and the
A206 alloy can obviously be realized from Table 6.3. This table compares the tensile
properties of both alloys in the same heat treatment conditions assigned to their
machinability test blocks. As will be observed, the ductility of A206 is approximately
five times that of the 220 alloy, once again explaining the evident difference found in the
chip morphology of both these alloys. It should be mentioned that the tensile properties of
the A206 alloy listed in Table 6.3 represent the respective mean values of 5 tensile test bars

cast, heat-treated, and tested in the course of this work for the purposes of the
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Figure 6.5 Chip morphology for (2) 220 base A alloy; (b) Bi-containing A42 alloy; and (c) A206 alloy.

Table 6.3 Comparing the tensile properties of the 220 and A206 alloys

Alloy Tensile Properties

YS (MPa) | UTS (MPa) El (%)
220 305£12 344=9 1.6=0.3
A206 340=8 411%5 7.8=0.8

The distinct difference in the chip morphologies illustrated in Figure 6.5 may be

discerned from the histogram provided in Figure 6.6 which evaluates chip breakability for
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combined addition of TiB, and Zr, producing the A4 alloy, did not in fact lead to any
observable improvement in chip breakability. The addition of Sn, producing the A41 alloy,
achieves up to 15% better chip breakability than the 220 base A alloy. The Bi-containing
A42 alloy displays excellent chip breakability through an increase of about 70% in the
number of chips per gram compared to the 220 base A alloy. In the light of its higher

ductility, the A206 alloy displays a chip breakability of 32% less than does the 220 alloy.
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Figure 6.6 Number of chips per gram produced by the alloys studied.

6.9 EVOLUTION OF BUILT-UP-EDGE (BUE)

All of the alloys studied left a discernible deposit on the drill edge, as may be seen
in Figure 6.7. The evolution in the width of this deposit, namely the width of the BUE, with
the progress of the drilling process is listed in Table 6.4. It should be noted, however, that

the results obtained from the A4 and A41 alloys are excluded since there was no substantial
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Figure 6.7 (a) New drill; (b) BUE formed by 220 base A alloy after 1620 holes; (¢) BUE formed
by Bi-containing A42 alloy after 1620 holes; and (d) BUE formed by A206 alloy after
1620 holes.

Table 6.4 Evolution of BUE width with the progress of the drilling process

No. of Holes 180 | 900 | 1620 | 2520 | Average
Alloy BUE width (mm) (mm)
A (220) 0.172 0.169 0.177 0.181 0.175
A42 0.145 0.156 0.166 0.173 0.160
A206 0.194 0.208 0.196 0.223 0.205

difference to be observed in the width of BUE between these alloys and the base A alloy. It
will be observed that, for all the alloys examined, there is no noticeable change in the width
of the BUE during the course of the drilling process. Moreover, each alloy displays a width

of BUE consistent with the quality of the chip produced by this same alloy. Such a
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conclusion is drawn from the i i- ini ,
the best chip breakability of all the alloys used, displays a BUE width which is lower than
the base A alloy by 9%. On the other hand, the higher ductility of the A206 alloy increases

its BUE width by about 17% compared to the base A alloy.

6.10 RANKING THE MACHINABILITY OF THE 220 ALLOY

Ranking the machinability of the 220 alloy against that of the A206, A319, B319,
and 356 alloys was carried out by comparing their drilling forces and moments, as shown in
Figures 6.8(a) and 6.8(b), respectively. The values of the drilling force and moment of the
A319, B319, and 356 alloys were obtained from work carried out by Tash'?! and Tash et
al.,'* then replotted for the purposes of the graphs shown below. The chemical
compositions of the last mentioned three alloys are listed in Table 6.5. In order to support
the following comparison, some typical microstructures showing the phases observed in the
319 and 356 alloys under different conditions are also illustrated in Figure 6.9.'%

The pronounced convergence observed in the drilling results of the A206 and 220
alloys can be understood by ranking the machinability of both alloys taking into
consideration the effects of their chemical composition and ductility. On the one hand, the
machinability of the A206 alloy is better than that of the 220 alloy based on the fact that the
higher content of Si, Mg, Fe, and Mn in the 220 alloy promotes the formation of the
AlsMgsSi,Cu, phase precipitates and the script-like a-Alis(Fe,Mn);Si, phase particles
within the alloy matrix, which in turn increase the cutting force and moment. On the other

hand, the machinability of the 220 alloy is better than that of the A206 alloy since the
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alloys by comparing: (2) the cutting force, and (b) the cutting moment.



179

drill flute and increase the drill-chip friction thereby, in both cases, resulting in higher
cutting force and moment. This contradiction implies, in other words, that the A206 and
220 alloys may attain the same rank of machinability which further explains the

convergence observed in the drilling results of both these alloys.

Table 6.5 Chemical compositions of the 356, B319, and A319 alloys'>

Chemical Composition (% wt)
Cu Si Mg | Fe Mn Ti Sr Al
356 005 | 6.85 | 034 | 044 | 0.30 | 0.15 | 0.022 | bal.
B319 | 3.40 | 630 | 0.29 | 1.02 | 0.39 | 0.15 | 0.026 | bal.
A319| 3.41 | 620 | 0.10 | 0.40 | 0.30 | 0.15 | 0.023 | bal.

Alloy

— — -

& 319 (unmodified) 9 319 (modified) 319 (SHT)

Figure 6.9 Optical micrographs showing the various phases observed in (a-c) 356 alloy and (d-f)
319 alloy under different conditions: (a) sludge particles; (b) script-like a-Fe phase;
(©), (e), (f) modified eutectic Si; (d) plate/needle-like S-Fe phase; and (g) ALCu
phase; SHT: solution heat-treated. %
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the 356 alloy; this may be attributed to: (i) the abrasiveness of the 356 alloy resulting from

its higher Si content of 6.85% compared to only 1.3% in the 220 alloy; and (ii) the
improvement in the homogeneity of the matrix hardness in the 220 alloy caused by the
cooperative precipitation of Al,Cu, Mg,Si, and AlsMggSisCu, hardening phases rather than
the precipitation of only the Mg,Si phase in the 356 alloy. The latter reasoning was

122 when explaining why the machinability of the B319

confirmed by Tash'” and Tash et a
alloy is better than that of the 356 alloy.

The 220 alloy displays a higher drilling force and moment than the A319 alloy in
spite of the higher Si content of the latter as a result of the low hardness level selected for
the A319 alloy (90 HB) in the relevant study,'?' compared to that of the 220 alloy
(101 HB). Moreover, the higher Mg content of the 220 alloy increases the volume fraction
of Mg-precipitates within the alloy matrix resulting in higher cutting force and moment.
This interpretation is consistent with the observation that the high Mg-content 319 alloy,
namely the B319 alloy containing 0.29%Mg, produces cutting force and moment which are
higher than those of the A319 alloy.

Although the Mg content of the 220 alloy (0.45%) is higher than that of the B319
alloy (0.29%), Mg may have the same hardening effect in both alloys. Such a possibility is
based on the consideration that Mg additions beyond a certain level do not significantly
change the precipitation characteristics of Al-Si-Cu alloys; defining this threshold level has
become a controversial issue and depends to a large extent upon Cu/Mg and Mg/Si

ratios.**!>® This explanation may support the conclusion that the 220 alloy is more
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the higher Mg content of the former. It is important to mention that the precipitation of the

brittle platelet-like S-Fe phase and the extremely hard sludge particles in the 356 and 319
alloys (Figure 6.9) may further make these alloys less machinable than 220 alloy in which

only the less harmful a-Fe Chinese script phase was precipitated.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

An investigation was carried out of the effects of additives on the mechanical
properties and machinability of 220 type Al-2%Cu-1.3%8i-0.4%Mg alloy. From the
analysis and discussion of the results presented in Chapters 4, 5, and 6 of this dissertation,

the following conclusions may be drawn.

Microstructure

1-  The 6-Al,Cu, O-AlsMgsSisCuy, and the Chinese script-like a-Alis(Fe,Mn);Si; phases
were identified as the main microstructural constituents of the 220 alloy.

2- Bismuth and B-Sn particles were found in the microstructures of their respective
alloys. Neither of these particles dissolved in the Al-matrix, nor combined with other
alloying elements, thereby making it possible to produce the desired free-cutting

action of these additives during machining.

Mechanical Properties

3-  The effects of Sr on the mechanical properties with respect to the modification of

silicon eutectic do not come into play because of the low Si content of the 220 alloy.
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contributes to an improvement in ductility and impact toughness.

The addition of Zr increases the strength properties and hardness values as a result of
its grain-refining action together with the dispersive strengthening caused by the
precipitation of Al;Zr phase particles. However, both the ductility and impact
toughness remain at a high level.

Increasing the Fe content, individually or in combination with Mn, also increases the
precipitation of a-Fe Chinese script particles which, in turn, reduces the tensile and
impact properties.

Contrary to expectations, the addition of silver does not produce any considerable
increase in the strength properties or in the hardness values for the heat-treated
conditions. Such results may be ascribed to the presence of Si which suppresses the
vital role of silver in the precipitation-hardening of Al-Cu-Mg-(Ag) alloys.

The deterioration observed in the strength properties and hardness values of the Sn-
containing alloys in the heat-treated conditions may be attributed mainly to the
formation of porosity associated with the melting of Sn during solution heat treatment
and the replacement of Si by Sn in Mg compounds; this in turn hinders the
precipitation of Mg-hardening phases such as f-Mg,Si and O-AlsMgsSicCu,. The
ductility and impact toughness, however, remained unaffected by the addition of Sn.
The Bi-Mg interaction, which consumes the amount of Mg required to form the Mg-
hardening phases, is responsible for the reduction caused in the strength properties

and hardness values of Bi-containing alloys in heat-treated conditions. In addition, the
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both the ductility and impact toughness.

Aging Characteristics

9-

10-

Aging characteristics reveal that age-hardening at 180°C results in alloy-hardening
with aging for times ranging from 2 to 16 hours, whereas age-hardening at 220°C
causes overaging and alloy-softening after 2 hours of aging.

The presence of a number of hardening phases in the Al-Cu-Si-Mg alloy system,
including 6-Al,Cu, S-MgySi, and Q-AlsMgsSisCu;, which may not all coarsen
simultaneously, maintains the strength and hardness of the alloys at high levels,

without any significant decline for up to 16 hours of aging at 180°C.

Fractography

11-

12-

With regard to the fracture mechanism of the impact-tested samples, crack initiation
occurs through the fragmentation of the a-Al;s(Fe,Mn);Si, phase and the formation of
several secondary cracks. The crack propagates through the formation of a mixture of
fine and coarse dimples, as well as through the fracturing of such insoluble
intermetallics as a-Fe, Al;Zr, and AIMgBi.

The fracture surface of the tensile-tested Bi-containing alloy sample reveals the
presence of large AIMgBi particles inside the coarse dimples as well as particles of
6-Alb,Cu and a-Al;s(Fe,Mn);Si, phases. Solution heat-treatment results in the
dissolution of the Al,Cu phase, whereas neither the AIMgBi nor the a-Fe

intermetallics are affected.
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13-

14-

15-

16-

All the alloys involved in the machinability study attained a superior rate of
machinability with respect to the drill life which may exceed 2520 holes. This record
of tool life is consistent with the fact that there is no sharp increase in the drilling
force and moment observed with the progress of the cutting process.

The addition of Sn and Bi improves machinability through a decrease in the total
drilling force over the evaluation range by 14% and 25%, respectively, compared to
the base 220 alloy. The total drilling moment was reduced by almost the same
percentages.

All 220-based alloys display a fan-shaped chip which is considered to be the ideal
chip for most drilling applications. The addition of Bi increases the fragility of the
chip considerably by 70% compared to the base 220 alloy, whereas no distinct change
in chip characteristics is observed with the addition of Sn.

The 220 alloy may be proposed as a promising cheaper and lighter alternative for the
machining applications of A206 alloy, based on (i) the close similarity of the cutting
forces and moments observed from machining tests carried out for the two alloys, and
(ii) the relatively improved chip characteristics displayed by the 220 alloy.

The machinability of the 220 alloy may be deemed an acceptable compromise

between that of 356/B319 alloys and that of A319 alloy.
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7.2 SUGGESTIONSTFORFUOETERE-WORK

alloy:

1-

The following areas may be recommended for further research on the 220 type

A detailed study on the role of addition of such transition elements as Cr, Sc, Zr,
and Ag in preserving alloy strength at higher working temperatures over fairly long
periods of service.

Investigating the thermal resistance of the newly-developed alloy compared to that
of the commonly used A206 alloys taking into consideration the corrosive effect
produced when the alloy is soaked in E85 fuel (a mixture of 85% ethanol and 15%
gasoline, as an alternative fuel) for different periods of time.

The effects, on alloy yield strength, of the thermal expansion which occurs during
cycling at different working temperatures; this in turn determines the alloy
resistance to thermal fatigue.

Investigating the possibility of producing castings made of the present alloy using a
variety of casting technologies such as lost foam, precision sand, and low pressure

die casting.
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