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CHAPTER 1

DEFINING THE PROBLEM

1.1 INTRODUCTION

Aluminum (Al) alloys are used in[ a wide varigty agplications in the automobile,

marine and aerospace industries, thanks to their dpecific gravity, high strength-to-
weight ratio, high wear resistance, high refletyiviexcellent heat and electrical
conductivity, low melting point, negligible gas sbllity (with the exception of hydrogen),
excellent castability and good corrosion resistance

Aluminum alloys can generally be classified as wgidualloys and casting alloys.
Aluminum casting alloys constitute a group of casdterials that, in tonnage terms, is
second only to ferrous castind$. This is largely because aluminum casting alloys ar
among the most versatile of foundry alloys. Moreowgany aluminum alloys are relatively
free of hot short cracking and tearing tendencidsle at the same time yielding a good as-
cast surface finish with few or no blemishes at'all

Aluminum-silicon (Al-Si) base alloys belong to tB&x and 4xx series. The three
major heat-treatable alloy systems in the 3xx seare Al-Si-Mg, Al-Si-Cu and Al-Si-Cu-
Mg, where magnesium (Mg) and copper (Cu) represeatsignificant alloying elements
that serve as strengthenéfsThe most well-known of the Al-Si-Mg alloys are t886 and

357 alloys. While Mg is added to increase the gftteniron (Fe), manganese (Mn), nickel
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(Ni) and chromium (Cr) are usually present as irtp@lements!

When combined with strontium (Sr), Mg negates affect of Sr modification to
such an extent, that a higher level of Sr is remglito achieve full modification of the
eutectic Si structure. In the Sr-modified Mg-frdley the Al-Si eutectic is better modified
than the in the case of a Mg-containing alloy miedifvith the same amount of $r* The
volume fraction of the Fe-rich intermetallics in73&lloys is larger than it is in 356 alloys
as a result of the formation of larger amountshef-AlFeMgSi iron-intermetallic phase
due to the higher Mg content of the fornier®

Aluminum-copper-magnesium-zinc (Al-Cu-Mg-Zn) heggdtable alloys belong to
the 7xxx series of aluminum wrought alloys, wherg ind Cu are added to act as
strengtheners? Zinc is known to increase hot-cracking tendencyaiaminum casting
alloys and for its sensitivity to stress-corrosaracking with respect to aluminum wrought
alloys; such effects limit its use. When added witther elements, however, zinc offers the
highest combination of tensile properties in wrdughuminum alloys. The addition of
copper, for example, to aluminum, magnesium and, Ziogether with small amounts of
chromium and manganese, results in some very lighgth aluminum wrought alloys.

In the AI-Cu-Mg-Zn alloying system, zinc and magoes control the aging
process. The effect of copper is to increase thagagate via the nucleation of the
CuMgAl, phase. Copper also increases the quench sensitpuitn heat treatment of these
alloys as well as the resistance to stress comosdmor alloy additions, such as Cr and Zr,
have a marked effect on mechanical properties amcbgion resistance of 7xxx series

wrought alloys.> 7 Beside its tendency to form very coarse constttiamith other



impurities or additions such as Mn, Fe and Ti, €used to control grain structure, to
prevent grain growth in Al-Mg alloys, and to preveecrystallization in Al-Si-Mg or Al-
Mg-Zn alloys during hot working or heat treatmenheseas Zr is used to increase the
recrystallization temperature and to control thaimgrstructure in Al-Mg-Zn wrought
products. Two well-known examples of Al-Cu-Mg-Zrogss include the 7075 and 7475
alloys.

In both the Al-Si-Mg casting and Al-Cu-Mg-Zn wrougdlloy systems, beryllium
(Be) is added to prevent oxidation of magnesiumval as to improve the alloy strength
and ductility by influencing the morphology and uohistry of Fe-containing
intermetallics® The mechanical behavior of a given alloy, i.e. #i®y strength and
quality, is usually affected by the alloy chemic@mposition and any heat treatment
conditions that may have been applied.

The aeronautical industry is the main field usingts heat-treatable alloying
systems, where engine parts can be made from MeSieasting alloys, while other
structural applications are produced from Al-Cu-Kig-wrought alloys. Such critical
applications are designed for high strength andildycboth of which can be improved by
adjusting the alloy chemical composition or throuk use of a specific heat treatment.
The importance of these applications forms the arymmotivation behind the current

study.



1.2 OBJECTIVES

The main purpose of this study is to investigatedfiects of alloying elements and
heat treatment conditions on the microstructureraedhanical behaviour of non-modified
and Sr-modified 356- and 357-type alloys, as welt@adjust and develop both the alloy
composition and heat treatment(s) for 7075- andbtgge alloys, in order to obtain an
ultimate tensile strength value of ~1 GPa. In orteraccomplish these objectives, the
following factors and aspects were examined:

(1) The influence of alloying elements on the agbehaviour of alloy castings
with respect to Fe content, Sr modification, greefining, addition of Mg
and Be, as well as solution heat treatment andyguanameters.

(i) Microstructural analysis of the precipitatelases during solidification.

(i)  Correlating the results obtained from tessiltests along with the
microstructural analysis to determine the effectsatboying elements,
intermetallic phases, changes in the morphologlytisnizing parameters
and aging conditions on a given alloy’s mechanpcaperties.

(iv)  Improving both the alloy tensile propertiedaguality.

v) Technology transfer.
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CHAPTER 2

REVIEW OF THE LITERATURE

2.1 ALUMINUM ALLOYS

The properties and quality of aluminum alloys anduenced by the alloying
elements and impurities usually present in alumindime main alloying elements are
silicon (Si), copper (Cu), magnesium (Mg), mangan@dn) and zinc (Zn), whereas the
main impurities and additions include iron (Fe);azhium (Cr), titanium (Ti), nickel (Ni),
cobalt (Co), silver (Ag), lithium (Li), vanadium jyzirconium (Zr), tin (Sn), lead (Pb), and
bismuth (Bi). Some elements found or added as &bmBents are strontium (Sr), beryllium

(Be), boron (B), sodium (Na) and/or antimony (Sb).

2.1.1 Classification of Aluminum Alloys

As Figure 2.1 shows, aluminum alloys can be clessiinto four groups, mainly,
casting alloys, wrought alloys, work-hardenableoyd| and age-hardenable alloys. This
classification depends mainly on the alloying cahtnd on whether or not an alloy can be
hardened by the addition of alloying elements,nathé case of the precipitation-hardened
alloys which can be strengthened by aging. The sharklenable alloys are those that

cannot be hardened by aging, and are hardened tiyngdhe alloy !



2.1.1.1 Aluminum-Silicon Casting Alloys

Worldwide, Al-Si base casting alloys are widely dise high strength industrial
applications on account of their low density andazaty for being cast in complex shapes.
Nowadays, such alloys are used extensively in tanaotive industry for engine
components including blocks, cylinder heads, pstantake manifolds, and brackets,

where these alloys have replaced cast iron compsiemany case$’

1 Casting alloys

2 Wrought alloys

3 Work-hardenable alloys
4 Age-hardenable alloys

Figure 2.1  Schematic diagram showing cast and wrought alumialloys: (1) Casting
alloys, (2) Wroucj;ht alloys, (3) Work-hardenableog and (4) Age-

hardenable alloy$



Silicon has a lower density compared to aluminung, @ one of the few elements
which may be added to it without the loss of a \Wegdvantage. Alloys with silicon as a
major alloying element are of significance in theustry and are widely used because of
their superior casting characteristics. The Al-8sd alloys constitute 85% to 90% of all
aluminum castings. Their other outstanding featumetide high corrosion resistance, a
low thermal expansion coefficient, weldability, anigh mechanical propertidé.'®!

Depending on the silicon content, Al-Si alloys afieided into three groups:
hypoeutectic alloys with a Si content of betweean8 10%, eutectic alloys with 11-13%
Si, and hypereutectic alloys, commonly having ad@itent of between 14 and 20%.

The excellent castability and mechanical propemiesl-Si—Mg cast alloys make
them popular foundry alloys for aerospace appliceti These alloys are usually heat-
treated in order to obtain an optimum combinatibrsteength and ductility. The relevant
heat treatment consists of solution treatment amehching, followed by artificial aging.
Magnesium is often added as an alloying elemenhdcease strength and hardenability
values, whereas Fe, Mn, Ni, and Cr are usuallygmtess impurity elements.

The mechanical properties may also be enhancedéyging the morphology of
the eutectic silicon particles from their normadigicular brittle form to a more fibrous and
rounded form. The desired modification may be ot#di through the addition of a
chemical modifier such as sodium (Na) or Sr todalay, or else by means of solution heat
treatment during which the Si particles are fragieeérand become spheroidized. Long

solution treatment times can lead to particle cerzirg.>
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The percentage of Si in Al-Si alloys together il shape and distribution of this
element all play an important role in determiningamanical propertiesunder normal
conditions, eutectic silicon displays an acicular lamellar morphology Strontium is
commonly used in Al-Si casting alloys to modify tim@rphology of eutectic silicon from a
coarse, flake-like form to a fine fibrous one sa@smprove the mechanical properties of
the alloy, particularly ductility.

With the addition of Sr, the eutectic temperatufeéhe AI-Si eutectic reaction is
depressedsubsequently this depression is often used tmattithe degree of modification
which has taken place in the Al-Si alloy. Othemowihg elements such as Mg and Be,
together with varying amounts of iron, manganesel zinc as impurity elements, go into
solid solution in the matrix and form intermetaltiarticles during solidification.

When combined with Sr, Mg negates the effect ah8dification to such an extent,
that a much higher level of Sr is required to aehi&ll modification of the eutectic Si
structure. In the Sr-modified Mg-free alloy, the-3il eutectic is better modified than the
one in the Mg-containing alloy modified with thensa amount of Sr. The volume fraction
of the iron-rich intermetallics in 357 alloys isder than it is in 356 alloys containing same
level of Mg as a result of the formation of largemounts of ther-AlFeMgSi iron-
intermetallic phasé® ©

The tensile properties can be correlated to theasiucture and to the formation of
intermetallic phases and porosity. In general, waithincrease in the volume fraction and

size of intermetallics and porosity, the tensilegarties tend to decrease.
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Heat-treatable aluminum alloys are those whose arecal properties may be
improved by using a specified heat treatment orpennHeat treatment is an elevated
temperature process designed to allow soluble elBsmeuch as Mg to become
supersaturated in solid solution, followed by coglivhich is rapid enough to prevent the
excess solute from precipitating. The T6 heat mneat process involves three stages,
namely, solution heat treatment, quenching, andgagihe purpose of the solution heat
treatment is to put the maximum amount of hardersoutes such as Mg into solid
solution in the aluminum matrix.

The recommended solution temperature for 356 andaBbys is 540 + %C; this
temperature was selected to obtain maximum coret@ms of Mg and Si in solid
solution®™ 2 Quenching is the step which follows upon solutleat treatment; it is
usually conducted in water, making it possiblereete the structure for a brief period of
time. The purpose of this process is to presereestilid solution formed at the solution
heat treating temperature by means of rapid codiingome lower temperature usually
close to room temperature.

Aging treatment is the controlled process of allmyvthe hardening constituents to
re-precipitate either at room temperature (natagihg) or at an elevated temperature
(artificial aging), thereby producing a hardenirfteet. The highest strength values may
thus be obtained by the proper combination of smluheat treatment, quenching, and

artificial aging
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2.2 AI-SI-Mg ALLOY SYSTEM

An important group of alloys, used for critical agpace applications, in the Al-Si
system are Al-Si-Mg alloys, which are hardened k34, such as the 356 and 357 alloys.
Magnesium is the basis for strength and hardnessl@ament in heat-treated Al-Si alloys.
In the heat-treated condition, the hardening phd4gSi has a solubility limit
corresponding to approximately 0.7% Mt Beyond this limit, no further strengthening
occurs nor does matrix softening take place. Ahraemperature, quantities of magnesium
exceeding 0.3% Mg will be present as J8g An increase of magnesium, within the alloy
range, results in increased strength at the expehsiuctility. Magnesium also has a
beneficial effect on corrosion resistance. By idahg additional elements, it is possible to
improve the mechanical properties of Al-Si-Mg aloy

With regard to these alloys, iron is considerednaourity originating in the process
of mining aluminum from the ore. It often appearghe form of AlFeSi intermetallics at
the grain boundaries, causing a severe loss of ductility in the alloy; strength may also be
noticeably affected. As a result, the iron-contentkept significantly low in premium
quality alloys which are used for aircraft and apaxe castings requiring high-grade
quality properties. Copper is present primarily as impurity in Al-Si-Mg alloys and
decreases the sensitivity of the alloy to quentbstdt also increases the stress-hardening
effect as well as the strength in the T6 tempeghEi copper-content decreases ductility
and resistance to corrosion, while additions of gaaese, chromium, and zirconium
inhibit recrystallization during solution treatmeManganese additions increase creep and

fatigue resistance and, to some extent, counter@gper in neutralizing the corrosion
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susceptibility of the alloy. Manganese converts tbeystallization of needle-like
intermetallic phases to cubic or globular formsshsas Chinese script morphology, which
have less harmful characteristics. This type of phology improves tensile strength,
elongation and ductility:***® Furthermore, it should be noticed that small amsuoft
manganese (usually Mn:Fe is 1:2) play a positite by breaking up the iron needI|&!
When added in a higher ratio or in the presencehobmium, depending on the melt
temperature, manganese produces a hard multi-ca@npomtermetallic compound,
commonly referred to as sludge, which affects theximanical properties of the casting.
Lead and bismuth may be deemed useful additions irfgeroving the machining
characteristics of the alloy’ &

The most well-known alloys belonging to the Al-SgMilloy system are the 356
and 357 alloys. The chemical compositions for wsiB56 and 357-type alloys are

presented in Table 2.4°

Table 2.1 Chemical composition of 356 and 357 alloys (wt¥8)

AA Chemical Composition (wt%)**

Alloy No. Si Fe Cu Mg Zn Other
356 7.0 <0.6 <0.25 0.35 <0.35

A356 7.0 <0.2 <0.2 0.35 <0.1

B356 7.0 <0.09 <0.05 0.35 <0.05

357 7.0 <0.15 <0.05 0.55 <0.05

A357 7.0 <0.20 <0.2 0.55 <0.10 0.05 Be
B357 7.0 <0.09 <0.05 0.50 <0.05

* AA: Aluminum Association
** Unlisted Aluminum or impurities
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2.3 INTERMETALLIC PHASES IN Al-Si-Mg ALLOYS

Both of 356 and A357 alloys contain 7 wt% Si buvénalifferent Mg levels of
approximately 0.45 wt% and 0.7 wt% Mg, respectivéljloys 356 and 357 have been
widely used for automotive and aerospace applioatrequiring the highest strength with
reasonable ductility. A357 alloys also contain akrmmount of beryllium which is added
in order to improve strength and ductility through effect on the morphology and
chemistry of thezphase iron-containing intermetalll¢”

The solid solubility of iron in molten aluminum ebout 0.03-0.05 wt% at the
eutectic temperature of 5%7. Thus, most of the iron present above this lapglears in the
form of iron intermetallic phases. When iron congsmwith Al and Si, it forms A-AlsFeSi
intermetallic phase displaying a platelet-like shapn the case where Mg is present,
another intermetallic tends to form and is calleelst-phase whereby AFeMgSis may be
produced. Experimental studies have demonstratdhle formation of iron intermetallic
compounds is influenced by alloy composition aslved by the cooling rate. Iron
intermetallic phases have a crystal structure whiffiers from that of aluminum; normally
they have high hardness values, with low plasticaynpared to the Al-matrix. Thus, iron
intermetallic phases appear to have a significéfieiceon Al-Si-Mg alloys by reducing
their strength and ductility?* 2!

Backerudet al. ¥ reported that the main reactions to be observeti@nAl-7Si-
0.56Mg alloy containing 0.14wt% Fe are (i) the fatran of primarya-Al dendrites, (i)
the formation of the Al-Si eutectic along with thghase iron-intermetallic phase, and (iii)

the formation of secondary eutectic phases, aslbeaeen in Table 2.2. The cooling curve
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and its first derivative are shown in Figure 2.2will be observed that there are two
possible reactions required for the formation of ihphase: the first is a result of the
transformation of th@-AlsFeSi phase into thephase through a peritectic reaction, as will
be found listed under reaction 4 in Table 2.2; $keond, on the other hand, forms as a
result of the quaternary eutectic reaction occgrahthe end of the solidification sequence,
as listed under reaction 5. The general microsirecdf Al-7%Si-Mg alloys consists of (i)
primary a-Al; (ii) Mg,Si displaying Chinese script morphology; (iffphase (AdFeSi)
with its plate-like morphology; and (iv) the scHjke n-phase (AlFeMgSig), as shown in

Figure 2.3.

Table 2.2  Expected reactions to occur in A357 all&ys

Reaction No. Reaction Temperature °C
1 Dendritic network 611
2 L— Al+Si 577
3 L — Al + Si + AlsFeSi 575
4 L + AlsFeSi— Al + Si + AlgFeMg:Sis 567
5 L — Al + Si + M@,Si 555
6 L — Al + Si + M@Si + AlgFeMg;Sis 550
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Figure 2.2  Cooling curve and its derivative for alloy A35%!
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Figure 2.3  Optical micrograph of non-modified 357 alloy showiirfl) eutectic silicon,
(2) AlgFeMgSis Chinese script, (3) M&i Chinese script, (4) AfFeSi

needles!?*!
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Phragmén®! reported that the composition of tiéAlsFeSi phase is 27% Fe and
13.5% Si with a density of 3.30-3.35 gftnappearing in the form of thin platelets or
needles in the microstructure. Thé\lsFeSi phase grows in a lateral or faceted mode and
contains multiple (001) growth twins parallel toetigrowth direction?® The possible
morphology off-AlsFeSi is shown in Figure 2.3. The first suggestibthe stoichiometry
of the z-phase by Fosst al. ) was AbFeMgSis; this stoichiometry deviates from the
AlgFeMgSis suggested by others. Thephase is a quaternary phase having a script-like
morphology, often linked witl#-AlsFeSi ?® The chemical composition of thisphase is
10.9% Fe, 32.9% Si, and 14.1% Mg, with a densit@.82 g/cn. Figure 2.4 shows the

only two possible morphologies observed forthghase 283"
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Figure 2.4  Optical micrographs showing various iron-contagninintermetallics

(arrowed) and their typical morphologies in Al-5%dS6Cu-0.5%Mg-(Fe)

alloys: (a)p-AlsFeSi platelets, (b) script-like-Al sFeSi, (c) z-Al 3F€M?35i6
phase growing from and connected witand (d) script-liker-phase!®

2.4 ROLE OF ALLOYING ELEMENTS AND IMPURITIES

Casting alloys are defined by their chemical contmrsand according to the major
alloying elements present in the alloy. The allgyalements and impurities present in an
alloy together with the cooling rate, determine ethconstituents will precipitate. These
major alloying elements are added to increase thength and other properties of

aluminum casting alloys.
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2.4.1 Role of Strontium Modification

The improvement in mechanical properties has g#getzeen attributed to
variations in the morphology and size of the eutesiticon particles. Silicon content and
its morphology in the structure have a significafiuence on the mechanical properties of
the alloys. Chemical modifiers are elements whigh @sed mainly for transforming the
morphology of the coarse acicular silicon in théeetic structure of Al-Si alloys into a
finer or more fibrous form in order to improve timeechanical properties. The most
common modifying elements used are sodium and tatron®Y although nowadays Sr is
mostly employed for modification purposes, in theni of Al-Sr master alloys. The
modification mechanism of the Si particles and ¢esnin their morphology has been
described by Mondolfd* Although the presence of strontium can changertbohology
of the silicon patrticles, when the Al-Si alloy caimts more than 0.05 wt% Sr, the formation
of undesirable Sr-compounds such asSAbL contributes to a decrease in mechanical
properties *? The addition of Sr is associated with an increasthé amount of porosity
and inclusions.

It has been reported that the iron intermetalbtume fraction is lower in the Sr-
modified alloys compared to non-modified alloys.eTlower volume fraction of the iron
intermetallics in the Sr-modified alloys may beribtited to the effects of Sr modification
on the fragmentation of iron intermetallics in tcast Al-Si alloys®® Peymaret al. ¥
studied the influence of Sr addition on intermétatompound morphologies in an Al-Si-
CuFe cast alloy; they observed that the length and volume fraction of the p-phase

decreases and that the number density of partinl@eases upon adding 0.015 % Sr,
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indicating that Sr proves to be an effective eleimerthe modification and shortening of
theg-intermetallic phase particles.

It has been observed that the addition of stramtacts as an obstacle for the
nucleation of thep-needles, by reducing the number of sites ultingatelailable for
nucleation. As a result, thieiron phase precipitates at a smaller number egsleading to
the precipitation of needles which are larger comgato those in the non-modified
alloy®™ These studie&* ¥ contradict each other. It has been found that3ft® alloy
containing 0.46% Fe and which solidified at a slmwling rate, the optimum Sr levels lie
closer to the limit of 400 ppm. As the iron levatieases, the optimum Sr level will be
observed to shift towards the higher linfi¢!

Silicon content and its morphology in the struethave a significant influence on
the mechanical properties of the alloys as showthbeycurves in Figure 2.5. As the silicon
content increases, the tensile strength of the alloy is enhanced; however, at the same time,
the brittle nature and flake morphology of the uxified silicon phase will affect the alloy
ductility adversely. After modification, both telesistrength and elongation are improved,

with the greatest improvement being observed irethegation!®”
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Figure 2.5 Influence of Si-content on the mechanical propsrioé Al-Si alloys; full
lines: modified #oys; dashed lines: unmodified alloys. "

Figure 2.6 shows the variation in the elongatiothwdiffering strontium levels for
three different cooling rates in a 356 alloy. At eboling rates, the elongation due to
strontium modification was observed to have begoraved. The detrimental effect due to
over maodification at higher Sr levels is also ewid&om the figure.[38] A comparison of
the mechanical properties for modified and unmedifalloys is given in Table 2.3 for

some commonly used T6-heat treated 356 alfd¥s.
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Figure 2.6  Variation of the elongation with Sr level for three different cooling rates,

Band 1: cooling rate 1.5°C/s. Band 2: cooling rate 0.5°C/s. Band 3: cooling
rate 0.08°C/s. %!

Table 2.3 Typical mechanical properties of as-cast and modified 356 alloys [39]

Alloy and temper Modification UTS (MPa) Elongation (%)
356.0-T6 None 288.9 2.0
0.07% Sr 293.0 3.0
A356.0-T6 None 275.8 4.8
0.07% Sr 296.5 8

Figure 2.7 shows the mechanical properties of A356.0 alloy modified with

strontjum. [ Impact properties are much more sensitive to modification than tensile

properties, where the impact strength of the modified alloy is seen to increase to three times

its value, the elongation value is doubled, although both yield and strength remain virtually

unaffected.
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Figure 2.7  Mechanical properties of A356.0 alloy modified with strontium. g

The relationship between the Quality Index and ¢th@nges occurring in the
microstructure of A356 alloys as a result of heaatment and the addition of different
levels of pure Sr was investigated by Clossteal *® % They plotted the Q values as a
function of different cooling rates and Sr contess$, shown in Figure 2.8. This figure
reveals an increase in the Q value with increas& icontent, but at certain values of the
Sr content, the Q value starts to decrease fdhaltooling rates studie®4nd 1: cooling
rate 1.5°C/s. Band 2: cooling rate 0.5°C/s. Band 3: cooling rate 0.08°C/s). *® The increase
in the Q values observed with Sr additions of uP.@B8 wt% is a result of changes in the
acicular morphology of the Si particles to a fisoiorm, leading to a decrease in the

number of crack initiation sites and thus also oirecrease in the elongation to fracture.
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The apparent reason for the drop in quality valasshe Sr content grew greater than 0.03
wt%, was the over-modification of the Si particlasd the formation of the A$rSi
intermetallic phase, which is brittle and also affected by heat treatment. The optimum

mechanical properties were also obtained in theuSye of 0.005 to 0.015%° 3!

500 — =

Q (MPa)
>

0 001 002 003 004 005 0.06
Sr Content (Wt. %)

Figure 2.8  Variation of the Quality Index (Q) in relation ta $ontent for different
cooling rate$’®

2.4.2 Role of Magnesium

The Al-Si-Mg system is represented by the pseudasyiAl-Mg,Si diagram shown
in Figure 2.9. The structure of Al-Si-Mg alloysdentrolled through eutectic modification
and heat treatment resulting in enhancing the apoyperties compared to the non-
modified and/or as-cast case. Alloy 357 can berdjstshed from 356 alloys by its higher
Mg level; consequently, heat-treated 357 alloys have higher tensile strengih 866 alloys.

A356.0 and A357.0 alloys are higher purity versioh856.0 and 357.0 alloys, and hence
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have higher mechanical properties.
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Figure 2.9  Pseudo-binary Al-MgSi phase diagranf”

For Al-Si-Fe-Mg cast alloys, the results reveal that the z-phase and S-phase volume
fractions remain constant regardless of the Mg content, whereas the amount of Mg,Si
appears to increase generally, as shown in Figure 2.10. " Caceres et al. 1*¥ studied the
microstructures of two Al-Si-Mg casting alloys, respectively containing 0.4 wt% and
0.7wt% Mg. They observed that the iron intermetallic phases in high Mg-content alloys are
larger than they are in alloys containing low levels of magnesium, and that the iron-rich
intermetallic phases in low-Mg alloys were exclusively small f-phase plates, while large z-
phase (AlgFeMg;Sis) particles were dominant in high-Mg alloys together with a small

proportion of the f-phase. It has been observed that the addition of Mg to Al-Si-Mg casting
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alloys, at three different cooling rates, chandesdolidification sequence and the type of
iron intermetallic phase formef At Mg additions of more than 1%to molten 319 type
alloys, the volume fraction of thephase is reduced as a result of the transformafioime
B-phase into the-phase!*¥ It has been reported that increasing the Mg coritent 0.4 to
0.7wt% in 357 alloys significantly increases thaegmtial for the formation of the Mg-

containing AkFeMgsSis iron intermetallic phasé®

(a} As-cast alloys

0.8

Phase Volume Fraction (%)

0.6 1 e
- Mg2si
0.4 4 —a—All
0.24 o
_____ P
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0.3 04 05 06 07
Magnesium Content (wt%)

Figure 2.10 Volume fractions of MgSi, -Fe, andz-Fe intermetallic phases in as-cast
Al-7Si-0.12Fe-xMg alloys as a function of Mg corttef!

Adding magnesium allows the casting to be heatdtkawhereby MgSi
precipitates upon aging, hardening the alloy anoviding a specific combination of
strength and ductility. High Mg levels increase #mount of MgSi precipitates formed
during aging, thereby increasing the yield strengtB) and the ultimate tensile strength

(UTS) of the alloy. Increasing Mg even in small amts will result in an increase in the
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yield strength of Be-free Al-Si-Mg alloys, as shownFigure 2.111** “*The low YS for
the high-Mg alloys results from the presence of Afghase iron intermetallic, which in
itself consumes large amounts of magnesium fronsdiie solution, thereby reducing the
amount of Mg available to form M§i precipitates after agein§.*®

Méller et al. ! reported that increasing the Mg content from @%.45 wt%
greatly increases the UTS and YS, although incngaiis content beyond 0.45wt% causes
an increase in YS and UTS to less than expectedesalThe expected values were
obtained, however, by a linear extrapolation of strength of lower Mg content in A356
alloys to actual F357 Mg concentrations (same d&7A8kcept no Be), as shown in Figure
2.12. A number of authoré® *®! have reported that an increase in the YS and WTS i
usually accompanied by a decrease in the ductggecially in the presence of high levels
of Mg as in 357 alloys. This reduction results frdme presence of-phase particles which
are much larger than the silicon particles in Sdified 357 alloys!*? or from the fracture
of z-phase patrticles which plays an important rolehgreduction of ductility, especially in
the modified alloy, where these particles are neasly fractured than in the non-modified

alloy. (43
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2.4.3 Role of Iron

Any element which is not classified as an alloyiogmponent is termed an
impurity, and as such it is deemed to have a negatifect on the castability, mechanical
properties and heat treatment of aluminum alloysoAg such elements, iron is a common
impurity in aluminum alloys arising from a numbelr sources. It is usually considered
detrimental for Al-Si based casting alldy$*® Iron can enter the melt during further
downstream melt activity through two basic mechasis(i) liquid aluminum is capable of
dissolving iron from unprotected steel tools anthfece equipment, or (ii) iron may also
enter an aluminum melt via the addition of low-py@alloying materials such as Si, or via
the addition of scrap that contains higher backgdowon than the primary metal.

Manganese is a common alloying element used asdditica to neutralize the
effect of iron and to modify the morphology and éypf the intermetallic phases formed.
Manganese is added to many of the alloys for twanrparposes: (i) to increase high-
temperature strength and creep resistance thrdwegfotmation of the high melting point
compounds; CiMnzAly, MnCrAl,, Alis(Fe,MnkSi, and more complex compounds
containing chromium and nickel; and (ii) to corrée embrittling effect of Fé> 48!

Figure 2.13 shows the binary Al-Fe equilibrium ghadiagram.*® with long
holding times, Fe levels can reach 2 wt% at a nbmedt temperature of ~760 and an
Al-Fe eutectic exists at 1.7 wt% Fe, 865 For a melt held at 800, the Fe level may

reach up to 5%.
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Figure 2.13 Binary Al-Fe equilibrium phase diagraff’

The detrimental effect of iron begins at a somewbat primary Fe-level but
becomes far more serious once a critical Fe-lelgpendent on the alloy composition, is
exceeded. The critical iron level is directly reldto the concentration of both Si and Mg in
the alloy; this concentration controls the formation of Fe phases, mainly S-AlsFeSi, a-
Al15(Fe,Mn}Si; and z-AlgFeMgSis. Increasing Fe leads to a gradual reduction in the
elongation, impact strength, and tensile stren§thl-®i alloys, while the Brinell hardness
and yield strength are reported to increase graduedn contents of up to 0.2% improve
the tensile strength, while higher levels reduce tinsile strength and elongation, and

increase hardnes§® It has been reported that the percentage ofZiphase rapidly
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increases with the iron concentration for a givenaentration of Mn, as shown in Figure
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Figure 2.14 Depenggnce of the percentage ®phasevs iron content in Al-Si cast
alloys.

The effects of Fe on the Quality Index, Q, in AZBys are shown in Figure 2.15,
and indicate that Q decreases upon increasing ¢heoRtent from 0.16 to 0.4% wif”
Figure 2.16 reveals that a significant decreasthényield strength is observed for A357
alloys at Fe contents higher than 0.06 wt%#&whereas in 356 alloys, the UTS and YS
decrease significantly, by 20 and 18%, respectiasythe Fe level increases from 0.2 to 0.8

Wt%, as shown in Figure 2.17"
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Figure 2.15 Variation of the quality index with Fe content. [40]
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Figure 2.17 Effects of Fe impurity on the mechanical propertie856 alloys ™"

Taylor et al.*" studied the effects of Fe content on the volumetifsa of the three
intermetallic phases, M§i, p-Fe, andz-Fe in as-cast Al-7S)4Mg alloy; they found that
all the intermetallic phases appear to increask thig Fe content, as shown in Figure 2.18,
where it may be observed that the dominant phasdl the as-cast alloys studied is the

iron intermetallic phase.
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Figure 2.18 Volume fractions of the M%zsi, [-Fe and n-Fe phases present in as-cast
Al-7Si-xMg-0.12Fe alloy. *!

2.4.4 Role of Beryllium

Reducing the detrimental effects of iron intermetslby adding certain elements in
trace amounts to the melt has been reported tasaah effective neutralizer of the effects
of iron in forming iron intermetallic phases. Thaaee several trace elements which are
liable to neutralize the embrittlement effect anrintermetallics; these include chromium,
beryllium, cobalt, manganese, and molybdenum. Bemylis found or added as a trace
element to Al alloys. Figure 2.19 shows thieary Al-Be equilibrium phase diagram. °?

An Al-Be eutectic composition exists at 0.5-1.4 wt% Be with the eutectic temperature at

644-647°C.
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The presence of Be in Al-Si casting alloys reduttes oxidation of the molten
metal. The diffusion of the small beryllium iondarthe oxide film causes a contraction of
the oxide which establishes a denser, more protediim on the melt surface thereby
impeding attack from the oxygen present in the aphere*® Adding Be in premium
quality aluminum alloys leads to the productioracflean melt and to the formation of an
oxidation layer which also prevents Mg from oxidigj consequently increasing the

amount of Mg available to form M8§i for the strengthening of the Al-Si-Mg alloy¥!
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Figure 2.19 Binary Al-Be equilibrium phase diagraff!



36

The amount ofr-phase intermetallic in the Be-free 357 alloy ight@r than it is in a
Be-containing alloy, particularly in the presendéhigh Mg levels. Also, in Be-containing
357 alloys, thes-AlsFeSi phase is replaced by the Chinese-scrigieéd®i phase, which
reduces the embrittlement effect of the fornte&f. An improvement in the mechanical
properties of 356 alloys observed as a result diredsmall amounts of Be was attributed
to the change in solidification behavior as welt@silterations in the morphology of tfie
phase when changing into the Be-Fesb&BeSi) Chinese-script phade®®” It has been
concluded that the addition of 500 ppm Be redulsesatmount of the-phase formed in Al-
7Si-xMg-0.1Fe alloys, such additions also faciététe decomposition of thephase into
the g-phase, particularly at higher levels of Mg conteémat is to say, 1.0 wt%6®

The addition of 500 ppm Be to Al-7Si-xMg-0.1Fe gHocontaining 0.4, 0.6, and
1.0wt% Mg has the potential for decreasing the mauraction of ther-phase intermetallic
in both non-modified and Sr-modified alloys, as whoin Figures 2.20 (a) and (b),
respectively. Figure 2.21 shows the formation ofHg@ephases with script morphology in
Be-containing Al-7Si-0.6Mg alloy€®® It has been found that the addition of 0.2% Be to
Al-7Si-0.3Mg-0.8Fe results in the replacement & fhphase by thei-Be-Fe phase; this
phase tends to precipitate at temperatures whielhnigher than the formation temperature

of the-phase, consequently, reducing the iron availabferm theg-phase!®”
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Figure 2.21 Backscattered electron image of Be-containing Sdifreml 357 alloy in the
as-cast condition, showing the Be-Fe ph&&e.

Beryllium has a positive effect on enhancing thehaaical properties of Al-Si-Mg
alloys. It has been observed that the Be-contaiaitays exhibit higher values of tensile
strength at all levels of iron content, as showRigure 2.22, it is also observed that while
the ductility of the Be-containing alloys initialljecreases, it still remains higher than the

ductility values for the other alloyS"
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2.4.5 Role of Titanium

The quality of Al-Si alloy castings may be improvbed grain refinement which
reduces the size of the primasyAl grains in the microstructure, which would otivéese
solidify into a coarse columnar grain structure.e@ical grain refinement involves the
addition of special substrates to act as nucleants react with other elements in the melt
to form solid nucleant particles. A fine grain siie promoted by the presence of an
enhanced number of nuclei, with solidification preding at minimal undercooling.
Furthermore, chemical grain refinement is bendfi@amechanical properties, particularly
those which are sensitive to hot tearing and ptroShemical grain refiners are added to
the melt as master alloys, mainly aluminides (3JAhnd borides (TiB, acting as
heterogeneous nuclei for the formationafl grains or crystals. According to the Al-Ti
phase diagram shown in Figure 2.89,the corresponding peritectic reaction occurs it 1.
wt% titanium and 66%, with the limit of the peritectic horizontal pkat at 0.15% Ti.

With the addition of Ti as a grain refiner, whightroduces large amounts of
nucleants into the melt, a number of equiaxed graame formed, resulting in an
improvement in the properties of cast solid solutigpe alloys. This improvement includes
improved soundness, finer distribution of gas piypdetter mechanical deformation
characteristics, and improved mechanical propersiesh as yield strength, toughness and
fatigue life. Grain refinement also improves maehitity, the deep drawing ability of

products, and surface finishing.
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Figure 2.23  Aluminum-titanium phase diagram. [58]

2.4.6 Combination Effect of Beryllium with the Other Alloying Elements

Beryllium, in the presence of iron, changes fhphase platelets into the Be-Fe
(AlgFe,BeSi) Chinese-script pha§&>" **%which confirms its effect on the morphology
and chemistry of iron-rich phases and may be iseenechanical performance values of
Al-Si iron-containing alloys.

Adding beryllium changes the morphology of ironAricompounds to Chinese
scripts and polygons. The aggregative Be—Fe plasef®und in high Fe containing alloys.
Be—Fe phases are located inside ¢h&l. The fracture always takes place on iron-rich

compounds. In the Be-containing alloy with irone ttrack propagation on Fe-phase was
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delayed during fracture, and this is considereletdoeneficial to the fracture toughness of
the alloy. The mechanical properties of Be-contgjralloys improve significantly. This is
attributed to the alteration of Fe phase sh&pe.

It was reported that the mechanical behavior of1236Si casting alloys is
dominated by the morphologies of the iron-rich ghasd eutectic silicon. The morphology
of iron-rich phase is changed from needle-shape tilé Chinese-script and the eutectic
silicon is refined when beryllium is added. Theeeffof the addition of Sr on the strength
and ductility is superior to that of the additioh Be. The ductility and strength are
increased as both the Be and Sr contents are sexté®’ In their study to investigate the
mechanism for linear and nonlinear optical effdntSrBeO, crystal, Linet al ¥ have
reported that both calculated and experimentalfrimigence of the SeB@, crystal are
small. Thus it is expected that the crystal wouklséh difficulty fulfilling the phase
matching conditions. They confirm the Sr-Be intéi@at by means of electronic and band
structure calculations, but did not assess whether reaction will affect the alloy
mechanical performance leading us to concludepth@se has a relatively negligible effect
on the alloy performance.

In Be-containing A357 alloys, both the plate-likAlsFeSi and the script-type
AlgFeMgSis increase with increasing iron content. The iroafirey phase is mostly
transformed from the plate-likg-AlsFeSi to the script-typer-AlsgFeMgSis with the
addition of Be. The hardness increases with inangae iron level and with the addition

of Be.[%?
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The effects of Be and Fe additions on the micrastine and mechanical properties
of A357.0 alloys were investigated by Yen-Hung aoeworkers!®® They concluded that
a large amount of plate-like shape and Chinesgtsshiape of Mg-containing structure of
iron-bearing phases were found in Be-free alloygesE structures are replaced by nodular
shape and script morphology Mg-free structuresrari-bearing constituents when Be is
added. The addition of Be could (i) enhance theipi@ation kinetics and increase the
amounts of MgSi, (i) reduce the amount and modify the morphglogf iron-rich
compounds, (iii) lower the ternary and binary etitemelting point, and (iv) improve the
tensile properties. In Be-containing alloys, thkcen particles are smaller, their aspect
ratio is closer to 1, and the small nodular iroa+itey compounds can improve the tensile
properties. The effect on decreasing mechanicalgrties damage is more apparent in the
higher Fe level than in the lower Fe content wherisBadded?®®!

In the case of Al-Si-Mg alloys, where magnesiumoige of the main alloying
elements, the MgBe phase precipitates during solidification. The é&gQuum phase
diagram of the Mg-Be system has not been determasedell as the effect of MgBe
phase formation on the microstructure and mechbhpicgerties has not been evaluated.
[64-66] Recently, the Fact Sagedatabase document&fiohas presented this equilibrium
phase diagram, Figure 2.24, from which the MgBghase starts solidification at
temperature less than 680(925K). In their study of sintered Mg-Be alloyganovet al.

[%¢] have reported that the addition of finely dispdrseagnesium oxide and an excess

beryllium phase to the magnesium matrix securesxaellent combination of long-time



oxidation and heat resistance at temperaturesantiaty above the permissible

temperatures of the usual magnesium-base alloys.
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Figure 2.24 Magnesium-beryllium phase diagrafif!
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operating

The addition of magnesium increases strength valugag aging as a result of the

precipitation of submicroscopic and metastable ehasntaining Mg and Si which provide

distinct obstacles to dislocation moveméfft. In their investigation of the influence of

alloying elements in the thermal analysis of Ale@st alloys, Heusler and Schneidfét

observed that any Sr-modified microstructure isaitie affected when magnesium is

present. Microstructural parameters as obtainedh fimage analysis, such as silicon

particle size and aspect ratio, were found to emeewith an increasing Mg content,

subsequently becoming increasingly inhomogeneobs. réason for the deterioration in
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modification is believed to be the formation of embetallic phases of the type
Mg,SrAl;Sis, where the addition of Mg also lowers the eutetdéimperature; as may be
seen in Figure 2.25, the eutectic temperature dseswith increasing Mg content. It was
also reported, however, that a magnesium contenil afit% itself acts as a refiner for the

eutectic silicon in unmodified Al-Si alloy€"
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Figure 2.25 Depression of the eutectic temperature as a famatf magnesium level for
unmodified and strontium-modified Al-Si alloy&”

2.5 HEAT TREATMENT OF AL-SI-MG ALLOYS

The main objectives of heat treating cast Al-Si-Mipys include homogenization,
stress relief, improved dimensional stability, aplimization of the strength and ductility
parameters. The T6 heat-treated Al-Si-Mg alloysehan optimum combination of strength
and ductility. The typical heat treatment spectima of a T6 temper consists of solid
solution treatment and quenching, followed by agifige main effects of solution heat

treatment are the dissolution of Mg particles, the homogenization of the casting] an
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modification the morphology of eutectic silicondhgh fragmentation and spheroidization
at critical temperatures. The recommended solutomperature for 356 and 357 alloys is
5405°C. B 12

The purpose of quenching is to preserve the salidtisn formed at the solution
heat treatment temperature by rapid cooling to re@mperature. The quenching medium
and rate are the parameters which control the nmézdlaproperties. The highest strength
can be ensured when the material is subjectedapid quenching rate. Aging is the final
stage of heat treatment in cast Al-Si-Mg alloyse Hging can be natural or artificial. Alloy
mechanical properties depend on both aging temperaind time. The main objective of
artificial aging is to heat the as-quenched castitogan intermediate temperature between
150°C and 20 for 4 to 8hrs in order to precipitate the exceefites which were
supersaturated im-Al during the solution heat treatment process. Timprovement
achieved in the mechanical properties during aréifiaging is due to the precipitation of
metastable phases from the supersaturated solétig®i-Mg alloys fulfill the following
precipitation sequenced:

SS— needle-shaped GP zonesrod-like 5’ precipitates— platelets of MgSi

For Al-Si-Mg alloys, the solubility of Mg and Si ithe Al matrix decreases with
temperature, as shown in Figure 2.26. In orderbtimin a maximum concentration of Mg
and Si particles in solid solution, the solutiomperature should be close to the eutectic
temperature. For the 356 and 357 alloys, the somiutémperature is 540 £G. At this
temperature, about 0.6% Mg can be place in soligtisa. The dissolution of Mgpi into

Mg and Si occurs in the two alloys at 4Z5and 546C, respectively?
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Figure 2.26 Equilibrium solubility of Mg and Si in solid alumimn when both MgSi
and Si are presenit?

Solution heat treatment may also be employed asedulutechnique for the
dissolution or transformation of iron-rich interraic phases. It has been found that, in
357 alloys, there is a reduction in the amount-phase at different levels of Mg after heat
treatment. Closset and GruzlesR! who studied the effects of solution heat treatnient
356 alloy, observed that the dissolution of #iphase depends on the levels of iron and
magnesium present; thus, at levels of 0.16 wt% Fe and 0.45 wt% Mg the z-phase dissolves,
whereas it is only partially dissolved at Mg levels0.65%. Gustafssoet al.*® studied
the effects of T6 temper on the microstructurehefs¢ame alloy as that used by Closset and
Gruzleski; ¥ they found that no changes were observed ingthbase, although the-

phase was seen to dissolve after solution hedtissd.
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An investigation’? was carried on the effects of T6 and T4 temperthertensile
properties of non-modified and Sr-modified A3560@# obtained from permanent mold
and sand mold castings. The results showed thalyitld strength is not appreciably
influenced by the change in Si-particle charadieds The UTS and %EIl increases
significantly with increases in the solution treatmhtime at 54%C, as shown in Figures
2.27 (a), (b), and (c). Also it observed that upoodification with Sr the fracture mode
changes from brittle to ductile especially in sarabtings. Both non-modified and Sr-
modified alloys obtained from permanent mold cagtimowever, showed ductile fracture
mode. All the improvements in the tensile propsrtieported upon were related mainly to
the changes which occurred in the Si particle aspio and particle size during solution
treatment.

Yoshida and Arrowood™ investigated the effects of variations from Ténslard
treatment on the hardness, ductility, and UTS ofm@éihum alloy A356 cast in a permanent
mold with and without strontium modification. Theam variables considered in the
experiments were solutionizing time and temperatufbe as-cast samples were
solutionized for various periods of time (2, 418, and 32 hrs) at 520/54F°C and aged at
160°C for 6.5 hours. The highest hardness was obtaih#dte shortest solutionizing time of
2 hrs for both the unmodified and modified A35@wllwhile the highest ductility was not
reached until the samples were solutionized fors8 dt the same temperature. A slight
change in solutionizing temperature did not causehrvariation in hardness, ductility, or
UTS. It may also be concluded that the Sr-modifachples exhibit higher elongation than

the unmodified ones under all the heat treatmenditions reported in this study.
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A valuable study was carried out by Moustataal. ¥ They concluded that the
addition of Sr decreases the hardness and strévi§thUTS) of the Mg-containing alloys,
which could probably arise from a retardation o threcipitation of MgSi during the
aging process (i.e., increasing the incubation gdenprior to the commencement of
precipitation), regardless of the solution times@&lalloying element additions of Mg and
Be result in improving the hardness and strengtthefbase alloy, especially in the T6
condition, where adding small amount of Be0(02%) prevents Mg oxidation (i.e.,
formation of MgO and MgAlO, (spinel)) during melting, the hardness increasigthtsy.
Figure 2.28 (a) and (b) shows the effects of atigyelements additions and the T5
conditions presented in this study; where M1 isr®dified, high Mg-containing alloy; M2
is Sr-modified, low Mg-containing alloy; M2B is ttedloy M2 after adding Be; M3 is Sr-
modified, high Mg-containing alloy; M4 is Sr-modifi, low Mg-containing alloy,

respectively!
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2.6 MECHANICAL PROPERTIES OF Al-Si-Mg ALLOYS

Strength, hardness, toughness, elasticity, brédenand ductility are all mechanical
properties used to determine how metals behaverarapplied load. Any improvement
in mechanical properties is commonly evaluatedughothe tensile and impact properties
of the material. The following may be consideredoagthe most important of the many
variables which affect the mechanical properties tbé AI-Si-Mg alloy castings
investigated in this stud{

(i) Alloy type and the variations in the chemicalngposition within the specified

limits for that alloy;!">"!

(i) Metal soundness, which may be affected byg@®sity, shrinkage porosity and
non-metallic inclusiong®® &%

(i) Metallurgical characteristics, examples of ialn are macro-grain size and
micro-constituent distributiod®

(iv) Solidification rate, which may be related ditly to the secondary dendrite arm
spacing®®land

(v) Heat-treatment, which brings about phase tanshtion of the alloy in the solid

state [t5 871

2.6.1 Tensile Testing
Tension tests provide information on the strengtth ductility of materials under a
uniaxial applied load. There are some basic assangptvhich must be considered when

analyzing the data obtained from such a testlyijr8tat the loading must be entirely axial,
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and secondly, that the deformation should take eplasiformly along the length and
through the cross-section of the test specimen.dEti@ recorded from load and elongation
may be normalized by either the original specimamgth or the instantaneous specimen
length to produce engineering stress-strain plotsue stress-true strain plots, respectively.
The American Society for Testing and Materials (AMjThas produced standard test
specimen geometries and guidelines for tensiomte&t!

A stress-strain curve has two distinct regionsstét deformation and plastic
deformation. The curve shown in Figure 2.29 is dgpiof metallic behavior. Elastic
deformation is temporary deformation, and displdyl recovery when the load is
removed. The elastic region of the stress-straivecis the initial linear portion. Plastic
deformation is permanent deformation. It does mmover when the load is removed,
although a small elastic component may do so. Tastip region is the nonlinear portion
generated once the load-strain exceeds its eldistit. There is some difficulty in
specifying precisely the point at which the streain curve deviates from linearity and
enters the plastic region. The convention definetdystrength as the intersection of the
deformation curve with a straight-line paralleltbe elastic portion and offset 0.2% on the
strain axis. The yield strength represents thesstnecessary to generate this small amount
of permanent deformation. The slope of the strassascurve in the elastic region is the

modulus of elasticity.
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2.7 QUALITY INDEX CHARTS FOR ALUMINUM FOUNDRY

ALLOYS

Quality index chart is an applicable evaluationl taged for selecting the optimum
conditions to be applied in practice in order tovelep superior tensile properties and
optimum quality in Al-Si casting alloys. The optimualloy quality in engineering
applications is the great result of applying theximaim performance combined with cost
efficiency. Alloy composition, solidification rateheat treatment procedures, casting
defects, and such microstructural features as giai@ and intermetallic phases, are all
parameters which closely affect alloy quality sirtbey also influence the mechanical
properties of the casting. The quality of aluminafitoy castings may be defined using

numerical values which correlate to their mechdmcaperties®® The concept of quality
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indices and quality charts as well as their progreisce 1980 will be reviewed in the
following subsections.

For aluminum foundry alloys, the quality of cassngnay be defined using
numerical values which correlate to their mechdnpraperties. Drouzyet al °? first
proposed these numerical values in 1980 and tetimd quality indices; these may be
represented by the following equation:

Q=UTS +d *log (El) ) (1
where Q is the quality index in MPa, UTS referghe ultimate tensile strength in MPa, El
refers to the percentage elongation to fracturedaisda material constant equal to 150 MPa
for Al-7Si-Mg alloys. The probable yield strengtti) for the same alloy may be proposed
as:

YS=a*UTS-b*log (El) + ¢ )
where the coefficients a, b and c for Al-7Si-Mg wedetermined as 1, 60, and -13
respectively, while the constants b and ¢ are egaekin units of MPa.

Equation (1) is used to generate the iso-Q linethénquality charts proposed by
Drouzyet al.®® *Ywhereas Equation (2) is used to generate the isioapte yield strength
lines. The quality chart generated using Equatid)sand (2) is shown in Figure 2.30.
These quality charts are generated for use as @esimethod of evaluating, selecting, and
also predicting the most appropriate metallurgamaiditions which may be applied to the
castings so as to obtain the best possible compeobh@tween tensile properties and casting
quality. The quality index value, Q, is intrinsilyatelated to the level of the quality of the

castings which are susceptible to improvement tgjinoadequate control of the impurity
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elements, casting defects, modification, solutioaath treatment and solidification

conditions. The probable yield strength, YS, degenagiinly on the hardening elements
such as magnesium and copper and also on the ageniey conditions applied to the

castings!®®°? The right selection of the factors mentioned eartiay increase both quality

index values and the probable yield strength indilections shown in Figure 2.30.

The quality chart shown in this figure providesfmignt information for each point
located on this type of plot. This information sopp the use of these charts in the
evaluation of the appropriate metallurgical comufis to be applied to Al-Si casting alloys
in order to obtain the specific prerequisite praipsr’®! As may be seen in Figure 2.30, the
properties which are known for each point locatethe chart are the tensile strength, UTS,
elongation to fracture, El, yield strength, YS, d@he quality index value ,Q.

After plotting the experimentally-determined teasstrength and tensile ductility
for a particular alloy, the material of the besalijy will be located near the upper right-
hand corner. Different alloys or processing condsi may thus be assessed on the basis of
their locus on the chart. This is the logic behinel development of quality index chalfts.
The quality index chart proposed by Droutyal ®® is the most form applicable for Al-
7Si-Mg 356 and 357 alloys as illustrated later.

Din et al. ®¥ observed that the aging results obtained from AlaBays display
curvilinear behavior upon plotting tensile streng#rsus the logarithm of elongation to
fracture. According to these findings, Debal.®! concluded that the concept described in

Equations (1) and (2) is not transferable to Aldlloys. Thus, they proposed an alternative
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definition of the quality concept. This new defiait of quality index, can be applied also
for Al-Si-Mg alloys, has the form of:

Qn = Szt k* log (E) 3)
where $is the 0.2% proof strength and k is a material tartsexpressed in MPa which
has a value of 50 for the under-aged and over-agegerties of A356 and A357 alloys.
Figure 2.31 shows the quality chart generated uBiqgation (3) and also illustrates the

properties which may be obtained for each poirated in this particular type of chart.
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Figure 2.30 Example of the quality chart proposed by Droetrwl.®® generated using
Equations (1) and (2).
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Figure 2.31 Example of the quality chart proposed by Biral.®* generated using
Equation (3) for Al-Si-Mg casting alloys with k D3MPa.

Several author§®'%? have developed some other definitions and fornmstHe
quality index. The form suggested by Cacétes® has developed as a theoretical model
that depends on both the true stress and the trai@ $n the plastic deformation region
through tensile testing. This form is similar tattpresented by Diet al. ¥ for Al-Cu
alloys with more parameters each of them represéactor affecting alloy quality. The Q
index charts proposed by Alexopoulos and Pantefaki8 as well as by Tiryakiglu et
al.'%? ysed for evaluating aluminum casting alloys focwift applications. These charts
based on strain energy which is an indicator ferdhbctility and fracture toughness of the

aluminum castings i.e. the amount of the absorinedgy up to fracture.
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2.8 Al-Cu-Mg-Zn WROUGHT ALLOYS

[103-109] |4 \vag

The 7075 alloy demonstrates a high response tohageening.
reported that the T73 (180-280°C/8h) treatment w&ghng at a higher temperature reduces
tensile strength by 15%. Using a combination of (TB0°C/24h) and T73 tempers was
recommended to resist stress corrosion crackingp, alncreasing the Cu content
compensates for the overaging effect in strengthuaiion. %42 Thermomechanical
treatments,.e. combinations of aging and deformation, and regsgion and re-aging
(RRA) are other procedures used to optimize thed Dy series tensile properties. The
RRA sequence after solution heat treatment andapiregy in cold water is: (i) T6 aging,
120°C/24h, (ii) short time heating, 200-250°C/5+ih, followed by cold water quenching
and (iii) T6 re-aging, 120°C/24H2114

At room temperature, high strength age hardenakie alloys are difficult to
process by plastic deformation processes. The #l@$ develops an ultrafine structure
and higher strength when it has been processag@btling (CR) temperatures compared
to room temperature rolling (RTR). The higher stranore than 3.4) sample produced an
ultrafine grained structure in case of RTR, but yiedd stress was still low due to the
effective suppression of dynamic recovery and acdation of the high dislocation density
during low temperature rolling. In the case of GiRnples, the hardness, yield strength and
tensile strength were increased from 107 to 194 ,MB4& to 559 MPa and 368 to 602 MPa,
respectively. It was concluded that cryorollingsideal process to deform the 7075 alloys

up to a high rolling strain (3.4), while the RTknlts the deformability of these alloys due

to deformation of GP zond&!®!
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Many studied'*®*?? focused on the effect of heat treatment on thength of 7075
alloys. The solutionizing and aging temperatures @ire main factors controlling the
relative alloying elements which precipitate in tgein boundaries; the solutionizing
temperature is the main influence on grain boundagregation. The precipitates on the
grain boundaries consisted of large amounts of 8gnd Al along with a lesser amount of
Zn and Cu. The Zn-rich precipitates were predomntinanheat treatments during low
solution annealing (394°C) while the Fe-rich prdeifes were predominant in the case of
high solution temperature (482-527°€}® Precipitates with high interfacial energies tend
to precipitate at grain boundaries, resulting irbgattlement. Low interfacial energy means
easy nucleation, a uniform precipitate distributeord resistance to coarsening at elevated
temperatures:'’!

The microstructure of commercial 7075 alloy in geak-aged T651 temper (stress-
relieved by stretching and 100°C/8h-24h) contairedpminantly they transition phase

(the primarily plate-shapet] particles have diameters ranging from 3 to 10 hefpre
formation of the stablg-MgZn, phase take place. Some of these transition pletielps

are heterogeneously nucleated on dislocation limeshe T7 microstructure, the overall

particle concentration is high, consisting mainfycoarse transition plate-shaped phase

particlesny, n2 (in a bimodal size distribution wherg particles ranging from 12.5 to 30

nm in diameter and finerl particles 5 to 10 nm in diametand the lath-type morphology

n4 beside small amount of fine particles of the thste phases)l, 12 andna). INCrease in

the hardness of the 7075 alloy is believed to amsénly from of the fine dispersion of
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small j particles.™® Retrogression aging treatments for 7075 alloy tsheé various
temperatures (180, 200 and 220°C) and times (2-80 showed that an increase in
treatment temperature decreased both the hardmesssteength, while increasing the
impact toughness. This can be explained by theoldissn of phases in the matrix during
RRA and enlargement of segregation during subseqagmg. The decrease in the
hardness in the first stage of RRA is explainedhsy partial dissolution of the GP zones
while the subsequent increase in hardness reféehetimrmation and growth of thigphase
to a specific size of stabteparticles**®

The structure of the grain boundary particles wiidepends on the aging process is
the main parameter controlling the 7075 alloy meate properties. The high strength of
this alloy in the RRA temper is considered to afreen both the presence of many fihe
particles, which are probably coherent, and offitigh overall concentration of particles in
this structure!*?” The double aging (DA) of 7075 alloy has a positaffect on hardness,
and yield and ultimate tensile strengths. Moreodertble aging to peak hardness results in
a significantly reduced processing time from 482ttours, which can lead to reduced
energy and cost. Thermomechanical double aging esausirther acceleration of
precipitation, reducing the total heat treatmemietito 80 minutes, with an increase in both
hardness and strength, but a decrease in theijuogilative to single agind*?" During
study of secondary aging, it was concluded that Ti8d4 temper produces tensile
properties close to or greater than those for thedndition.*?? According to Lumleyet
al. *?? the T614 consists of Solution treat, quenchedd ae.30°C, quenched then aged at

65°C.
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Several authors have studied the effects of algpyglements and heat treatment
conditions on the tensile properties of 7xxx alld{s ™32 Their investigations showed that
Ag-free T6-tempered (121°C/24h) 7075 alloys exhiloiv strengths, attributed to a
relatively coarse dispersion of the hardening pitaties, while Ag-containing alloys
display higher strengths. When Cr and Mn were addetthe Ag-containing alloys, they
resulted in low strengths as with the Ag-free alogue to quench sensitivity of particles
containing either Cr or Mn. On the other hand, agdhe latter two elements to Ag-free
alloys resulted in higher strengths. Adding 0.®#% Ag did not increase the strength of
single and double-aging tempered alloys in botram@ T7 treatments (121, 157, 162 and
177°C), whereas the stress corrosion cracking (Sk@€istance was improved. Alloys
containing Cr, in particular those also containiigand Mn, were more resistant and
increased in strength, as a result of the reduesditsvity to quenching rate. Higher
strengths were obtained by increasing Cu contemlloys containing Mn and Zr in the
case of double aging treatments. Zinc levels ic@mtaining alloys increased both the SCC
resistance and quench sensitivity with little sttbradvantageé!?® 124

Investigation on direct chill (DC) cast 7xxx serignodified with Zr and Sc,
revealed that: (i) Sc additions produced a graiimed microstructure with equiaxed grain
morphology, where an addition of 0.18%Sc reducedgtfain size to 120 um and inhibited
the formation of twinned columnar grains and sditdtion cracks, (ii) higher Sc levels
such as 0.38% and 0.48% formed the brittle primai(Sc,Zr) phase, which led to a
deterioration of mechanical properties, (iii) horangation and T6 treatments developed

both the strength and ductility of alloys contamiic, where the room temperature yield



63

strength and elongation were 490-590 MPa and 1%X¥pectively; at liquid nitrogen
temperatures (-196°C to -210°C), however, the wahiagtained were 610 MPa and 10%,
respectively, with a UTS of 720 MP&%! The Sc-modified 7075 alloy presented the
highest strength (640 MPa) and significantly insexhthe SCC resistance. Addition of
0.2% Sc resulted in the formation of3f8¢ .xZrx) phase which refined the microstructure.
The addition of Ce had little strengthening effét®f! The presence of 2% of Al-5Ti-1B
master alloy to Al-12 Zn-3Mg-2.5Cu alloy reducesl grain size from 480 pum to 40 pum;
the hardness of Ti-refined and T6-tempered allogs wignificantly increasétf”’ The

results obtained by research&f&*"!are similarly close to those reported by othgf&34
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CHAPTER 3

EXPERIMENTAL PROCEDURES

3.1 INTRODUCTION

This chapter will provide all the relevant detaitmcerning the alloys and additives
used in the current research, together with a geguor of the general melting and casting
procedures applied; this will include a charaction of the microstructure and a
discussion of the tensile testing method used teraene the mechanical properties of the
alloys investigated. It is worthwhile mentioningréehat the number of samples which
were cast for the study was considerable, in tideroof 3000 test bars, giving an idea of
the quantity of molten metal which was processethépreparation of the castings. Three
kinds of test samples were produced: (i) thermalyais specimens; (ii) tensile test bars;

and (iii) samples for chemical analysis.

3.2 ALLOY PREPARATION AND MELTING PROCEDURES

The B356 and B357 alloys used in the present stughe received in the form of
12.5-kg ingots, the chemical composition of whistsihown in Table 2.1 (section 2.2). The
Mg level of the alloy was increased by adding pMi@ to the alloy melts to obtain Mg

levels of 0.4 wt%, 0.6 wt% and 0.8 wt%. The Fe &wsdwere added in the form of Al-
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25%Fe and Al-5%Be master alloys, respectively,hi @lloy melt to obtain Fe levels of
0.09 wt%, 0.2 wt% and 0.6 wt%, and a Be level 660wt%. For Sr-modification and grain
refining purposes, Sr and Ti were respectively dddethe form of Al-10% Sr and Al-5%
Ti master alloys to the alloy melts, to obtain levaf 0.02 wt% Sr and 0.15 wt% Ti.
Experimental 7075 alloy (coded alloy A) was prepatkerough the addition of
measured amounts of Mg, Zn, Si, Cu and Fe to a agially pure aluminum melt.
Alloying elements were added in the form of mastéoys or pure metals to obtain the
predetermined level/levels of each. Table 3.2 shihwesaverage chemical composition of
the aluminum base metal and the alloy A. In addjtep variation of the experimental 7075
alloy (termed “B alloy” hereafter) was also usedhis study, the composition of which is
proprietary to TAMLA research group, UQAC. In ordar avoid hot tearing, small
amounts of TiB and Zr were added in the form of Al-5%Ti-1%B antd28% Zr master
alloys, respectively. Beryllium was added in thenfoof Al-5%Be master alloy as

mentioned before.

3.3 MELTING AND CASTING PROCEDURES

The alloys were prepared using an electrical rascs furnace having a large 40-kg
crucible capacity. About 35 kg of each alloy waspgared. The melting temperature was
maintained at 750°C + 5°C. At this temperature, snead additions of Mg, Fe, Be, Sr, Zr
and Ti were made to the melt by means of a peddrgtaphite bell. Prior to casting, the
molten metal was degassed for 15 minutes using playeargon, to remove the hydrogen

and inclusions. In addition to the required numidietensile test bar castings prepared from
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each melt, one sampling for thermal analysis pwpand two samplings for chemical
analysis - one before the start of casting andainbe end of casting - were also taken
from each melt. The chemical analysis was carried using arc spark spectroscopy at
General Motors facilities in Milford, NH. The actuzhemical composition of each of the
alloys prepared is shown in Tables 3.1 and 3.2Zesmmting average values taken over
three spark measurements made for each chemidgbsnsample. The alloys Al through
C3B shown in the table represent the eighteen nodified alloys, whereas alloys A1S to
C3BS correspond to their Sr-modified counterpartse Sr level ranged from 0 to 0.02
wt% in these alloys.

In Table 3.1, prefixes A, B and C correspond toléwels of 0.09, 0.2 and 0.6,
respectively, while codes 1, 2 and 3 correspondVtp levels of 0.4, 0.6 and 0.8,

respectively, and suffixes B and S represent B&iaddand Sr modification, respectively.
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Table 3.1  Average chemical composition (wt%) of the 356 abd 8lloys studied
Element Concentration (wt%)

Alloy Code | Si Fe Mg Cu Mn Ti Sr Be Al
Al 7.02 | 0.101| 0.376| 0.050| 0.010 | 0.143 | 0.001 - Bal.
Bl 7.00 | 0.203| 0.383| 0.008| <0.001| 0.151 | 0.001 - Bal.
C1l 6.97 | 0.630| 0.372| 0.011| 0.002 | 0.174 | 0.001 - Bal.
A2 6.99 | 0.113| 0.590| 0.042| 0.008 | 0.164 | 0.001 - Bal.
B2 7.03 | 0.210| 0.570| 0.009| 0.002 | 0.179 | 0.001 - Bal.
C2 6.88 | 0620 | 0.540| 0.010| 0.002 | 0.172 | 0.001 - Bal.
A3 7.08 | 0.123| 0.760| 0.034| 0.007 | 0.192 | 0.002 - Bal.
B3 7.35 | 0.226| 0.750| 0.009| 0.002 | 0.197 | 0.001 - Bal.
C3 7.07 | 0.630| 0.750| 0.010| 0.003 | 0.183 | 0.002 - Bal.
AlB 7.33 | 0.093 0.368| 0.052| 0.006 | 0.180| 0.001 0.034 | Bal.
B1B 6.61 | 0.197 0.474| 0.011| <0.001| 0.180| 0.001 >0.036 | Bal.
C1B 6.89 | 0.670 0.510| 0.011| 0.002 | 0.186| 0.003 >0.036 | Bal.
A2B 7.26 | 0.081 0.530| 0.006| <0.001| 0.173| 0.001 >0.036 | Bal.
B2B 6.60 | 0.184 0.710| 0.007| <0.001| 0.177| 0.001 >0.036 | Bal.
C2B 6.22 | 0.680 0.700| 0.007| 0.002 | 0.183| 0.001 >0.036 | Bal.
A3B 6.50 | 0.127 0.980| 0.034| 0.006 | 0.203 | 0.001 0.026 | Bal.
B3B 6.38 | 0.196 0.960| 0.009| 0.001 | 0.210| 0.001 >0.036 | Bal.
C3B 5.96 | 0.560 0.920| 0.009| 0.003 | 0.221 | 0.002 >0.036 | Bal.
AlS 7.06 | 0.103| 0.338| 0.046| 0.010 | 0.139 | 0.016 - Bal.
B1S 7.18 | 0.217| 0.354| 0.014| 0.002 | 0.165 | 0.019 - Bal.
C1S 7.18 | 0.660| 0.349| 0.007| 0.002 | 0.172 | 0.017 - Bal.
A2S 7.07 | 0.105| 0.520| 0.033| 0.002 | 0.156 | 0.018 - Bal.
B2S 7.26 | 0.217| 0.530| 0.009| 0.001 | 0.169 | 0.015 - Bal.
C2S 7.17 | 0.640| 0.530| 0.008| 0.002 | 0.154 | 0.017 - Bal.
A3S 7.98 | 0.101| 0.820| 0.035| 0.002 | 0.152 | 0.013 - Bal.
B3S 7.26 | 0.185| 0.730| 0.030| 0.002 | 0.171 | 0.009 - Bal.
C3S 6.84 | 0.710| 0.860| 0.034| 0.005 | 0.169 | 0.006 - Bal.
A1BS 6.54 | 0.122 0.640| 0.041| 0.007 | 0.227 | 0.048| >0.036 | Bal.
B1BS 6.12 | 0.190 0.491| 0.009| <0.001| 0.217|0.027| >0.036 | Bal.
C1BS 7.78 | 0.810 0.530| 0.084| 0.012 | 0.210|0.016| >0.036 | Bal.
A2BS 7.64 | 0.123 1.030| 0.010| 0.002 | 0.243|0.024| >0.036 | Bal.
B2BS 5.93 | 0.194 0.730| 0.007| <0.001| 0.227 | 0.023| >0.036 | Bal.
C2BS 7.06 | 0.670 0.710| 0.007| 0.002 | 0.222|0.022| >0.036 | Bal.
A3BS 7.26 | 0.105 0.950| 0.020| 0.002 | 0.188 | 0.023| >0.036 | Bal.
B3BS 6.33 | 0.194 0.950| 0.021| 0.002 | 0.189|0.017| >0.036 | Bal.
C3BS 6.21 | 0.690 0.850| 0.033| 0.005 | 0.207 | 0.014| >0.036 | Bal.
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Table 3.2  Average chemical composition (wt %) of the baseafahd the 7075 alloys
studied

Alloy Code /
Alloying Elements Si | Fe Cul Mn Cr| Ni | Zn Mg | Ti Zr | Al
Base Metal
(Pure aluminum) | 0.050.090<0.001<0.001<0.0010.0060.002<0.0010.005<0.001 99.83
A (Base Alloy) ]0.1720.384 1.980| 0.330 0.303|0.0226.42Q0 2.260| 0.0160.021| Bal.

B 0.1-/0.12+1+ 1.2-]0.06-| 0.2-1]0.0515.2-] 1.5-1]0.0610.10 - Bal
0.4 10500 20 | 0.30| 04 |0.40| 65| 3.0 |0.20] 0.35 ’

3.3.1 Thermal Analysis

In order to obtain the cooling curves and to idgnthe main reactions and
corresponding temperatures occurring during thelifichtion of Al-Si-Mg alloys, thermal
analysis was carried out for all of the compostigmepared. The molten metal for each
composition was poured into a cylindrical graphiteld of 80 mm height and 60 mm
diameter which had been preheated to 600°C so @&#éte a slow cooling rate resembling
equilibrium conditions in order to facilitate idédging the phases formed. A high
sensitivity Type-K (chromel-alumel) thermocouplehieh had been insulated using a
double-walled ceramic tube, was attached to théreei the graphite mold, as shown in
Figure 3.1(a). The temperature-time data was deikasing a high speed data acquisition
system linked to a computer. From this data, th@icg curves and the corresponding first
derivative curves for the different alloys weretd so as to identify the main reactions
occurring during solidification with the correspamgl temperatures. Cylindrical specimens,
15 mm deep, were sectioned off at the centre ofi gaaphite mold casting close to the

thermocouple tip. Samples, 2.5 x 2.5 cm in crostia® were machined from these



70

specimens, mounted in bakelite and polished folgwatandard procedures, for qualitative

and quantitative microstructural analysis.

ot —— 60' -
R
Lit:|uic|I Metal
| 70 mm
. l
ST
30 j‘nm
Thermocouple
25 mm
E% Cross-Section
od
(a)

Figure 3.1  (a) Schematic drawing showing the graphite mold ¢@)dset-up used for
thermal analysis.
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3.3.2 Preparation of Tensile Bars

The various 356, 357 and 7075 alloys were useddpagpe castings from which test
bars were obtained for tensile testing purposesh Ykis aim in mind, the degassed molten
metal was carefully poured into an ASTM B-108 pemar@ mold preheated to 450°C, to
obtain castings for tensile testing. At the bottofrthe pouring cup a ceramic foam filter
(10 ppi) was placed to prevent inclusions and oXibhes from entering the mold. This
mold and casting set-up used are shown in Figt@aBwhile Figure 3.2(b) shows the
actual casting obtained. As may be seen from Figté), each casting provided two test

bars, each with a gauge length of 50 mm and a-@@ssonal diameter of 12.8 mm.
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Figure 3.2 (a) Standard ASTM B-108 permanent maldi casting set-up use) actual
tensile test casting, and (c) actual test barsosesd from the casting.
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3.4 HEAT TREATMENT PROCEDURES

The bars of 356 and 357 alloys prepared for edcly abmposition were divided
into thirteen sets; one set was kept in the asemastition; one set was solution heat-treated
at 540°C for 5 hours, then quenched in warm wdté62C and maintained in the solution
heat-treated condition; one set was solution heated at 540°C for 12 hours, then
quenched in warm water at 65°C and maintainedarstiution heat-treated condition; five
sets were solution heat-treated at 540°C for 5d)dben quenched in warm water at 65°C
followed by artificial aging at 160°C for 2, 4, 8, and 12 hours, respectively; the
remaining five sets were solution heat-treated 43°6 for 12 hours, then quenched in
warm water at 65°C followed by artificial aging H80°C for 2, 4, 6, 8, and 12 hours,
respectively. Prior to Aging treatments, samplesevatabilized at room temperature (25°C)
for 24 hours. The solution and aging heat-treatsamre carried out in a forced-air Blue
M electric furnace equipped with a programmablepgerature controller, accurate to *
2°C. The quench delay was less than 10 s. Foriedshdual heat treatment, five test bars
were used.

For the 7075 alloys, the test bars were preparecedch alloy composition and
divided into different sets according to both tleeammended traditional heat treatment
and the proposed new heat treatment conditionss@& of five bars of the base alloy A
were conventionally heat-treated, i.e., solutioatiesated at 470°C/8h, then quenched in
65°C warm water. One set was kept in the solutiestdfreated condition, while the other
five sets were aged subsequently, using differgjihgaconditions; the first set was

subjected to single aging at 120°C/24h, the sesehtb single aging at 280°C/8h, the third
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set to double aging at 120°C/24h, followed by 188RCthe fourth set to retrogression and
re-aging at 180°C/8h, followed by 120°C/24h, amagally, the last set was subjected to
retrogression and re-aging at 280°C/8h, followedlB§°C/24h, respectively. Two sets of
the B alloy were heat-treated by means of homogéiniz and the proposed new aging
process (also proprietary to TAMLA research grdupiversité du Québec a Chicoutimi).

For each heat treatment, ten tensile bars weredest

3.5 TENSILE TESTING

Test bars corresponding to each alloy compositeat/ireatment condition were
pulled to fracture at room temperature at a straia of 4 x 10/s using a Servohydraulic
MTS Mechanical Testing machine, as shown in FigdiB2 The same machine was also
used for stretching the 7075 alloy samples as arohaition process. This cold/hot
deformation was varied in the range between 1 &8d for alloy bars deformed. A strain
gauge extensometer was attached to the test baeasure percentage elongation as the
load was applied. The vyield strength (YS) was dated according to the standard 0.2%
offset strain, and the elongation to fracture walsudated as the percent elongation (%El)
over the 50 mm gauge length. The ultimate tensiength (UTS) was obtained from the
data acquisition system of the MTS machine. Thehimgcwas calibrated each time before
any testing was carried out. The average %El, Y& @RS values obtained from the five
samples tested per alloy/condition were considasethe values representing that specified

alloy/condition.



75

Figure 3.3  Servohydraulic MTS Mechanical Testing machine witAta-acquisition
system.
The tensile test data was analyzed employing Mingad Six Sigma statistical
software programs used in quality improvement mtgjeby means of mathematical

analysis and modeling.

3.6 METALLOGRAPHY

Samples for microstructural analysis were prepf@ud the castings obtained from
the thermal analysis experiments as describeddtiose3.3.1, and also from tensile-tested
bars ~10 mm below the fracture surface. In theraise, the samples were examined in
the as-cast and solution heat-treated (540°C/5h &#a@°C/12h) conditions. The

microstructures of the polished sample surfaceg wramined using an optical microscope
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linked to a Clemex image analysis system, as showigure 3.4. A Hitachi SU-8000 field

emission scanning electron microscope (FE-SEM)ureid8.5, equipped with a standard
secondary electron detector (SE), a backscattestrete detector (BSD) and Energy
dispersive X-ray spectrometer (EDS) was used fameming the fracture surface. Line
scans for Mg, Zn and Cu in the 7075 alloys, wertioked from the various heat-treated
alloy samples using an electron probe microanajydeswn in Figure 3.6, equipped with

EDX and WDS facilities.

Figure 3.4  Optical Microscope - Clemex Image Analyzer system.
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Figure 3.5  Hitachi SU-8000 field emission scanning electrorcnegcope used for the
present study.

Figure 3.6  JEOL JXA-8900L electron probe microanalyzer usettiie present study.
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CHAPTER 4

MICROSTRUCTURE-TENSILE PROPERTIES
RELATIONSHIP IN Al-Si-Mg CAST ALLOYS

PART |

MICROSTRUCTURE CHARACTERISTICS

4.1 INTRODUCTION

The presence of magnesium in Be-free Al-7Si-Mg yall&*® results in the
formation of an undesirable iron-intermetallic knmowas thez-AlgFeMgSis phase. The
effect of Mg, Fe and Be on the formation mRlgFeMgSis in both unmodified and Sr-
modified Al-7Si-Mg-xFe alloys containing differetgvels of Mg (0.4-0.8 wt%) and Fe
(0.1-0.8 wt%) was investigated in this study, impées obtained at a slow cooling rate
(sample DAS ~65um), close to near-equilibrium cooling conditions. dualitative
microstructural examination was carried out to gttlte effect of solution heat treatment
on the decomposition of theAlgFeMgSis phase in Al-7Si-xMg-0.1Fe alloys containing
different levels of Mg (0.4-1.0 wt%). The resultstained indicate that increasing Mg and
Fe levels increases the amount of th&lsgFeMgSis phase formed in all alloys
investigated. Quantitative measurements revealediaction in the surface fraction of the

m-AlgFeM@Sis phase after solution heat treatment (540°C/8hr)alinalloys studied.
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Different levels of decomposition of thezphase into needles of-AlsFeSi iron
intermetallic phase were observed at 0.4, 0.6 aBdv®Po Mg levels, after solution heat
treatment.

It is inferred from the work of Elsharkawi and cakers™® on Al-7Si-Mg alloys
that iron, as impurity, can form two different imeetallic compounds during solidification:
[-AlsFeSi andr-AlgFeMgSis, which are known for their detrimental effect dre talloy
ductility and strength. The impact and tensile prtps of heat-treated Al-7Si-0.55Mg-
0.1Fe (357 type) alloy samples were investigatentder to seek a correlation between said
properties and the changes which occur in the ruorsstituents, viz., the eutectic Si, and
n-Fe andf-Fe phases, with prolonged solution treatment. tRwlureatment was carried
out at 540°C for times of 2 to 100 h, followed hyeqching in water at 60°C, and artificial
aging at 155°C for 5 h. Results showed that tist 20 hrs of solution treatment are more
sensitive to the changes occurring in the Si garticorphology than those in thephase.
Decomposition of ther-phase significantly reduces the impact properigsr prolonged
solution times.

The work documented in this chapter is an extensfdhe studies that were carried
earlier in order to correlate the precipitationdifferent phases during the solidification
process and their decomposition during solutiort beatment with the tensile properties

obtained from this type of alloys.
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4.2 LOW COOLING RATE (DAS~65um)

Samples for microstructural analysis were sectioffech the castings obtained
from the thermal analysis experiments carried aut dach alloy melt composition.
Cylindrical specimens, 15 mm thick were sectionéfdfrom the centre of each graphite
mold casting close to the thermocouple tip foloallhe compositions obtained. From these,
samples (2.5 x 2.5 cm) were machined, mounted apicshed for preparation of

metallographic samples for qualitative and quatiNgamicrostructural analysis.

4.2.1 Silicon Particle Characteristics

The silicon particle characteristics for the vagaalloy compositions investigated
are summarized in Table 4.1. The Si particle meamsants for the Al base alloy, with low
Mg and low Fe content, using the graphite mold dan® pum DAS) are listed in Table
4.1. It can be seen that the Si particle area dserkfrom 76.70 to 3.18 [fnthe Si particle
length decreased from 21.60 to 3.05 um, the aspgotdecreased from 3.52 to 2.11, while
the roundness ratio increased from 28.4 to 46.0ft&é &r-modification, i.e. in the alloy
A1lS sample. In the case of Be addition (alloy AltBg Si particle area decreased to 49.60
unt, the Si particle length to 15.20 pm, the aspetid ta 2.85, while the roundness ratio
increased to 33.8 %. The presence of both Sr a&nish Blloy A1BS resulted in decreasing
the Si particle area to 2.75 findecreasing the Si particle length to 3.00 umretesing the
aspect ratio to 2.18 and increasing the roundragsto 43.5 %. After increasing both Mg
and Fe contents (alloy C3), the Si particle areeredesed to 20.70 (fmthe Si particle

length decreased to 9.63 um, the aspect ratio aseieto 2.86, while the roundness ratio
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increased to 36.2 %. The combined effect of the fdaments (alloy C3BS) resulted in
decreasing the Si particle area to 3.38’udecreasing the Si particle length to 3.27 um,
decreasing the aspect ratio to 2.15 and incredsagoundness ratio to 43.9 %. The values
listed in Table 4.1 reflect the modification effeaft Sr and partial modification effects of
Mg and Be; however, with increasing Fe levels pegrs that most of the Be reacts with
the Fe to form a Be-Fe phase {A¢,BeSi), thereby reducing the partial modificatiofeet

attributed to Be. These results are supported byofitical micrographs shown in Figures

4.1 and 4.2.

Table 4.1*  Silicon particle measurements for the as-cast &%%s using a graphite
mold with a DAS of 65 pm

Alloy (Condition) Area (um?) Length (um) Roundness Ratio(%)| Aspect Ratio
Av. SD Av. SD Av. SD Av. SD
Al (non- mod.) 76.70,  71.5( 21.6p 16.30 284 21.8 523 4.54
C3 (non- mod.) 20.70  22.70 9.63 7.98 36.2 21.4 2/86.84
Al1B (Be mod.) 49.60| 52.4Q 1520 12.00 33.9 21.8  52{83.45
C3B (Be mod.) 13.60, 14.3( 6.74 5.08 43.7 22.2 2|21.15

AlS (Srmod.) 3.18 3.21 3.05 2.16 46.0 19.2 211 14 2.

C3S (Srmod.) 4.48 4.78 3.82 3.0F 434 21.5 2|46 87 3.
A1BS (Be+Sr mod. 2.75 2.94 3.0( 2.38 43.5 19.% 82[12.25
C3BS (Be+Sr mod. 3.38 3.97 3.2Y 2.69 43.9 19.8 52.11.32

* Codes A and C correspond to the Fe levels 0.09 @B, respectively, while codes 1 and 3

correspond to the Mg levels Qadd 0.8, respectively; codes B and S represent Be addition and Sr
modification, respectively.
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Figure 4.1  Silicon particle morphology and distribution ira) (A1, (b) A1B, (c) Al1S,
and (d) A1BS alloys.

LF NUMERD 1 MONDIAL DU MEMOIRES

Rapport- gratuil.com @



84

Figure 4.2  Silicon particle morphology and distribution ira) (C3, (b) C3B, (c) C3S,
and (d) C3BS alloys.

4.2.2 Fe-Based Intermetallic Phases

Thermal analysis was carried out to determine thecipitation sequence and
formation temperature of the intermetallic phasbseoved in the 357 alloys containing
different levels of Fe and Mg. In this respectogdl A1, C3, C3BS and C3B were selected

as examples. The reactions and corresponding temojpes observed in the cooling curves
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for the alloys studied are summarized in Table &igure 4.3(a) represents the cooling
curve of the base alloy Al showing the precipitatiof a-aluminum (1), followed by
formation of the AI-Si eutectic (2) together withet precipitation of the post-eutecjfe
AlsFeSi. It is expected that as solidification prosgethe p-phase present will be
transformed into ther-phase as a result of the pre-eutectic reaction L(BAIsFeSi —
Al+Si+AlgFeMgSis. The last reaction (4) is characterized by a vpeak, which may arise
from two merged reactions, the first related to fblenation of MgSi, followed by the
second which corresponds to the quaternary eutezation,

L — Al+Si+Mg,Si+AlgFeMgSis.

By comparing the first derivative curve in Figur8@) for alloy Al (base alloy)
with the one shown in Figure 4.4(a) for alloy C3will be seen that, at 0.09 wt% Fe, for
the Al alloy, the first derivative curve revealsifpeaks, while at 0.6 wt% Fe (C3 alloy), a
peak marked (2) may be observed before the eutesation represented by the peak (3)
in Figure 4.4(a). This peak corresponds to the &iwon of the pre-eutectig-phase, while
peak (4) corresponds to the precipitation of,;Bigphase. The presence of thphase noted
in Figure 4.4(c) may be explained by the follownegction:

L+Al sFeSi— Al+Si+Al gFeMg;Sie,
whereby thes-AlsFeSi phase is transformed into th@hase. Other reactions remain the
same as those described for Figure 4.3(a).

To reach a better understanding of the effect efcbntent on the formation of

intermetallic phases, it has been repoféd *® that increasing the Fe content from 0.09

wt% to 0.6 wt% changes the solidification sequenicthe base Al-7Si-0.4Mg alloy (alloy
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Al), which can be explained by the current coolmgves. At 0.09 wt% Fe, th&phase
precipitates at low temperatures together withAR8i eutectic and is characterized by fine
platelets in the microstructure, as shown in Figu&b). At 0.6 wt% Fe, most of the
phase will precipitate at higher temperatures leefiile Al-Si eutectic. Thig-phase is
characterized by its much larger size in the micuasure, as shown in Figure 4.4(b and c).
As a result, increasing the Fe content will inceedbe size of thes-phase in the
microstructure, which would have a negative eftatthe alloy mechanical properties.

By comparing the first derivative curve in Figur®@) for alloy C3BS with those
shown in Figures 4.3(a) and 4.4(a) for alloys Aasg alloy) and C3, respectively, the
reaction (5) in Figure 4.5(a) may be written as:

L+Al sFeSi— Al+Si+Al gFeMg;Sie,
wherebyp-AlsFeSi phase is transformed into th@hase. Other reactions for alloy C3BS

remain the same as those observed in Figures 4Bdad.4(a).
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Table 4.2 Main reactions observed from thermal analysis détloys Al, C3, C3BS
and C3B
Alloy Code Temp. (°C) Reactior [
612 (1) - Formation of Al-dendritic network
Al 569 (2) - Precipitation of Al-Si- eutectic
0.09%Fe- - Precipitation of post-eutectizAl sFeSi phase
0.4%Mg 561 (3) - Transformation gf-phase intor-Al sFeMg:Sis
phase
(Figure 4.3) 546 (4) - Precipitation of Mi®i
- Quaternary eutectic reaction*
613 (1) - Formation of Al-dendritic network
C3 568 (2) - Formation of pre-eutecfieAlsFeSi phase
0.6%Fe- 563 (3) - Precipitation of Al-Si- eutectic
0.8%Mg - Precipitation of post-eutectitAlsFeSi phase
550 (4) - Transformation ¢gf-phase intor-Al gFeMgSis
(Figure 4.4) phase
- Precipitation of MgSi
- Quaternary eutectic reaction*
609 (1) - Formation of Al-dendritic network
C3BS 568 (2) - Formation of pre-eutecfieAlsFeSi phase
0.6%Fe- 561 (3) - Precipitation of Al-Si- eutectic
0.8%Mg- - Precipitation of post-eutectitAlsFeSi phase
0.05%Be-0.02%St 550 (4) - Transformation gf-phase intor-Al gFeMg:Sig
phase
(Figure 4.5) - Precipitation of MgSi
540 (5) - Quaternary eutectic reaction*
613 (1) - Formation of Al-dendritic network
C3B 611 (2) - Formation of Be-Fe phase
0.6%Fe- 560 (3) - Precipitation of Al-Si- eutectic
0.8%Mg-0.05%Be - Precipitation of post-eutectitAlsFeSi phase
551 (4) - Transformation ¢gf-phase intor-AlsFeMgSis
(Figure 4.6) phase
- Precipitation of MgSi
539 (5) - Quaternary eutectic reaction*
*Quaternary eutectic reaction, & Al+Si+Mg,Si+AlgFeMgSie
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Figure 4.3  (a) Temperature-time cooling curve and its firsticative obtained from the
base alloy A1 and (b) the corresponding microstmécshowing the small
size of thep-phase andr-phase particles, evidenced more clearly in the
enlarged micrograph in (c).
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Figure 4.4  (a) Temperature-time cooling curve and its firstigative obtained from the
non-modified alloy C3 and (b) the corresponding nestructure showing
the larger size of thg-AlsFeSi platelets in the enlarged image in (c) fos thi
alloy.
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For a clear understanding of the effects of Mg toldi on the precipitation
sequence and reaction temperature, the Mg comtahei Sr-modified alloy C3BS (Figure
4.5), and also in the non-modified alloy C3B (Figut.6), was increased up to 0.8 wit%.
Two separate peaks were identified correspondimgdotions (4) and (5) shown in Figures
4.5 and 4.6. The reactions and their correspondorgnation temperatures during
solidification of alloys C3BS and Al, containingghiand low Mg levels, respectively, are
listed in Table 4.2. There is a significant redotin the eutectic temperature by <@dn
the high Mg-containing alloys (C3, C3B and C3BS)mpared to the low Mg-containing
alloy (A1), which is in a good agreement with pehid findings!**® % Moustafaet al
(149 reported that the observed reduction in euteetigperature affects the modification of
the eutectic Si patrticles.

From an extensive investigation of the microstrigtut is found that ther-
AlgFeMgSis phase is often observed to be in close contadt wie s-AlsFeSi phase
platelets. Figure 4.3(c) is an enlarged microgrdphicting the transformation of the
phase toz-phase. Thus it may reasonable to assume thatstAkFeSi phase will
precipitate first, followed by the growth of theAl sFeMgSis phase from the surface of the

S-AlsFeSi thereafter.

4.2.3 Role of Beryllium Addition
The morphology of iron intermetallic phases in Z8Ibys shows the precipitation
of several types in Be-containing and Be-free allohhe Fe intermetallics observed in the

optical microstructure of the Al-7Si-0.8Mg-0.6F&BBe, C3B alloy, are (i) the nodular
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Fe-Si-Al g-phase and (i) Be-Fe phase {A&:BeSi) with a script-like morphology, as
shown in Figure 4.6(c). This observation is in agnent with the reported microstructure
of Be-containing B357 alloyd®” 2% 12ljt is shown in Figure 4.7 that the Be-Fe phase
exists near or at th@phase platelets. A similar observation can be nifiee the thermal
analysis results of the C3B alloy (reaction mark2y as depicted in Figure 4.6(a). It is
estimated that the formation temperature of th&tien is approximately 63C which is
close to the formation temperature «el would facilitate the precipitation of the Be-Fe
phase in the within the:-Al (Figure 4.6(b)). High temperature phases arpicglly
overgrown by Al-dendrite arms and appear in thalfimicrostructure to be embedded in
the dendrites® 5" 1 142]z|so, this temperature is higher than the formatemperature of
the pre-eutecti@-AlsFeSi phase marked as peak (2) in Table 4.2 foBth&ree Al alloy

and for the Sr-modified Be-containing C3BS allay,saiown in Figures 4.3 and 4.5.
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(a) Temperature-time cooling curve and its firstivative obtained from the
non-modified alloy C3B, (b) optical micrograph shog precipitation of
Be-Fe compound within the-Al dendrite, (c) BSE image showing presence
of nodularfs-AlsFeSi phaser-AlsFeMgSigphase,and Mgi phase particles
(arrowed) and (d) enlarged BSE image showing sBelFe phase particles
growing out of thes-plate (white arrows) or formed as a result of tiesv
quinary reaction (black arrows).
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Based on the cooling curve data and the correspgnafiicrostructures (Figures
4.6(b, ¢ and d)), it may be noted that the additocdnBe results in a change in the
precipitation sequence of the iron intermetallieghere peak (2) in Figure 4.6(a)
corresponds to the formation of the Be-Fe phasks dltservation is supported by the work
of Murali et al.,!® 5% %5 ¥lwho carried out an interrupted quenching experinemletect
the formation temperature of the Be-Fe phaseR&BeSi). They found that the Be-Fe
phase exists in the microstructure at the pointreviiee melt was quenched from the liquid
at 607C. In the present work, however, the exact comjposif the Be-Fe phase could not
be identified with certainty. Figure 4.6(a) indieatthat the formation temperature of the
Be-Fe phase may be somewhat greater than 607°C piHugpitation sequence and the
corresponding temperatures for the Al-7Si-0.8Mdg-@.@e-containing alloy, in both the
non-modified and Sr-modified conditions (C3B andBSJ are listed in Table 4.2. Figures
4.6(c) and 4.7(a) are microstructures of the Beaiomg alloys showing nodular Al-Fe-Si,
in addition to other phases. Figure 4.7(b) revd@dsrregular shape of thiephase platelets

that may be caused by the addition of Be and &stien with Fe.
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Figure 4.7  Optical microstructures of C3BS alloy showing @dular Al-Fe-Si phase,
p-AlsFeSi phase platelets and Be-phase; (b) enlarged portion of (a)
revealing the irregular shape of thglatelets.

Several attempts were made to obtain an EDS spedfihe Be-Fe compound but

with no success. The EDS spectra shown in Figug{a)yand (b) correspond to bg&j and
n-AlsFeSi phase particles, respectively. In order tofioonthe effect of Be on the

microstructure of the B357 alloys in the presentdgt the morphology of the iron
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intermetallic phases and Mg particles were examined; the microstructures diboys
A1BS, C3, C3B and C3BS are shown in Figures 4.@(dg). That of alloy A1BS shows
large-sized Chinese-script Mg particles in conjunction with the nodujaAlsFeSi phase,
whereas in the microstructure of the non-modifidd;free C3 alloy, smaller-sized V)
particles angs-AlsFeSi platelets were observed, compared to theo$itee Chinese-script
m-AlgFeM@Sis phase. These compositions were confirmed by tlsocased element
distributions corresponding to Figure 4.9. The senadize of the MgSi particles may be
explained in terms of the consumption of the Mg teah informing thez-phase. A
comparison of Figures 4.9(a) and 4.9(b), clearigwshthat Be has an effect on both size
and morphology of the Fe- and Mg-containing phases.

In the case of the non-modified, Be-containing GBByY, where larger-sized M§i
particles were reported, both nodular and smaliefdts of thes-AlsFeSi and smalles-
AlgFeMgSis phases were observed, as displayed in Figures)4&{d 4.9(d). The
relatively small size of thg-AlsFeSi andr-AlsFeMgSis phases may be attributed to the
reaction of Be with Fe to form the Be-Fe phaseoAlsy comparing these two figures with
Figure 4.9(b), it may be seen that Be affects lae and morphology of the Fe-based
intermetallic phases, whereas the formation of$Mgemains unaffected by the presence of
Be. These results agree with studies carried outhgrs [°5 243!

Similar effects of Be on the microstructure of gll63BS were also observed as
those in the case of alloy C3Bf(Figures 4.9(c) and (d)) with Figure 4.9(e) for (3B
except that the volume fraction of the nodygshase is much smaller in the case of alloy

C3BS, whereas the opposite is true for the plajelghtase in the alloy. This observation
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may be attributed to a Be-Sr-reaction (forming S or Be-Fe-Sr reaction,e. some of
the Be reacts with Sr and the remaining amountoisemough for the nodulat-phase
transformation from plateleg-phase particles to take place; thus the volumetifna of

these platelets is much bigger.

ke
I I I
2.00 4.00 6.0 .08 10.00

Figure 4.8 EDS spectra corresponding to: (a) /8gand (b)n-AlgFeMgSis phases
observed in C3BS alloy.
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Figure 4.9  Backscattered electron images of: (a) A1BS, (b) €BC3B, (d) C3B, and
(e) C3BS alloys.
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4.2.4 Formation of a New Eutectic-Like Reaction

Figure 4.4 displays the cooling curve and its fdstivative obtained from the C3
alloy. From an examination of the microstructurésalloys C3B and C3BS (containing
higher levels of Mg and Fe), a new reaction wasnkel to take place towards the end of
solidification at the low cooling rate (0.4°C/s}, shown in Figure 4.10. This new reaction
is composed of a mixture of phases that vary depgnoh the location of the reaction in
the matrix, i.e. the examined cross-section. Itutthde mentioned here that this reaction
was not detected in any of the cooling curves,esthe heat associated with this reaction is
apparently too low. Table 4.3 lists the solidifioattimes obtained from the C3 series of
alloys. As can be seen, the solidification timetfog C3B alloy is ~29 seconds more than
that of the C3 alloy. It may be suggested that itiisease in the solidification time, due to
the presence of Be, would result in the decomposivif the remaining liquid metal giving
rise to the newly observed reaction, in accordawi® the law of conservation of
matter™*¥ Figure 4.10(d) reveals the growth of the new ieactnto the surrounding
aluminum matrix. The presence of precipitate fremes (PFZ) surrounding the new
reaction indicates that this reaction was formedtha molten state. Based on these
observations, the new reaction may be considerbeé # quinary eutectic-like reaction that
could be described as:

L —> Al +7ephase + MgSi phase +Si + (Be-Fe) phase.
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Figure 4.10 Different microstructures of the new reaction ie-8ntaining C3B alloy:
(a) =-phase and Mgpi, (b) z-phase and Si, (c) Si (1)z+phase (2) + (Be-Fe)
phase (3), and (d) extension of the new reactitm time a-Al matrix, note
the presence of precipitate free zones (PF2).
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Table 4.3 Solidification times of the A and C3 series ofog obtained from the
respective cooling curves. Each value is an aves&fjee consecutive tests

Alloy Code Al | A1IB| Al1S | A1IBS| C3 C3B| C3S| C3B%

Solidification time (s) | 452 | 464 | 472 474 463 492 510 504

Figure 4.11(a) displays an enlarged portion of ¢beling curve shown in Figure
4.6(a). The new reaction is expected to take placthe temperature range 533-515°C
(corresponding to precipitation of Mg phase reaction and end of solidification). Fegur
4.11(b) shows large particles of M whereas Figure 4.11(c) shows ultra-fine paidé
Fe, Be-Fe and M#pi phases observed at the end of solidification.

Beryllium and strontium are the main parameterfu@rfcing the amount of this
new reaction or precipitates formed. Table 4.4 sanwas the “area” and “intensity”
measurements of the new reaction, the term “areafesponding to the average area
covered by the mix of the ultrafine S, Mg,Si and Be-Fe phase particles resulting from
the reaction, and “intensity” representing the nembf such reactions occurring in the
sample area measured. It is found that additioBrofo the non-modified, Be-containing

C3B alloy decreased the reaction area by 44% anahtbnsity by 36%, respectively.
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Table 4.4 Measurements of particles (mix of ultrafine i, Mg,Si and (Be-Fe)
phases) resulting from the new eutectic-like remctibserved in as-cast C3
alloys containing Be

Alloy Code Area (%) Particle Area (unt) Density
Av. SD Av. SD (#Particles/field)
C3B 5.87 2.46 1155.2 1242.0 17.34
C3BS 3.30 1.64 662.8 805.5 11.22

Figure 4.12 shows an example of the distributibalements within the area of the

new reaction in the C3BS alloy sample. Figure A413% a secondary electron image of

C3B alloy exhibiting the presence of the new reactonsisting of fine Si particles and

phase. Occasionally, some Be-containing phaseclestivere observed as well (Figure

4.6(d)). This reaction was noted to occur at the @ithe solidification process or growing

from the existings-AlsFeSi phase platelets. Figure 4.13(a) also revhalptecipitation of

Mg,Si in the matrix in two perpendicular directionsusad by natural aging at room

temperature for two years?® These precipitates seem to be associated witfotheation

of precipitate-free zones (PFZ) around the pretexjomponents.
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Electron Image 1 Mg Ka1_2

Al Ka1 Si Kat

Fe Ka1

Figure 4.12 (a) Backscattered image of alloy C3BS showing eem aontaining the
products of the new quinary reaction, and corredpan(b) Mg, (c) Al, (d)
Si, and (e) Fe distributions.
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Figure 4.13 (a) Secondary electron image of Be-containing G8By showing the
formation of the new reaction on tifephase platelet 1, (b) EDS spectrum
corresponding to area marked 1 in (a), (c) EDStspeccorresponding te-
phase precipitates marked 2 in the matrix in (&) fanmation of precipitate
free zone (PFZ), and (d) EDS spectrum corresponddmpSi phase

precipitates marked 3 in (a).

The histogram shown in Figure 4.14 illustrates dfffects of Be, Sr, Mg and Fe

additions on the length of th@AlsFeSi platelets. In the as-cast graphite mold sasnple

(DAS of ~65um), Be addition reduces the length of fhphase platelets by ~25% whereas

introducing Sr shows further reduction (~37%); addiBe simultaneously with Sr
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decreases the length @phase by ~50% regardless the levels of Fe or Migaralloy. This
figure also illustrates how the addition of 0.02w8¥to Al-7Si-Mg-Fe alloys decreases the
length or volume fraction of th@phase, compared to the non-modified alloy. Thiy ima
explained in terms of the effect of Sr in breaking thes-phase platelets as reported by
Samuelet al, *¥ thereby reducing the platelet length. In spit¢heffact that increasing the
Mg and Fe content increases thphase volume fraction, the length/®phase particles is

also observed to increase. This increases-phase length can be controlled through

additions of Be and Sr.
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Figure 4.14 Histogram exhibiting the influence of alloy comjims on the average
length ofp-AlsFeSi phase platelets (sample DAS ~65um).
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4.3 HIGH COOLING RATE (DAS~24um)
4.3.1 Silicon Particle Characteristics

Samples for microstructural analysis were sectidnad the tensile tested-bars ~10
mm below the fracture surface (away from the deéamtmortion of the tensile bar) to study
each alloy in the as-cast and the two solution -treated conditions (540°C/5h and
540°C/12h). The dendrite arm spacing of these sssmplas about 24um. The silicon
particle characteristics of the as-cast alloyspaesented in Table 4.5. Figures 4.15 through
4.17 show the eutectic Si particle characterisiicshe as-cast and solution heat-treated
conditions for the eight alloys investigated.

The Si particle measurements for the Al base atlogtaining low Mg and low Fe,
are listed in Table 4.5. In comparison, the avel@igparticle area decreased from 28.4 to
0.67 um, the particle length decreased from 15.5 to 1.25{n® aspect ratio decreased
from 3.78 to 1.84, while the roundness ratio insesafrom 18.9 to 50.3% in the Sr-
modified alloy (alloy A1S). In the case of Be adulit (alloy A1B), the particle area
decreased to 10.3 [fmhe particle length decreased to 6.6 pm, thecaspgo decreased to
2.73, while the roundness ratio increased to 35A%ombined Sr and Be addition (alloy
A1BS) resulted in decreasing the Si particle aceh. 81 um, the Si particle length to 1.84
pm, the aspect ratio to 1.94, and increased thedreass ratio to 47.6%. Increasing the Mg
and Fe content (alloy C3), resulted in decreasiegSi particle area to 6.9 finthe Si
particle length to 6.44um, the aspect ratio to 3vitiile increasing the roundness ratio to
24.6%. The combined effect of Sr, Be, Fe and Mgnelgs (alloy C3BS) resulted in

decreasing the Si particle area to 1.53 1 the Si particle length to 2 um, the aspect ritio
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1.99, and increasing the roundness ratio to 46.mlése values reflect the modification
effect of Sr and the partial modification effects Mg and Be. For high Fe- and Mg-
containing alloys, simultaneous addition of Be &nchas less effect on the silicon particle
characteristics than the addition of each elemadividually. The combined effect of
addition of the four elements can easily be cordolmfrom the analysis of the
microstructures and data listed in Tables 4.1 abd @omparing the data reported in the
two tables shows that increasing the cooling rateses significant improvement in the Si
particle characteristics for all alloys containig, Sr or Be+Sr, as expected. The observed
increase in the roundness and aspect ratio of Siclea reported in Table 4.1 for non-
modified A1 and C3 alloys may be attributed to theger cooling time needed for the

samples to reach room temperature.

Table 4.5 Eutectic silicon particle measurements for as-ca3s7 alloy samples

(DAS ~24 pm)
Alloy (Condition)* Area (um?) | Length (um) | Roundness Ratio(%) | Aspect Ratio
Av. SD Av. SD Av. SD Av. SD
Al (non- mod.) 28.40 19.50 15.509.46 18.9 8.9 3.78 1.79
C3 (non- mod.) 6.90| 6.40 644 435 24.6 10.5 3.01.07 1
AlB (Be mod.) 10.300 1590 6.6D 6.50 35.7 211 2.73.66
C3B (Be mod.) 3.17 6.21 298 340 46.9 21.4 1.99930,
A1S (Srmod.) 0.67 1.04 125 1.07 50.3 17.9 1.84 700,
C3S (Srmod.) 144, 230 191 1.88 47.2 19.7 1.9992 Q.
A1BS (Be+Srmod.) 1.31 194 1.84 1.66 47.6 18.8 194 0.81
C3BS (Be+Srmod.) 1.53 | 2.20| 2.00 1.76 46.7 18.9 199 0.93

*Codes A and C correspond to the Fe levels 0.09 @Bd respectivetywhile codes 1 and 3
correspond to the Mg levels 0.4 and 0.8, respdgtieedes B and S represent Be additions and Sr
modification, respectively.
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After applying solution heat treatment, as showikrigures 4.15 through 4.17, the
results may be interpreted as follows: the fragm@ugort and spheroidization of the eutectic
Si particles in the 357 base alloy Al occurs asdley is subjected to solution heat
treatment and continues as the solution treatmemt increases from 5h to 12h, as
reflected in the continual decrease in Si partgi® and a corresponding increase in the
particle roundness. The influence of alloying addis on the degree of refinement of the Si
phase may be discerned from the particle charatitsriobserved for the various alloys in
the as-cast condition. The greatest refinemenbtaioed for the Sr-modified alloy A1S,
with A1BS and C3BS alloys displaying a close degreeefinement, whereas the addition
of Be alone reduces the patrticle size in both AhB @3B alloys, but not to the extent as
that observed with a combined Be+Sr addition. Apgysolution heat treatment thereafter
produces only a very slight decrease in particte, showever, a slight increase is obtained
for alloys A1BS and C3BS; this increase may belaited to the coarsening of the Si

particles with the increase in solution treatmentt
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Figure 4.15 Average particle area of eutectic silicon as acfiom of heat treatment
condition.
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Figure 4.16 Average particle length of eutectic silicon asuaction of heat treatment
condition.
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Figure 4.17 Average particle roundness of eutectic silicom &snction of heat treatment
condition.

Figures 4.18 and 4.19 show the microstructuresetdcted as-cast and solution
heat-treated samples of these alloys, to illusttaechanges in the morphology and size of
the Si particles, depending on the alloying addgicand heat treatment conditions.
Increasing the solutionizing time from 5 to 12 hwatso leads to further improvement in
the morphology of eutectic silicon particles. Tretgele area in the C3 alloys containing
higher levels of Mg and Fe was seen to decreaske Wdrithe Al alloys with low Mg and

low Fe, the particle area was seen to increaseubeaaf the coarsening brought about in
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these patrticles following solution treatment forh1l& 540°C. Spheroidization of the Si
particles may be clearly noted in Figures 4.18djcand 4.19 (c, d), for the long solution
treatment time.

Compared to the microstructure of the as-cast ladley Al shown in Figure
4.18(a), the as-cast A1BS alloy sample displaystt@n whole fine Si particles in the
interdendritic regions. The large standard dewmatabserved in Table 4.5 is due the
presence of large Si particles indicated by tha&lsotow in Figure 4.18(b) mixed with the
fine Si particles (indicated by the broken arroW)e as-cast microstructure of alloy C3 in
Figure 4.19(a) shows the presence of intermetphases due to the high Mg and Fe levels
present in the alloy, while a number of loftg\lsFeSi needles are observed in the as-cast

structure of alloy C3BS, Figure 4.19(b).
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Figure 4.18 Morphology of eutectic silicon particles observied 357 alloy samples

under the following conditions: (a) and (c) baskylAl in as-cast and
solution heat-treated conditions, respectively,abjl (d) A1BS alloy in as-
cast and solution heat-treated conditions, resgsgt(DAS 24 um).
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Figure 4.19 Morphology of eutectic silicon particles obseniadhe 357 alloy samples
under the following conditions: (a) and (c) allog @ as-cast and solution
heat-treated conditions, respectively, (b) andSdjnodified C3BS alloy in
as-cast and solution heat-treated conditions, otispdy (DAS 24 pm).
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4.3.2 Characteristics of Iron Intermetallic Phases
4.3.2.1 As-Cast Condition

Mathematically, the volume fraction or percentafe @hase may be represented
by the average particle size (length or area) aff pinase times the number of particles. The
histogram shown in Figure 4.20 demonstrates thectffof alloy Fe and Mg content, and
Sr and Be additions on the volume fraction of fh&lsFeSi iron intermetallic phase, as
represented by the averggéength for as-cast alloy samples obtained frompitreheated
(600°C) graphite mold castings (DAS +6%), and from the metallic ASTM-B108 mold
castings (DAS ~24m), microstructures of which are shown in Figur&ldand Figure 4.22,
respectively. As may be seen, the increase inmgahte on going from the graphite to the
metallic mold reduces thgphase length by ~50%. A similar reductiongiphase length
can also be obtained by adding Be and/or Sr. IsgrgaVig to 0.8 wt% and Fe to 0.6 wt%
similarly resulted in reducing th&phase length and hence thg@hase volume fraction.
Increasing latter two elements also increasesxztpbase volume fraction, as shown in
Figure 4.22. These results agree with those repdngeElsharkawil®®

Figure 4.20 also illustrates how the addition &20wt% Sr to Al-7Si-Mg-Fe alloys
resulted in slight decrease in thghase length, compared to non-modified alloys. This
may be explained in terms of the presence of Schvhesults in breaking up thiephase
platelets as reported by Sameehl %! The authors reported that Sr is absorbed bythe
phase platelets, leading to their destabilizatinod ragmentation. In the present context,
this may contribute to an increase in the numbeipihtelets available for the pre-eutectic

reaction to occur, leading thereby to the formatanfurther amounts of the-phase.
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Figure 4.23 shows examples/mphase platelets present in the microstructuresloys Al

and C3BS obtained from samples cast in metallicdmi@spectively. These results agree

with those reported in the literatuft 14!
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Figure 4.20 Histogram showing how thgAlsFeSi phase length is affected by cooling
rate and alloy composition.
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Figure 4.21 Microstructures of as-cast samples of (a) Al, @md3BS alloys
(DAS ~65um).
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Figure 4.22 Examples ofr-AlgFeMgSis phase observed in (a) Al, and (b) C3 alloys
(DAS ~24um).
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Figure 4.23 Microstructures of as-cast samples of (a) Al, @md3BS alloys
(DAS ~24um).
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4.3.2.1 After Solution Heat Treatment

The effects of solution treatment on th@hase in Al-Si-Mg 357-type alloys were
extensively investigated®™® 3% 3¢t was concluded that after applying the recommende
solution treatment, the Chinese-scripphase is more or less decomposed completely to
fine platelets of thes-phase in 0.4 wt% Mg-containing alloys. However]yopartial
decomposition is observed at higher Mg contentsjatya 0.6-0.8 wt%. Addition of 500
ppm Be reduces the amount of thehase formed in AlI78Mg-0.1Fe alloys. Addition of
Be also facilitates the decomposition of thphase into thg-phase, particularly at higher
Mg content. Also long solutionizing times lead tcsignificant reduction in the volume
fraction of ther-phase through the dissolution and decompositioth@f-phase into fine
B-phase platelets’® Together with thez-phase, it is also important to focus on
investigating the characteristics gfphase due to its negative effect on the mechanical
properties % 33 Solution heat treatment time and temperature hasignificant effect on
solubility of both soluble and partially solublegdes. The area percentage of the partially
soluble intermetallic phases, particularly thgphase, was observed to decrease with an
increase in the solutionizing time, as illustrabedrigure 4.24. Reduction of ~25% after 5
hours, and ~40% after 12 hours solution treatmeme wbserved. The principal partially
soluble phases which formed in the 357 castingyalléor example the C3BS alloy, were
the p-AlsFeSi andz-AlgFeM@Sis phases. The major phases observed in the as-cast
structure, however, afeAlsFeSi andr-AlgFeMgSis, as shown in Figure 4.22.

The area percentages/phase platelets seen in Figure 4.24 for the diffealloys

studied may be divided into two groups: low ~0.3% &igh ~2%. Since the curves lie
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close to these two points, it may be more effectovexamine the changes in thghase
platelets in terms of their lengths to compare dffects of each alloying element added,
especially Be, on the characteristics of iron imetallic phases. Not ad-phase particles,

however, undergo complete decomposition even a@@thours of solution treatmeff!
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Figure 4.24 Average area percentagefgphase observed in the 357 alloys studied (DAS
~24um).



124

Figure 4.25 shows the averagfphase platelet length as a function of solutioathe
treatment time. As may be noted, the presence ofdBareases thg-phase length

considerably; this effect is limited by adding Sr.
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Figure 4.25 Characteristics of averagephase length of the 357 alloy samples (DAS
~24 um).



125

Figure 4.26 illustrates the microstructures of dléd1, C3, A1BS and C3BS alloy
samples in the as-cast condition, cast in the ABI8 mold. Bothg-platelets and
Chinese-script-phase in their regular morphology are observetienfour microstructures,
as well as the Chinese-script Mg phase. With the application of solution treatmémef-
phase platelets were observed to undergo change$ein morphology due to the
dissolution, thinning, necking and fragmentatioriledse platelets with increase in solution
time. The changes in the size and morphology ofFédearing phases become apparent
upon increasing the solution time up to 12 housssteown in Figures 4.27(a) through (e).
Figure 4.27(e) shows an enlarged particlg-phase undergoing changes in its morphology
through dissolution, necking and fragmentation. iSabhanges in morphology of the
phase were also mentioned in other studté%2*®! All Mg,Si particles were completely
dissolved while most of-phase was decomposedfghase and went to the fragmented
form. Then-phase was observed to dissolve and/or transfotonaircluster of very fing-
phase platelets. Similar observations regardingrdresformation of the-phase have been

reported in the literatur&® 149153
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Figure 4.26 The as-cast microstructure of (a) Al, (b) C3,AtBS and (d) C3BS alloy
samples (DAS ~24 pm).
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Figure 4.27 Microstructures of alloys: (a) A1, (b) C3, (c) A3B(d) C3BS, alloy samples
solutionized for 12h at 540°C (DAS ~24 um), and éejarged area of
encircled area in (d).
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4.4 CONCLUSIONS

Based on the microstructural results presentetti;mstudy from samples obtained

from thermal analysis experiments (DAS ~65um) armksehobtained from tensile bars

(DAS ~24um), the following conclusions may be drawn:

1.

Beryllium causes partial modification effect of ectic Si particles similar to that
reported for magnesium addition.

Addition of 0.8wt% Mg reduces the eutectic tempanatby ~10°Cj.e. 1.3°C/0.1
wt% Mg.

During solidification of alloys containing high lels of Fe and Mg without Sr, a
peak corresponding to the formation of Be-Fe ph@deFe,BeSi) is detected at
611°C, which is close to the formation temperatfre-Al.

The beryllium-iron phase precipitates in the forhscript-like morphology close to
other Fe-phases.

A new eutectic reaction is observed to take plaza the end of solidification of
high-Mg, high-Fe, Be-containing alloys. The volunfraction of this reaction
decreases with the addition of Sr. The new euteetction is composed of fine
particles of Si and-Fe phases.

Addition of Be has a noticeable effect on decrapsie-phase length, or volume
fraction, this effect may be limited in the preseiwndé Sr.

Beryllium addition also results in the precipitatiof f-phase in the nodular form,
which would decrease the harmful effects of thestermetallics on the alloy

mechanical properties.
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8. Increasing both Mg and Fe levels leads to an iserégathe amount of thephase.

9. Increasing the iron content leads to an increas¢hénvolume fraction of the
partially solubles- andz-phases, whereas M§ particles are completely dissolved.

10.The p-phase platelets are observed to undergo changésimmorphology with
increasing solution treatment time due to the digigm, thinning, necking, and
fragmentation of these platelets with the progagsolution treatment.

11.The z-phase is observed to dissolve and/or transform antluster of very fing-

phase platelets.
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PART Il

ASSESSMENT OF MECHANICAL PROPERTIES

4.5 INTRODUCTION

Strength and alloy quality are the factors useddt@rmine how a particular metal
behaves under a tensile load. Any improvementesdimechanical properties is attributed
to an increase of the tensile values observed.chleenical composition of the alloy, the
presence of porosity and/or non-metallic inclusjosdidification rate and heat treatment
conditions applied constitute the primary variabMsch affect the tensile properties and
quality of aluminum alloy castings. The most comnabuminum casting alloys are listed
in Table 4.6 1 Among these, Al-Si alloy castings constitute 8986 of all aluminum

cast parts produced.

Table 4.6  Chemical compositions of common types of Al-Siticasalloys (af* ***
Alloy Elements (wt. %)

Method(b) Si Cu Mg Fe Zn Others
319.0 s, P 6.0 35 <010 <10 <10
332.0 P 9.5 30 1.0 12 1.0
355.0 s, P 5.0 125 05 <006 <0.35
A356.0 s, P 70 <020 035 <02 <O.1
A357.0 s, P 70 <020 055 <02 <0.1 0.05 Be
380.0 D 8.5 35 <01 <13 <3.0
383.0 D 10.0 25 010 1.3 3.0 0.15 Sn
384.0 o 1.0 20 <03 <13 <30 0.35 Sn
390.0 D 17.0 45 055 <13  <O.1
413.0 D 120 <01 <010 <2.0 .
443.0 S.P 5.25 <0.3 <0.05 <0.8 <0.5

(a) Remainder: Aluminum and other impurities
(b) S, Sand Casting; P, Permanent Mold Casting;
D. High Pressure Die Casting
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Quality index charts, as will be seen later in tth&pter, are used in selecting the
optimum test conditions in order to enhance termitgerties and quality in Al-Si alloys,
particularly the Al-Si-Mg family of casting alloy®ased on the information presented in
Table 4.6, the Al-Si-Mg (356 and 357) alloys wi# examined according to their Mg and

Fe levels, as well as Be additions.

4.6 RESULTS AND DISCUSSION

The 356 and 357 (Al-Si-Mg) alloys investigated e fpresent work were classified
into six categories by considering the base allay(ldaw Mg - low Fe), alloy A3 (high Mg
- low Fe), and alloy C3 (high Mg - high Fe), undifferent heat treatment conditions, as
the reference alloys based on which any changesnsile properties will be discussed. The
six categories selected were: (i) Al series takilhgy Al as reference alloy to understand
the influence of Be and Sr additions in the casl®wfMg-containing alloys, (ii) A3 series
using alloy Al as reference alloy to investigate éffect of increasing the Mg content, (iii)
A3 series taking alloy A3 as reference alloy tocdss how Be and Sr additions affect the
high Mg-containing alloys, (iv) C3 series usingogllA3 as reference alloy to study the
influence of increasing Fe levels, (v) C3 seriglsin@ alloy C3 as reference alloy to
determine the effects of adding Be and Sr to higjt ®hd high Fe-containing alloys, and
(vi) C3 series using alloy Al as reference alloyelaborate upon the combined effects of
different Mg and Fe contents, with other alloyingneents, on the alloy mechanical
properties. Tensile properties of the referenagyalAl, A3 and C3 in the as-cast and heat-

treated conditions are summarized in Table 4.7.
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Table 4.7 Tensile properties of reference alloys Al, A3 &&lof the as-cast and heat-
treated conditions

Alloy Mechanical | As-cast| SHT Aging time (h)
Code Property 5h 2 4 6 8 12
UTS(MPa) 203.8| 262.2 342(2358.0| 361.00 354.0360.3
Al YS (MPa) 97.1 115.9 237)2266.9| 277.2] 281.5291.7
El (%) 6.5 159 9.9 8.7 8.1 6.2 6.5
UTS(MPa) 204.3| 263.0 343(3357.8| 380.8 382.9386.2
A3 YS (MPa) 114.1| 140.9 254/0291.5| 329.6] 332.5347.5
El (%) 3.4 7.2 6.0 4.3 3.1 2.7 2.0
UTS(MPa) 200.9| 239.3 319|9328.2| 366.2] 365.7Y360.4
C3 YS (MPa) 116.0| 135.3 269(7296.6| 345.2] 350.4356.8
El (%) 2.6 4.8 1.7 1.0 0.9 0.9 0.7
Alloy Mechanical | As-cast| SHT Aging time (h)
Code Property 12h 2 4 6 8 12
UTS(MPa) 203.8| 255.0 340(3356.0| 359.9 362.83361.6
Al YS (MPa) 97.1 107.5 228)7273.5| 284.3 274.1279.6
El (%) 6.5 176 | 123 9.9 8.7 9.4 8.6
UTS(MPa) 204.3| 287.4 351/3368.1| 381.9 382.0384.5
A3 YS (MPa) 114.1| 154.0 265(7294.8| 321.1 336.4353.0
El (%) 3.4 9.7 6.5 3.6 3.9 2.7 2.0
UTS(MPa) 200.9| 250.4 316/5334.4| 337.4) 335.83334.2
C3 YS (MPa) 116.0| 151.8 294/2301.3| 317.00 326.0327.0
El (%) 2.6 4.3 1.0 1.1 0.8 0.7 0.7

In the as-cast samples, raising the Mg content feofmt% (alloy Al) to 0.8wt%
(alloy A3) slightly increased the alloy strengthedio the partial modification effect of Mg,
as well as the transformation of thghase into the-phase (most of the Fe-intermetallic

phases precipitated in the form of tiigphase, despite the low amount of Fe (0.09 wt%)
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present), whereas raising the Fe level up to 0.6int#e high Mg-containing alloy C3 led
to a decrease in the UTS due to the formation oefnte¥metallics. For all the three
reference alloys, the percent elongation decreased.

Applying a 5-hour solution heat treatment at 540a4ed the UTS by 59 MPa for
alloys Al and A3, and by 39 MPa for alloy C3. Thagimentation and spheroidization of
Si particles, the spheroidization of undissolweghase particles, the dissolution of }3g
in the matrix and decomposition of tlephase to thes-phase, which was fragmented
during solution heat treatment, all helped to inverthe tensile properties.

It was observed that a higher solution heat treatrtime (12 hours) led to further
improvement of the UTS (60 MPa for alloys A1 and, ABd 50 MPa for alloy C3). This is
due to the increase in fragmentation and spheatidiz of Si particles and decomposition
of the n-phase to thes-phase or further fragmentation @gfphase platelets. For both
solution times (5h and 12h), the percent elongatias much greater than that in the as-
cast condition for alloys A1, A3 and C3, indicatingproved ductility*5%1°¢!

The micrographs in Figures 4.28 and 4.29 demomstratv the tensile properties
shown in Table 4.7 were affected by Mg content aotution heat treatment. Those
presented in Figure 4.30 demonstrate how the ntitisires, and consequently the tensile
properties, were affected by raising the Mg andeivels, in addition to the solution heat

treatment used'®" 58
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Figure 4.28 Optical microstructures of the low Mg- and low &@ntaining base alloy
Al: (a) as-cast sample showing small particleg-oand z-phases, and (b)
after a 12h solution heat treatment showing fragatem of thes-phase as

well as spheroidization of thephase patrticles.
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Figure 4.29 Optical microstructures of the high Mg- and lowdemtaining alloy A3: (a)
as-cast sample showing larger particleg-oind z-phases, and (b) after a
12h solution heat treatment showing fragmentatiothep-phase as well as
spheroidization of the-phase particles.
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Figure 4.30 Optical microstructures of the high Mg- and highd¢ontaining alloy C3: (a)
as-cast sample showing larger particleg-otndz-phases, (b) after a 12h
solution heat treatment showing fragmentation & gkphase as well as
spheroidization of the-phase particles, (c) and (d) backscattered imafjes
both conditions, respectively; image (d) shows dguaosition of ther-phase
into the p-phase, fragmentation of thiephase (black arrows), as well as
spheroidization of the-phase (red arrows).

Figure 4.30(d), in particular, is an excellent eptarshowing the decomposition of
the z-phase and fragmentation of thgehase (black arrows), as well as spheroidization o
the z-phase (red arrows). Figures 4.28 through 4.30 shavemplete dissolution of the

Mg,Si phase and the influence of solution heat treatroe the eutectic Si particles, which
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appear in fragmented, spheroidized and coarsenewsf8°% %% Complete dissolution of
the M@Si phase and thermal modification of the eutectipa®ticles has a marked effect in
increasing the alloy mechanical properties. Thesalts agree with the work carried out by
Elsharkawiet al 1135 130

Coarsening of the Si particles during solutionthesatment can bexplainedby

Ostwald ripening!*®* **?where this mechanism describes the change oframmingeneous
structure over timej.e., small crystals or particles dissolve, and redeposto larger
crystals or particles, as shown schematically igufé 4.31.°? The Si particles will
increase in size provided their size is greaten ttiee critical volume, while smaller
particles will dissolve into the larger particl&ubsequently, the average size and spacing
of the Si particles will increase, while the pddiaensity will decrease during the

coarsening stage. This mechanism of Si particleseméng was observed for the three

reference alloys (A1, A3 and C3) after solutiontiie=atment was applied.

)

Figure 4.31 Basic representation of the coarsening mechanism peposed by
Ostwald!'*?
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The same phenomenon was observed fofSVigrecipitates when aged at 160°C for
up to 12 hours. Coarsening of the J)8gprecipitates became more pronounced when the
Mg content was increased from 0.4wt% (alloy A1)0t8 wt% (alloy A3). It should be
pointed out that the original M8i volume fraction formed during quenching from the
solution temperature was increased, as observékeimackscattered images presented in
Figure 4.32(a, b). Some examples of Migcoarsening precipitates are shown in the areas
circled in Figure 4.32(c).

The base Al alloy was aged at 160°C for 2, 4, @n8 12 hours, following a
solution treatment at either 5 or 12 hours. Thanalte tensile (UTS) and yield strength
(YS) values were markedly improved with increasa@ng time up to the point of peak
aging due to the presence of more precipitates giSMwhich were dissolved after
increasing the solution heat treatment time. Thgimam UTS values reported for the A1
base alloy were 361 MPa (5 hours solution heatrireat, 6 hours of aging) with further
increase in the yield strength (YS) after 6 houraging, and 362 MPa (12 hours solution
heat treatment, 8 hours of aging) with continuarsaase in the yield strength after 8 hours
of aging as well. Thus it is difficult to determitiee peak aging point exactly and prolonged

aging times beyond 12 hours may be recommended.
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Figure 4.32 (a) and (b) Backscattered images of the as-casistioctures of the Al
and A3 alloys, and (c) fine and coarse J8igprecipitates observed in the
solution heat-treated Al base alloy. The areadedrén (c) are some
examples of MgSi precipitate coarsening. The enlarged area oslfows
the dissolving of some small particles and re-dejosonto a larger one,
resulting in coarsening.



140

Upon T6-heat treating the high Mg-containing A3owll It was observed that
increasing the Mg content encourages the amouM8i precipitation and, as a result,
the UTS may go up with aging time. Peak aging waseoved after 12 hours aging time for
the two applied solution heat treatment times,5 and 12 hours. The UTS obtained in the
peak-aged condition for the A3 alloy was 386 MPa¢irs solution heat treatment, 12
hours of aging) and 385 MPa (12 hours solution treatment, 12 hours of aging).

The high Mg- and Fe-containing C3 alloy was alsotrBated as for reference
alloys A1 and A3. Again, it was observed that iasiag the Mg content encourages the
precipitation of M@Si and, as a result, the UTS increases with aging.tHowever, this
increase in UTS was found to be limited, given that high Fe and Mg contents lead to a
stronger presence of theAlgFeMgSis phase. Peak aging was observed at 6 hours aging
time for both solution heat treatment times. The=seilts demonstrate that the amount of
Mg,Si is the primary variable responsible for the 38Iby strength. The highest UTS
values observed for the C3 alloy were 366 MPa {frdisolution heat treatment, 6 hours of
aging) and 337 MPa (12 hours solution heat treatnéeimours of aging).

The results shown in Table 4.7 indicate that: (gager levels of Mg increase the
peak aging time and UTS value, (ii) greater Fe llewsith or without an increase in Mg
content, increase the peak aging time and notigeddidrease the corresponding strength,
and (iii) the UTS increases with longer solutiomthieatment and aging times, especially

in the case of the high Mg- and low Fe-containitigya. !
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For aged samples, once past the point of peak agafiggning was noted to occur.
This is attributed to the coarsening of the Bigprecipitates by either clustering, as shown
in Figures 4.33 (alloy Al) and 4.34 (alloy A3), by the Ostwald ripening mechanism.
Figure 4.33(a) shows how the MJ precipitates initiate clustering during 2 hoafsging.
The circled areas in these two figures reveal dmeléncy for growth of the M§i cluster
with increase in aging time, from 2 to 12 hourg(fes 4.33 (a) and (b)), or with increased
Mg content for the same aging time of 12 hoursyfégt.33(b) and Figure 4.34(a)). When
comparing these last two figures, it is observeat thising the Mg content increases the
density of the MgSi precipitates. The clustering of the Mg precipitates and the
associated growth is shown in Figure 4.35.

In a previous investigation of the aging behavidr3s7 alloys, a noticeable
reduction in the strength (commencement of softgniof the alloys examined upon
increasing the aging time or temperature, was tedaio be related to the formation of
coarser precipitates in the matrix, displaying éairgter-particle spacing, as shown in Figure
4.36. This facilitates dislocation motion and résuh softening, thereby reducing the alloy
strength and, consequently, the quality index \&lwes will be explained later in this

chapter, of the castings being studie¥!
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Figure 4.33 Backscattered images of the base Al alloy aftengagt 160°C for: (a) 2
hours and (b) 12 hours, showing an increase inatheunt of clustered
Mg,Si precipitates with increasing aging time.
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Figure 4.34 (a) Backscattered image of the high Mg-contairfk®alloy after aging at
160°C for 12 hours which shows a high density of.®gorecipitates, as
well as more of the clustered precipitates, ande(®@¥ spectrum of clustered
Mg,Si precipitates. The enlarged area of (a) showstiset of precipitate

clustering.
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Figure 4.35 Clustering of MgSi during precipitation hardening of the high Mg-
containing A3 alloy at 160°C for 12 hours, afteingesolution heat-treated
for 12 hours.
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Figure 4.36 Schematic representation showing the influence irafreasing aging
temperature/time on the size, density, and intetigf@ spacing of the
hardening precipitates: (a) at low aging tempesgdtume, and (b) at high
aging temperature/time. L1 and L2 indicate theripiticle spacing in each
case!*?
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Based on the above-mentioned observations, coarserii precipitates may take
place either by dissolution and re-deposition ausidring of fine particles prior to
becoming large ones leading to commencement oérsofj. The observed clustering may
be explained in terms of precipitation of pj particles on the pre-existing Mgj particles
leading ultimately to coarsening with increase ging time. However, more work is
needed to arrive at a better understanding of dbiservation and the exact coarsening
mechanism.

From an engineering point of view, yield strengthithe main parameter on which
design considerations are based, given that Y Sore rsensitive to alloying additions than
UTS. From the values listed in Table 4.7, the Y8aased in the cases of: (i) increased Mg
levels, as well as increased Fe contents (fromvwi%9in A alloys to 0.6wt% in C alloys,
alloy C3 being an example of an alloy with increhge content), (ii) after solution heat
treatment, and (iii) with increasing aging time.

Increasing the Mg levels in the as-cast conditimised the YS by 17 MPa and by
19 MPa when the Fe content was also raised. WHeti®oheat treatment was applied to
the base Al alloy, the YS was seen to increasedhylRa for a 5-hour solution treatment
and 10 MPa for a 12-hour solution treatment. Indhse of alloy A3, the YS was seen to
increase by 26 MPa for a 5-hour solution treatnmeemt 40 MPa for a 12-hour solution
treatment. A reduced degree of improvement in b ystrength was reported for either

solution treatment time in the case of the higlcéetaining C3 alloy.
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Aging time was also observed to be a significantdiaaffecting the yield strength,
where longer aging times led to greater YS valiesximum YS values of 292, 347 and
357 MPa for alloys Al, A3 and C3, respectively, &v@bserved after prolonged aging.
Ductility, as measured by percent elongation, igeisely proportional to strength,
particularly the yield strength. However, improverhef the alloy ductility is as important
as improvements in the strength. As shown in Tdbfe alloy ductility was improved at
greater Mg levels and/or solution treatment timbekeas it decreased with increase in Fe
content.

Magnesium and iron have been observed to affecétteagth, ductility and quality
of the 357 alloys studied. Figure 4.37 shows thaliyuchart, which was generated to
represent the effects of Mg and Fe content on e¢hsile properties of the alloys under

investigation.
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Figure 4.37 Quality chart generated using equations (1) andstdowing the effects of
adding Mg and Fe. Samples were solution heat-tlefie 5h at 540°C,
followed by quenching in warm water and no aging.

As can be seen from the figure, when the Fe levveldreased from 0.09 wt% (alloy A3) to
0.2 wt% (alloy B3) and further to 0.6 wt% (alloy XC8nhe alloy strength and ductility are
decreased and the alloy quality is diminished. Tdesrimental effect is caused by an
increased presence of brittle, undissolved Fe#m¢allic phases. Similar observations
were made when the Fe content was increased flogm@D9 wt% (A2) to 0.2 wt% (alloys

B1 and B2) and, finally, to 0.6 wt% (alloys C1 &d). Since these alloys contain different
levels of Mg (0.4, 0.6 and 0.8 wt%), it can be st a high Fe content will bring about a

noticeable reduction of the alloy mechanical prapsyregardless of the Mg content.
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When increasing the Fe-level, the Fe series predantFigure 4.37 shift virtually
parallel to the iso-Q lines toward the lower lefirld portion of the figure, where all alloy
properties are lowered. The yield strength, howenstealed no significant changes when
increasing the Fe-level from 0.09 to 0.6% (Figut87% where each Mg line, which
represents three levels of Fe, is more or lesdlphta the iso-yield strength lines or iso-
flow lines. Yield strength is independent of impyrelements such as Fe but is strongly
affected by the addition of hardening elementsyothle application of a suitable aging step.

The increase in the Mg content from 0.4 wt% (alAdy to 0.6 wt% (alloy A2) leads
to an improvement in the strength of the castingalimut 12 MPa, and to a corresponding
decrease in ductility without any decrease in thaality (Figure 4.37). Further
improvements (32 MPa) were observed when raisiegMly level up to 0.8 wt% (alloy
A3). Positive effects were also observed whenmgigihe Mg levels from alloys B1 and C1
(0.4 wt%) to alloys B2 and C2 (0.6 wt%) and B3 &8&1(0.8 wt%). Since these alloys have
different levels of Fe (0.09, 0.2and 0.6 wt%), tlggaater Mg contents yield a noticeable
improvement of the alloy mechanical properties,spite of the presence of Fe. These
observations relate to the fact that the amountwbych the strength of the alloy is
increased compensates for the amount by which tioéility is reduced. The improved
strength of the castings obtained by increasingipecontent is related to the precipitation
of the M@Si phase, where the greater Mg content will yieldgher density of this phase.
However, a higher Mg level will also lead to thegpitation of ther-AlsgFeMgSis phase,
which has a deleterious effect on both strengthdaradility, in other words, the quality, of

the castingg®
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It was observed that adding Be improved the tensibperties and quality of the
alloys containing various levels of Mg and Fe fistcase, alloys A1B, A2B, A3B, B1B,
B2B, B3B, C1B, C2B and C3B). As may be seen fromuFe 4.38, the addition of Be
shifts the quality index values towards the uppghtrportion of the charti.e. in the
direction of improved alloy quality. From the figyrthe yield strength is shown to increase,
as indicated by the shift of the Mg lines toward® tdirection of higher YS. The
improvement in tensile properties through the addibf Be stems from two sources: (i)
during casting, the presence of Be helps to prethenbxidation of Mg, and (ii) changing
the morphology and chemistry of tifeFe phase platelets to smaller nodular-shaped
phase particles, accelerating thegphase decomposition to thephase and forming a
Chinese-script Be-Fe phase §A&:BeSi). 5154 571

For different levels of Fe and Mg (in this casépys AL1S, A2S, A3S, B1S, B2S,
B3S, C1S, C2S and C3S), the addition of Sr impravedtensile properties and quality
index values of the modified alloys compared to rtb@-modified alloys (without Sr), as
shown in Figure 4.39. The addition of Sr also helpeduce the harmful effect of tie

phase by transforming it into the script-likeAl sFe;Si phasé®”
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Figure 4.38 Quality chart generated using equations (1) andstdowing the effects of

adding Be, Mg and Fe. Samples were solution heatdd for 5h at 540°C,
followed by quenching in warm water and no aging.

The combined effect of adding both Be and Sr toalhe@ys investigated yielded a
noteworthy increase in the tensile properties andlity index values of the alloys
containing both Fe and Mg (for example, alloys A1B3BS, A3BS, B1BS, B2BS, B3BS,
C1BS, C2BS and C3BS), as compared to the referaltmgs (without Be or Sr). Figure
4.40 illustrates the quality chart pertaining te ttombined effects of Be and Sr on the
tensile properties of the alloys examined. Wheniragld8e and Sr, the Fe series shifts

toward the upper right-hand portion of the figyrarallel to the iso-Q lines.
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Figure 4.39 Quality chart generated using equations (1) andsfidowing the effects of
adding Sr, Mg and Fe. Samples were solution heatdd for 5h at 540°C,
followed by quenching in warm water and no aging.

The yield strength exhibited a marked increase wisth Be and Sr were added, as
may be observed in Figure 4.40, where each Mg Wiech represents three levels of Fe,
shifts-more or less parallel to the iso-yield sgythnor iso-flow lines in the direction of
higher yield strength. The only negative effectorted associated with adding both Be and
Sr was the formation of the Be-Sr phase (S€BE"Y which limits improvements in the

yield strength.
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Figure 4.40 Quality chart generated using equations (1) andsfzowing the effects of

adding Be, Sr, Mg and Fe. Samples were solution-tneated for 5h at
540°C, followed by quenching in warm water and gmg.

Increasing the solution heat treatment time to ©8ré further improves in the
tensile properties and quality index values ofdleys as observed in Figures 4.41 through
4.44. With respect to the three reference alloysA@8land C3, the improvement in quality
results from: (i) a larger density of precipitatdscompletely dissolved M&i, (ii) further
decomposition of ther-phase into theg-phase, (iii) higher fragmentation rate of the
phase, and (iv) more spheroidization of the Siapthases as shown previously in Figures

4.28 through 4.30. These observations were notedcie@ase with longer solution heat
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treatment timed!63 164

Figure 4.41 shows the quality charts representimg dffects of iron level and
magnesium content on the properties of the 35%slddter 12h solution treatment. When
the Fe level in these alloys is increased from Qv (alloy A3) to 0.2 wt% (alloy B3),
strength is decreased, ductility is reduced, ardalioy quality is diminished. This was
attributed to an increased density of brittle, gsdlved Fe-intermetallic phases. Negative
effects were also observed when the Fe contentngesased to 0.6 wt% in alloy C3. Since
these alloys have different levels of Mg (0.4, @d 0.8 wi%), it may be said that
increasing Fe contents noticeably reduce the mecdilgoroperties, regardless of the alloy
Mg levels.

When increasing the Fe level, the Fe series showkigure 4.41 are seen to shift
virtually parallel to the iso-Q lines toward theMer left-hand portion of the figure. The
yield strength, however, revealed no significardrades when increasing the Fe level from
0.09% to 0.6%, as shown in Figure 4.40, where digline, which represents three levels
of Fe, is more or less parallel to the iso-yielesgth or iso-flow lines. Yield strength is
thus independent of impurity elements such as Fe.

The increase in the Mg content from 0.4wt% (alldy) Ao 0.6wt% (alloy A2) leads
to an improvement of about 10 MPa in the strendithe® castings and to a slight decrease
in ductility, but without a noticeable reductionguiality, as may be seen from Figure 4.41.

Further improvements were observed by increasiadgvp level up to 0.8wt% (alloy A3).
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Similarly, positive effects were obtained with iease in Mg levels, This may
attributed to the fact that the amount by which gteength of the alloy is increased
compensates for the amount by which the ductiitdecreased. The improved strength of
the castings obtained by increasing the Mg-levaliiisctly related to the precipitation of
Mg,Si. A higher Mg content will yield a higher density this hardening phase. On the
other hand, a higher Mg content will also bring @bthe precipitation of a large volume
fraction of ther-AlgFeM@Sis phase which ultimately has a deleterious effecbothn the
strength and the ductility of the alloys and conssdly on their quality. Comparison of
Figure 4.41 with Figure 4.37 reveals that increggire solution heat treatment time shows
no observable effect on improving the mechanicaperties and quality index values of

alloys containing only Fe and Mg, without additiafsBe and Sit>1¢7]
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Quality chart generated using equations (1) andst®wing the effects of
adding Mg and Fe. Samples were solution heat-ulefite 12h at 540°C,

followed by quenching in warm water and no aging.

Beryllium additions improved the tensile propertsexl quality index values of the

alloys containing Mg and Fe and resulted in shyftihe quality index values towards the

upper right corner of the chart shown in Figure24Bhe yield strength is also observed to

increase as indicated by the shift of the Mg litesards the direction of higher yield

strength. The improvement in mechanical propesdtesms from two sources: (i) retention

of more Mg in the molten metal resulting from thiéeet of Be in protecting Mg from

oxidation by forming the Be-Mg phase (MgBe **°® and (ii) changes in the morphology

and chemistry of thegf-Fe phase from platelets to much smaller nodulapsdg-Fe
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particles, an acceleration in the decompositionthe z-phase into thef-phase, and
formation of the Chinese-script Be-Fe phasefaBeSi).P* %
By comparing Figures 4.42 and 4.38 it may be skah Be greatly improves the

mechanical properties and quality index valuestiqdarly at higher solution treatment

times.
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Figure 4.42 Quality chart generated using equations (1) andsfiowing the effects of
adding Be, Mg and Fe. Samples were solution heated for 12h at 540°C,
followed by quenching in warm water and no aging.
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For a 12-hour solution heat treatment time, amdHe different levels of Fe and Mg
used, the addition of Sr improved the tensile prijge and quality index values of the
modified alloys (namely, alloys Al1S, A2S, A3S, BIRS, B3S, C1S, C2S and C3S),
compared to the non-modified alloys, as shown gufd 4.431*%® This improvement in
mechanical properties is related to the changéeneutectic Si morphology from acicular
to fibrous type, and to the role of Si in reducitng harmful effect of thg-phase by
transforming it into the-Al gFe;Si script-like phase.

For the 12-hour solution heat-treated samplesgoingdined addition of both Be and
Sr yielded a significant increase in the tensilepgrties and quality index values of the
alloys A1BS, A2BS, A3BS, B1BS, B2BS, B3BS, C1BSBS2and C3BS, compared to the
reference alloys (without Be or Sr). As strengtl dnctility are both increased, the quality
is also improved, as seen in the quality chartigfife 4.44. With the addition of Be and Sr,
the Fe series shown in Figure 4.44 shifts partdl¢he iso-Q lines toward the upper right-
hand portion of the figure, in the direction whéte desired properties are enhan¢&d-"

The yield strength experienced a significant inseeahen adding both Be and Sr,
as may be observed in Figure 4.44, where each Mg Which represents three levels of
Fe, is shifted more or less parallel to the isddystrength or iso-flow lines in the direction
of higher yield strength. The only negative effezpported with respect to adding both Be
and Sr was the formation of the Be-Sr phase ($Bewhich limits improvements in the

YS.
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Figure 4.43 Quality chart generated using equations (1) andsfiowing the effects of

adding Sr, Mg and Fe. Samples were solution heatdd for 12h at 540°C,
followed by quenching in warm water and no aging.

A comparison of Figures 4.44 and Figure 4.40 cordd that Be and Sr have a
noteworthy combined effect in improving the mecleahiproperties and quality index
values with increased solution heat treatment tifite results observed in this study with
respect to the mechanical properties and qualidgxnvalues of 357 alloys are in good

agreement with those reported in the literat{ife?® 173
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Figure 4.44 Quality chart generated using equations (1) andsfidowing the effects of

adding Be, Sr, Mg and Fe. Samples were solution-tneated for 12h at
540°C, followed by quenching in warm water and gimg.

In order to better understand the effects of Mg, B& and Sr interactions on the
tensile properties of the alloys used in this stwdye examined in terms of alloy Al (base
alloy containing low Mg and low Fe content), alldg (which has high Mg and low Fe)
and alloy C3 (high amounts of both Mg and Fe) weskected as reference alloys. The
changes AP) in tensile properties (UTS, YS and %EI) wereedotor the alloys studied
with respect to these reference alloys as follows:

(i) AP is defined as the change in ultimate tensilengttre(UTS) of a given alloy, with

respect to its reference alloy;
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(i) APY is defined as the change in yield strength (8 given alloy, with respect to
its reference alloy; and
(i) APE is defined as the change in percent elonga#6il)(to fracture of a given

alloy, with respect to its reference alloy.

The influence of adding Be, Sr, or both to the lg- and low Fe-containing base
alloy, Al, with respect to tensile properties ieganted in Figures 4.45 to 4.47. Adding
0.05wt% Be to the base alloy, thus producing afd, led to small loss (~10 MPa with
respect to the base alloy Al) in the as-cast, moluteat-treated and aged conditions, as
shown in Figure 4.45. A slight increase in the U¥& observed in alloy A1B after a 12-
hour solution heat treatment. This may be attridbutethe role of Be in preventing Mg of
oxidation during casting, thereby increasing theoamt of Mg available for the
precipitation of the MgSi phase.

An addition of 200 ppm Sr to the base alloy Al ¢huroducing alloy A1S) has a
similar impact on the UTS as that observed aftepducing Be to the alloy. This increase
in the UTS may be due to the change in the shagedasiribution of the eutectic Si
particles caused by the Sr-addition. When Be andie3e added to the base alloy (giving

alloy A1BS), further positive changes in the UTSevebtained.
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Figure 4.45 Changes in ultimate tensile strength of low Mgd d&ow Fe-containing Al
alloys with respect to base alloy Al.

The yield strength was observed to increase by ~Fa br the alloy A1B, as
shown in Figure 4.46. This was especially noticeahltwo cases: (i) after 12 hours of
solution heat treatment and (ii) with increasingnggime. A marked improvement in the
YS (~25 MPa) was noted with increasing aging timernf 4 to 12 hours, for the 12-hour
solution heat-treated A1B alloy, as a result of @mhanced precipitation of the M
hardening phase or the spheroidizedhase particles. The addition of Sr yielded simila
results as that of Be on the YS, while introdudiogh Be and Sr further increased the YS

by ~30 MPa.
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Figure 4.46 Changes in yield strength of low Mg- and low Fexeining Al alloys with

respect to base alloy Al.

Percent elongation in the Be-modified alloy, A1Basmnot affected by increasing

either the solution heat treatment time or agimgeti as presented in Figure 4.47. With

respect to changes in the alloy tensile propedigsto Be and/or Sr additions to base alloy,

it appears that yield strength is most sensitivinése additions, in a positive way.
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Figure 4.47 Changes in percent elongation of low Mg- and lavcentaining Al alloys
with respect to base alloy Al.

Increasing the level of Mg in the base Al alloyot8 wt% produces alloy A3. The
effects of adding Be or Sr (or both) to alloy Adthwespect to tensile properties are shown
in Figures from 4.48 to 4.50, with alloy Al serviag the reference alloy. The high Mg
level led to an increase in UTS of up to 35 MPa,damples exposed to a long solution
heat treatment timé&-’* "> Adding 500ppm of Be to alloy A3 (producing alloy3B) also
revealed a noticeable increase in UTS, of ~30 MR, respect to the base Al alloy, for

samples exposed to a 12-hour solution heat treattiree and subsequently aged, as

shown in Figure 4.48.
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Raising the Mg content increases the formatiorhefrtphase, which, in turn, will
provide more spheroidized of thephase particles, ultimately increasing the alloySJ
The increase in UTS may also be attributed to ¢ihee of Be in enhancing the precipitation
of the MgSi hardening phase, by preventing the oxidatioMgfduring casting!’® 17"
Adding 200ppm Sr to the base alloy A3 (producingpyalA3S) produced similar
observations on the UTS as that observed with Béiad.

When Be and Sr were both added to the Al alloydgpemng alloy A3BS), negative
changes in the UTS were observed, reported to badinteraction of Be with Mg and Sr,
leading to the formation of Be-Mg (MgBg¢ and Be-Sr (SrB®,) phases; it appears that
the latter phase, SrB@, has a negative effect on the alloy mechanical gntags in that it
reduces the amount of free Be. This reaction iseetqul to take place near the melt
surfacg®!: 646l
When comparing the high Mg-containing alloy, A3tlwihe base Al alloy, the yield
strength was observed to increase by ~40 MPa focdlses of increased Mg (0.8 wt%)
content, Be-addition (alloy A3B), Sr-modificatioallpy A3S), and (Be+Sr) addition (alloy
A3BS), as presented in Figure 4.49, especiallyldog aging times. These observations

demonstrate that the Mg precipitates serve as the primary hardening tagenhese

alloys.
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Figure 4.48 Changes in ultimate tensile strength of high Mgd dow Fe-containing A3
alloys with respect to base alloy Al.

Percent elongation was observed to improve witheeed aging time for the high
Mg-containing alloys (A3, A3B, A3S and A3BS), aosim in Figure 4.47® As in the
case of the Al alloys, for the A3 alloys also, &swobserved that yield strength is the

tensile property most sensitive, in a positive waydditions of Mg, Be and Sr.
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Figure 4.49 Changes in yield strength of high Mg- and low Bataining A3 alloys with
respect to base alloy Al.
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Figure 4.50 Changes in percent elongation of high Mg- and kaacontaining A3 alloys
with respect to base alloy Al.

Consider the high Mg-containing alloy, A3, as arefice alloy with which to study
the effects of Be and Sr interactions on tensitgeprties (Figures 4.51 to 4.53). Adding Be
(A3B) or Sr (A3S) or both (A3BS) to the A3 alloyddhot produce any noticeable effects
on the UTS values, except for a slight improvemaith aging time, regardless of the
solution heat treatment time used (Figure 4.8%.The noted improvement in UTS was
attributed to further precipitation of the Mg hardening phase with further aging of the

alloy. No observed effects on yield strength valwese reported, with the exception of a
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slight increase at low aging time (less than 6 &puirrespective of the solution heat

treatment time used (Figure 4.52).
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Figure 4.51 Changes in ultimate tensile strength of high Mgd bbow Fe-containing

A3 alloys with respect to alloy A3.
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Figure 4.52 Changes in yield strength of high Mg- and low Bataining A3 alloys with
respect to alloy A3.

Percent elongation was improved by adding Be, Bhath, especially at higher
aging times, as shown in Figure 4.53. From thelt®@shown for the high Mg- and low Fe-
containing A3 alloys, Be and Sr interactions appeahave no noticeable effects on the
alloy mechanical properties. Once again,;Bigrecipitates were confirmed to be the main

hardening agent in these alloys.
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Figure 4.53 Changes in percent elongation of high Mg- and keacontaining A3 alloys

with respect to alloy A3.

The high Mg- and low Fe-containing A3 alloy wasdiss a reference alloy in order

to study the effects of a high Fe content, as aglBe and Sr interactions, on the tensile

properties of C3, C3B, C3S and C3BS alloys, as shawFigures 4.54 to 4.56. As

expected, high levels of Fe lower the UTS, and naigas of the addition of effective

alloying elements or the type of heat treatmentliegp the alloy strength remains

diminished.
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Figure 4.54 Changes In ultimate tensile strength of high Mgd &igh Fe-containing C3
alloys with respect to alloy A3.

The vyield strength was found to increase with iasneg aging time regardless
solution heat treatment time, and appeared to ke sensitive to Mg, Be and Sr effective
additions. The increase in yield strength valuds wicreasing aging time confirms that the
Mg2Si precipitates are mainly responsible for hardgmmthese alloys. Percent elongation
was observed to improve with increasing aging tforehigh Mg-and high Fe-containing

alloys C3, C3B, C3S and C3BS as shown in Figuré.4.5
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Figure 4.55 Changes in yield strength of high Mg- and highcBetaining C3 alloys
with respect to alloy A3.
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Figure 4.56 Changes in percent elongation of high Mg- and highicontaining C3
alloys, with respect to alloy A3.

With respect to industrial practices, the permittse of Be should not exceed 500
ppm. However, this amount is not sufficient to pdevboth the beneficial effects of Be and
to counter the expected interactions of Be with Mg,and Sr. Further investigations are

required to arrive at a more accurate level of Bat ttould be applied to enhance the

mechanical properties.
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Figures 4.57 to 4.59 present the changes in tepslgerties in the C3 alloys using

alloy Al as the reference alloy.
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Figure 4.57 Changes in ultimate tensile strength of high Mgd &igh Fe-containing C3
alloys, with respect to base alloy Al.
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As may be seen, the increased Fe level in alloysGBe main factor that reduces
the alloy mechanical propertied®’ 18 Adding Be (C3B alloy), Sr (C3S alloy), or both
(C3BS alloy) lowers the detrimental effect of thghhFe content on the UTS, for aging
times greater than 6 hours. The results showngargi4.57 demonstrate that adding 500
ppm of Be, 200 ppm of Sr, or both, as well as apglyolution heat treatment and aging
steps, help to improve the UTS in such high Feaiairtg alloys.

Figure 4.58 shows that marked improvements in ygténgth (~40 MPa) were
noted for larger Mg contents, as well as with dddg of Be, Sr, or both, in all heat-treated
samples, in spite of the high Fe level. This reaf§ that yield strength is very sensitive to
the use of alloying element additions and heatrireat.

Percent elongation was observed to improve withggme in the case of the high
Mg-and high Fe-containing C3 alloys, as shown iguFé 4.59. As may be seen, percent
elongation is mainly affected by increase in Mgteaih and with increasing aging time,

regardless the addition of Be or Sr.
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Figure 4.58 Changes in yield strength of high Mg- and highcBataining C3 alloys
with respect to base alloy Al in the correspondiogditions.



APE = AEl (%)

-10

177

+¢C3 mC3B AC35 xC3BS

C3-Al, 0.8 wt% Mg- 0.6 wt% Fe

K x X
X O .
v pyg i

2 4 6 8§ 12 2 4 6 8§ 12

As |SHT Aging time - SHT 5h SHT| Agingtime- SHT 12h
cast| Sh 12h

Figure 4.59 Changes in percent elongation of high Mg- and Ikigkcontaining C3 alloys

with respect to base alloy Al.

Using C3 alloy as the reference alloy, an exanmomatif the effects of adding 0.05

wt% Be, 0.02 wt% Sr, or both, on the tensile prapsrof the C3 alloys is shown in Figures

4.60 through 4.62. The addition of Be, Sr or batiproves the UTS values of the solution

treated and aged samples, as shown in Figure 4.60.
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As Figure 4.61 shows, yield strength is sensitivealloying additions and heat
treatment conditions. The yield strength decreas@sincrease in aging time, for samples
that were solution heat-treated for 5 hours. Twasoas for this can be supposed: (i) a 5-
hour solution time is not enough to fully dissolhe MgSi, decompose the-phase into
the-phase or fragment thiephase, and (ii) increased volume fraction of B&-, and Mg-
containing intermetallics, which may bring aboutlecrease in yield strength or the alloy

mechanical properties in genefdf® 18!
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Figure 4.60 Changes in ultimate tensile strength of high Mgd &igh Fe-containing C3
alloys, with respect to alloy C3.
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Figure 4.61 Changes in yield strength of high Mg- and highcbetaining C3 alloys,
with respect to alloy C3.

Percent elongation was not affected by the intemaof alloying elements or by the
heat treatment parameters used, as shown in Figs@d%*8

The tensile test data obtained for the various &4s investigated in this study
were presented in different formats, using alloy Alloy A3, and alloy C3 as the reference
alloys, with the intention of bringing out the effe of (a) each addition/level, (b)

interactions between added elements, as well athécheat treatment conditions applied.

The results obtained are in good agreement witbetheported by other research&f$:*8%
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Figure 4.62 Changes in percent elongation of high Mg- and highcontaining C3
alloys, with respect to alloy C3.
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CONCLUSIONS

Based upon the results discussed in this chapierfotlowing conclusions may be

In the as-cast condition, increasing the Mg conleauds to further transformation of
the p-phase platelets to a Chinese-scipphase, regardless of the Fe content,
decreasing the harmful effect of {iigphase.

Increasing the solution heat treatment time leadsither decomposition of the
phase, fragmentation of tifephase and spheroidization of the eutectic Si,ltiagu
in an improvement of the alloy tensile properties.

Two mechanisms of M&i precipitate coarsening were observed to takeepla
Ostwald ripening and clustering. The rate of caoairsgis higher when both aging
time and Mg content are raised.

Increasing the Fe level decreases the alloy quaddex (Q) values, whereas the
addition of Mg increases the Q-values.

Introducing Be, Sr, or both, improves the alloy lgyaindex, regardless of the
levels of Fe and Mg present.

Quiality index values increase with solution heaatment time from 5 to 12 hours.
Raising the Mg content leads to an increase inileeparameters. Raising the Fe
levels, however, leads to a drastic decrease setheoperties.

For the same levels of Fe and/or Mg, Be and Sr lelpmprove the alloy
mechanical properties. This is more prominent at llevels of Fe with high levels

of Mg.
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9. Addition of Be is beneficial in the case of high ¢antent in the context of reducing
the harmful effects of Fe-phases through the foonaifAl-Fe-Be phases.

10. In the case of alloys containing high amounts of Fewvas observed that the
simultaneous addition of Be and Sr has a negligiffiect on tensile properties. The
addition of 500 ppm of Be, for example, appearsufiidient, considering
interactions with other alloying elements.

11. The role of Be is not only in minimizing Mg oxidati but in changing the Fe-
intermetallic chemistry and morphology, as refldctey the improved tensile
properties of the Be-containing alloys.

12. Partial modification of the eutectic Si particleg klg and Be may contribute to
some extent to improvements in the tensile properti

13. Solution heat treatment and aging time are the parameters to consider in terms
of controlling the alloy tensile properties.

14. Precipitation of the Mghi phase was confirmed to be the main hardeningtagfe
356 and 357 alloys investigated in the present work

15. Yield strength increases with raised Mg levelsucadl Fe levels, Be additions, Sr-
modification, solution treatment time and aging dinmincrease in the YS is an
important factor from a design point of view.

16. The combined addition of Be and Sr, coupled withglosolution times (e.g.
12hours) at 540°C, improves the yield strengtharéigss of the alloy compaosition.

17.Increasing the amount of added Fe in high Mg-comtgi alloys improves the

percent elongation with increase in aging time reigas the addition of Be or Sr.
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CHAPTER 5
OPTIMIZING THE HEAT TREATMENT OF HIGH
STRENGTH Al-Cu-Mg-Zn ALLOYS: A PRELIMINARY

STUDY

5.1 INTRODUCTION

The design of aerospace aluminum alloys is mainlgted in optimizing the
strength and ductility, both of which can be enlkahby controlling the added alloying
elements as well as the heat treatment conditi®ominum-copper-magnesium-zinc (Al-Cu-
Mg-Zn) alloys belong to the 7xxx series of aluminwmought alloys used for such critical

applications.The Al-Cu-Mg-Zn 7075- and 7475- type aeronautidklys were investigated
in this preliminary study. The objective was toiopze both the heat treatment techniques
and the strength of a 7075 alloy, whose tensil@gmoees exceed 500 MPa, depending on
the production procedures and heat treatment tgobgiapplied. Moreover, these alloys
have other favorable properties such as resistanstress-corrosion cracking and fracture
toughness.

Farhadiet al 3* 185 88lcarried out a detailed study on the effects of smal
additions of Be and Sr on the microstructure amgite properties of experimental 6xxx

alloys. Their results showed that for 0.02% Be @oldj the iron intermetallics precipitate
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in the form of small, globulam-AlsFeSiBe particles in the interdendritic regions.
Combined addition of Be and Sr leads to the préatiph of a-AlgFe;SiBe phase as very
fine, broken particles which markedly enhances atey formability. The authors also
found that addition of 0.02% Be reduces the polsilmf hot tearing during solidification
and protects the outer surfaces of the cast tast foam oxidation during solution heat
treatment at high temperatures.

This chapter is an extension of these studfits ®> 8¢ and focuses on the
influence of alloying elements, mainly Fe, Be, Mgn and Cu, interactions and
intermetallic phases formed during solidificatios @ell as heat treatment conditions
applied on the microstructure and tensile propeuieAl-Cu-Mg-Zn wrought alloys. These
variables, in turn, can affect the mechanical prige and the fracture behavior of an alloy.
The effects of the above-mentioned parameters entéhsile properties and fracture
behavior of the Al-Cu-Mg-Zn alloys investigated tims study will be elaborated upon.
Adjusting the chemical composition and optimizingtfbthe heat treatment sequence and
parameters are the two valuable topics which vélhighlighted here in the second part of

this thesis.

5.2 RESULTS AND DISCUSSION

5.2.1 Correlation of Microstructure and MechanicalProperties
In the present work, the effects of alloying eletseand the heat treatment
conditions applied are explained and confirmed Hy tensile properties summarized in

Table 5.1. Based on the present results, the maimitainable ultimate tensile strength
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(UTS) was 580 MPa for samples of the base alloyal{8y) subjected to single aging at
120°C/24h, which is normally higher than that ofedi for the solution heat-treated alloy
(429 MPa), while the minimum UTS reached was 312aMé& samples subjected to
retrogression and re-aging at 280°C/8h, followedLB§°C/24h, as a result of over-aging,
dissolution of phases in the matrix during retrggren treatment and particle segregation
at the grain boundaries. The best aging condit@niecommended in the literature, was
single aging at 120°C/24h. Compared to the bas& @0d@y (A alloy) used in the current
study, the B alloy after homogenization and strietgldisplayed a UTS of 597 MPa (~600
MPa) while, after the proposed aging process, th8 Malue further increased to 980 MPa
(~1 GPa) which renders this alloy in the categorgugier strong alloys. Over-aging the B
alloy resulted in a decrease in the ultimate tensitength and yield strength (YS) with an
increase in the alloy ductility. Figure 5.1 dis@ape stress-strain diagrams obtained from

the newly developed alloy (B alloy) under differéaetat treatment/aging conditions.
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Table 5.1 Tensile properties values for alloys/conditionsistd

Alloy Code and Condition / Tensile Properties | YS (MPa) | UTS (MPa)| El (%)
A / Solution heat treatment (8h @ 470°C) 267 429 4.63
A/ Single aging (24h @ 120°C) 566 580 1.01

A/ Single aging (8h @ 280°C) 240 386 4.16
A/Double aging (24h @ 120°C + 8h @ 180°C 518 525 0.92
A/Double aging (8h @ 180°C + 24h @ 120°C) 483 496 1.02
A/Double aging (8h @ 280°C + 24h @ 120°C) 201 312 3.50
B / Homogenization and stretching 495 597 3.62

B / Proposed new aging process 970 980 1.18
B / over-aging 597 617 3.17

The work was extended to include a commercial 7dli&y, the composition of
which comprised approximately 0.03%Si, 0.06%Fe%Cé, 2.4%Mg, 0.2%Cr, 5.8%Zn
and 0.015%Ti, in addition to some other minor eletseThe obtained stress-strain curves
(at 10% deformation) are shown in Figures 5.1(d) @). As can be seen in Figures 5.1(d)
and (e), by adjusting the alloy chemistry and Hesatment parameters, the as-received
strength increased from 403 MPa (YS) and 463 MPeS)Uo 774 MPa (YS) and 842 MPa

(UTS), respectively.
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Figure 5.1  Stress-strain diagrams obtained from experimenitay séest bars of: (a) B
alloy after homogenization, (b) B alloy after agirajpd (c) B alloy after
over-aging, (d and e) results obtained from the ifrextlcommercial 7475

alloy (at 10% deformation).



189

Figure 5.2 shows the equiaxed microstructure of &lsecast base alloy, and
illustrates the different micro constituents obsertherein. Figures 5.3 through 5.5 present
the changes in the microstructure of the base aljpgyn solution heat treatment in the
temperature range 460-485°C (solutionizing time W&k in all cases). These figures
reveal that solution heat treatment resulted indissolution of the AICu, M@Si, MgZn
and o-Fe phases. When the solution temperature wasghsasi 485°C, incipient melting

took place leading to the formation of sphericalgso

Figure 5.2  Optical microstructure of the base alloy in thecast condition: showing the
different micro constituents: 1) Zn-, 2) Cu-, 3) Mand 4) Fe- rich phases.
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Figure 5.3  Optical micrograph showing progress of the dissotubf Zn- and Cu-rich
phases in base alloy A after 48h solution treatraed60°C.
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Figure 5.4  Optical micrograph of base alloy sample after 48hutsn treatment at
470°C, showing the persistence of Fe-rich phases.
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Figure 5.5  Optical micrograph of base alloy A after 48h salatitreatment at 485°C
showing commencement of incipient melting. Note theesence of
solidified material in the interiors of the meltadckas (arrowed).

Figure 5.6(a) shows a backscattered image of ttwastsmicrostructure of the base
alloy; a higher magnification image of the sameiisvided in Figure 5.6(b), where the
AlFeCuZzn phase is observed precipitated on thengoaundaries as well as within the
grains in the form of spherical particles. Figube8(c) is an EDS spectrum corresponding
to the AIMgCuZn phase in the as-cast structureureich.7 shows another backscattered
image of the as-cast microstructure at high macptifon, where the AlFeCuZzn, AlFeSi
and AIMgCuZzZn phases were detected. Figures 5.7c(land d) are the EDS spectra
corresponding to these three phases. Figure 5B(@ys a backscattered image of the
microstructure of the base alloy after solutioratneent; the high magnification image of
Figure 5.8(b) reveals the presence of éhEe and AlFeCu insoluble phases. The EDS

spectrum corresponding to the AlFeCu phase detdatdle homogenized structure is
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shown in Figure 5.8(c). Table 5.2 summarizes thepmsitions of the phases observed in

Figures 5.7 and 5.8, which in good agreement vhitise reported in the literature.

Figure 5.6

COomMF
EFMA

Backscattered electron images showing the micrstdoents in base alloy
A in the as-cast condition: (a) low magnification gaanote the presence of
fine cracks in the white circle due to shrinkage; (b) high magnification
image illustrating the details of the eutectic stawe of AIMgCuZn phase-
note that the spherical particles in the middletref grain have the same
composition; (¢) EDS spectrum obtained from the eutectic region in (b)
displaying strong peaks due to Al, Mg, Cu and Zn.
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Figure 5.7  (a) Backscattered electron image of the as-cagtostrticture of base alloy
A, and respective EDS spectra corresponding to theAlBgCuZn, (c)
AlFeSi and (d) AIMgCuZn phases shown in (a).
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Figure 5.8  (a) Backscattered electron image of base alloy #raolution heat
treatment, (b) high magnification image showing gresence of AlFeCu
and o-Fe intermetallic phases in the microstructure, &@)dEDS spectrum
corresponding to the AlFeCu phase in (b).
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Table 5.2 Identification of phases shown in various figures

Figure Element (at%) Approximate Composition

No.

Si Al Fe Cr Cu Mg [ Mn | Zn

5.7(a, b) | 0.14026.827| 0.168 [ 0.009|21.078|34.2710.04Q 17.42
5.8(b) | 0.617 75.332|16.755| 0.968| 2.311 | 0.049 (3.310 0.554
5.8(b) | 3.683 77.508]11.006| 2.485| 0.717 | 0.079 (3.914 0.578

T(Al;CuMg.Zny)
Als(Fe,Cu,Mn,Cr)
Alg(Fe,Mn,Cr}Si/Al,5(Fe,Mn,Cr}Si,

For all microstructures studied, line scans werdus investigate the distribution
of alloying elements before and after solution hesétment for both the base and the B
alloys. Figure 5.9 shows the distribution of theethcommon elements Mg, Cu and Zn in
the 7075 alloy. The peaks in Figure 5.9 (a, b g§pad¢arresponding to the Mg, Cu, and Zn
concentrations in the as-cast sample, disappear aftlution treatment, reflecting the
optimized homogeneity of the matrix in the solutiogated alloys. Conventional and/or

commercial heat treatment of 7075 alloy resulted maximum UTS of 580 MPa.
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In order to arrive at a better understanding of phecipitation sequence in the
newly developed B alloy, samples for SEM examimaticere cut from the tensile-tested
bars. The polished samples were examined usingaeiiSU-8000 FE-SEM operating at
5kV, and equipped with an EDS system. Figure 5)1i8(a backscattered electron image of
an as-cast sample of the B alloy, showing a fewlikad shaped particles. These particles
were identified as being mostly &u phase from the corresponding EDS spectrum, €igur
5.10(b), together with someFe intermetallic phase particles, Figure 5.108s).may be
observed from Figure 5.11(a), most of the@\l phase particles have dissolved in the
aluminum matrix after the homogenization and quargireatment, with fragments of
Fe Als(Fe,Mn}Si, phase patrticles still present in the matrix, asnséom the EDS
spectrum of Figure 5.11(b).

Double aging treatment of 24h at120°C followed hya8 180°C resulted in intense
precipitation of ultrafine particles with two distt morphologies: spherical (encircled) and
rod-like, due to their precipitation at two diffetetemperatures, Figure 5.12(a). Aging the
B alloy using the new technique resulted in a dgmeeipitation of the spherical particles
throughout the matrix, Figure 5.12(b). These piigaips were mainly ACu phase patrticles
as confirmed by the associated EDS spectrum dieglay Figure 5.12(c). These
precipitates are believed to be the reason fooliserved high strength achieved in the new
alloy at 120°C/24h (580 MPa), which is normally reg than that of the solution heat-
treated alloy (429 MPa), while the minimum UTS teeat was 312 MPa for samples
subjected to retrogression and re-aging at 280°Gé8bwed by 120°C/24h, as a result of

over-aging, dissolution of phases in the matriximyrthe retrogression treatment, and
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segregation of some particles at the grain bouedaiihe best aging condition was, as
recommended in the literature, single aging at C2B%h. Compared to the 7075 alloy, the
base alloy in the current study, the B alloy aftemogenization and stretching displayed in
a UTS of 597 MPa (~600 MPa) while, after the proposging process, the strength

increased to 980 MPa (~1 GPa) which renders thiy &fl the category of a super strong

alloy.

Cu

[#]
< o S
o 90 180 z.70
Al
Cu
Cu
Fe Si Fe
Fe M Mn Mn
& & Fe Cu Cu

1.00 200 300 400 500 600 7.00 oo L

(©)

Figure 5.10 (a) Backscattered electron image of the new alloyhe as-cast condition,
(b) EDS spectrum corresponding to,@l phase, and (c) EDS spectrum
corresponding ta-Als(Fe, Mn}Si; phase.
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Figure 5.11 (a) Backscattered electron image of the new allégrasolution heat
treatment and (b) EDS corresponding to (a), showiegresence of Cu and

Fe peaks.

Cu
=i

()
Figure 5.12 Backscattered electron images showing precipitaticthe new alloy under
different conditions: (a) homogenization and stigtg (b) double aging
(24h/120°C + 8h/180°C), and (c) EDS spectrum cpaording to (a)
showing reflections mainly due to Al and Cu elensent
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5.2.2 Fractography

The fracture surfaces of the four heat-treated $ssnghown in Figure 5.1 were
examined using an FE-SEM. The backscattered imBfgyore 5.13 (a) shows the fracture
of the undissolved intermetallic phases in allogffer applying the recommended solution
heat treatment (see Table 5.1). The corresponddfg §pectra taken from various areas in
Figure 13(a) revealed the following:

0] Dissolution of large proportions of Mg, Cu, and #nthe aluminum matrix,

Figure 5.13(b)!*16122

(i) Persistence of the Fe-based intermetallics, maimty Al-Fe-Mn phase, Figure
5.13 (c). Since these EDS spectra were generated fractured surfaces, the
element percentages could not be used to idertdy ithemical compositions

with certainty 18"

(i)  The interaction between Cu and Fe resulted in tkegmce of a large amount of

undissolved Cu-based intermetallic phase parti€legire 5.13(d)!*e8 189
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Figure 5.13 (a) Backscattered electron image of the fracturdasa of the sample
corresponding to Figure 5.1(a), (b) EDS spectrukaridrom area marked A
in (a) revealing peaks corresponding to Al, Cu, Magd Zn, (c) EDS
spectrum taken from area marked B in (a) showiflgagons due to Al, Fe
and Mn and (d) EDS spectrum taken from area ma@ked (a) displaying
peaks corresponding to Al, Cu, and Fe.
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Applying the new solution heat treatment resultethie dissolution of a noticeable
amount of the Cu-rich phases as indicated by thielwal fragments in the circled areas in
Figure 5.14(a). The presence of several crack® (ABftows) clearly visible in the interiors
of the undissolved intermetallic particles obserirethe figure indicate the improvement in
the alloy strength as reflected in Figure 5.1(khe TEDS spectrum taken from the area
marked by the thick blue arrow in Figure 5.14(ayrba due to the-phase**” see Figure

5.14(h).

1 2 3 4 ® & 7 8 9 0 "
Ful Scals SO cts Cursor: 11121 (0 cts) ko

Figure 5.14 (a) Backscattered electron image of the newly aged B alloy sample
treated using the new solution heat treatment, EL)S spectrum
corresponding the phase marked by thick blue amost®wing reflections
due to Al, Mg, Si and Fe elements.
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Figure 5.15 (a) presents the fracture surface efrtbwly developed alloy after
homogenization treatment. Large deep dimples cbaldeen throughout the surface with
broken particles at their interiors. The correspogdDS spectrum, Figure 5.15(b), reveals

that these particles are mainly Fe-based interieefdlases.

| 1 2 3 4 5 6 7 8 a 10 11
Full Seale 1006 cis Cursee 0,000 [

Figure 5.15 (a) Fracture surface of new alloy after homogempatand (b) EDS
spectrum corresponding to the particles within divaples in (a) revealing
Al, Mg, Fe and Cu peaks.

{ i Iy
] ]
| |



204

The fracture surface of alloy A after aging forf#surs at 120°C is shown in Figure
5.16. The increase in the alloy strength (UTS) frédrfdMPa to 580MPa (see Table 5.1)
appears to be related to the formation of an ditr-dimpled structure (circled in Figure
5.16) caused by precipitation of age-hardening ghadnother important observation is
cleavage fracture of the grains (thick white arrpleading to the reported brittle failure of
this alloy. Figure 5.17 presents the fracture sigrfaf the B alloy after aging exhibiting the
fracture of ano-Fe Chinese script phase particle, as evidenced fhe associated EDS
spectrum of Figure 5.17(b), with several crackgsnnterior. The open arrow in (a) points
to the formation of a large number of slip bandst formed during the plastic deformation

process!®!

Figure 5.16 Seconday electron image of A alloy aged at 120°C for 24h.
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Figure 5.17 (a) Backscattered electron image of the newly dmead B alloy after aging
and (b) EDS spectrum corresponding to the arrowed & (a), showing

reflections due to Al, Si, Fe and Mn.

Although the ductility of this alloy is very lowhe considerable increase in the
alloy UTS (980 MPa) was sufficient to cause sucrese deformation. Another important
feature observed in this sample is the intenseiptaton of fine particles all over the

matrix as displayed in Figure 5.18(a). The assedidEDS spectrum shown in Figure
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5.18(b) indicates that these precipitates are mawd,Si particles. However, due to the

fact that these particles are very fine and emledae the aluminum matrix, the
composition of these particles could not be idesdifvith certainty.

The fracture surface of the aged B alloy (with Udj$proximately 1GPa), Figure
5.19(a), exhibits several cracks (arrowed) alon ¥iune dimples compared to those shown
in Figure 5.15(a). High magnification images reedalhe presence ofFe in its Chinese
script form, Figure 5.19(b), and the cleavage tractof undissolved AlFeCu phase
particles, Figure 5.19(c). Figures 5.19(d) ands@®w the EDS spectra corresponding to
these two phases, respectively.

The backscattered electron image of the fracturtasel of the overaged B alloy,
Figure 5.20(a), reveals the presence of incohgobase particles as evident from their
well-defined boundaries (arrowed). These particlese identified to be mainly ACu
phase as confirmed from the associated EDS spedhown in Figure 5.20(b). These
Al,Cu precipitates are believed to be the reasonimobserved high strength achieved in
the B alloy.

The observations reported on the microstructurecheugical properties and the
fracture behavior of the conventional 7075 alloy d#oy) are in satisfactory agreement
with the findings of several researchét€?2° Among the more recent of these studies,
Kakaet al *®Y have reported a UTS value of 774 MPa for the 79p8-Al-Si-Mg alloy
investigated in their work. This value appearsedte closest (~ 80%) to the UTS value of

980 MPa (nearly 1 GPa) obtained in the presentydtudhe new developed B alloy.
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Figure 5.18 (a) Backscattered electron image of the newly dmed B ally after aging
and (b) EDS spectrum taken from the circled arga)nrevealing Al, Si, Zn
and Mg peaks.
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Figure 5.19 A series of secondary electron images and EDSsntdi@m B alloy
following the new aging regime: (a) general vievowing the presence of
several cracks, (b) high magnification image rewgathe presence of-Fe
phase, (c) high magnification image exhibiting frecture of undissolved
AlFeCu phase, (d) EDS spectrum corresponding to &éod (e) EDS
spectrum corresponding to (c).
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Figure 5.20 (a) Backscattered electron image of the fracturéase of overaged B alloy
revealing the presence of incoherent phase patiEihite arrows), (b) a
high magnification micrograph of the circled area (&) showing the

morphology of the precipitates, and (c) EDS spectoorresponding to (b)
revealing reflections due to Al and Cu.
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5.3 CONCLUSIONS

Based upon the results documented in this chapifpllowing conclusions may
be drawn:
1. Solution heat treatment for 48h at 460°C and®@#@sults in dissolution of Mg- and Cu
rich phases whereas as Fe-rich phases remain matrex.
2. Increasing the solutionizing temperature to £85auses incipient melting of the Cu-
rich phases.
3. The use of proper additives, cold/hot deformmgttiomogenization and aging, as applied
in this study, shows that 7075 alloys have themakto reach UTS levels as high as 980
MPa, after aging.
4. Alloy ductility may be improved using proper ttag technology. The results of this
study indicate that modification of both alloy comsfiion and casting technique would

provide the means to achieve much higher percemiaggation values.

5. The EDS spectra taken from the fracture surfaafesolution heat-treated samples
indicated dissolution of Zn, Mg, and Cu in the almom matrix. In contrast, the presence
of fragments of Fe-based intermetallic particlesensdso observed on the fracture surfaces,

due to their low solubility in the matrix.

6. The fracture surfaces of aged samples exhilntedvage fracture due to poor alloy
ductility. Ultra-fine dimples were also observedisad by the precipitation of a mixture of

fine particles, mainly AlCu, MgSi and MgZa.
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7. The observed marked increase in the alloy stinetfigough adjusting the alloy chemistry
and heat treatment may be attributed to the densepgtation of ultrafine particles of
Al,Cu phase distributed uniformly throughout the nxatri

8. Adjusting the chemical composition of the 707®yawith proper casting and heat

treatment techniques, the alloy could reach 1GRaatileast 5-8% elongation.



RECOMMENDATIONS FOR FUTURE WORK

In order to arrive at a complete understandinghef ¢ffects of Be, Sr, Fe and Mg

interactions on the microstructure and mechanicebpgrties of aluminum-based

aeronautical alloys, the following may be suggested

1

Determining the exact formation temperature ofribes observed eutectic reaction
in Be-containing alloys using Differential Scanni@glorimetric analysis.

More experimental work may be required to arrive aatclear understanding
of Mg.Si clustering and coarsening during the aging @ece

Mathematical treatment of the obtained tensileltesising Minitab, MATLAB and
SigmaPlot softwares.

Elaborating on the new technology of the productdrsuper strength aluminum
alloys to make it applicable on an industrial s¢Al®ugh adjustment of the casting

and deformation processes.
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