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CHAPTER 1
DEFINING THE PROBLEM

1.1 INTRODUCTION

Aluminum alloys have been used in many high teabpl sectors such as

automotive, marine and aerosppce industries duthdio exceptional properties. These

properties comprise light weight due to the low signof aluminum, good formability,

high corrosion resistance, high electrical and rtter conductivity, high stiffness and
improved high temperature strength [1]. Pure alwmmnis very soft and ductile and
therefore cannot be used in applications that redugh yielding strength, especially under
high temperature conditions. The mechanical prageerof aluminum alloys may be
improved by means of addition of alloying elemeatsheat treatment, to increase the

hardness, toughness or yield strength of thesgsaij.

Aluminum alloys are divided into two categories,owght alloys and cast alloys.
Among different foundry alloys, aluminum castintpgt are very popular, as they have the
highest castability ratings, possess good fluidityl comparably low melting points. For
these reasons, cast iron and steel component®eng increasingly replaced by aluminum
alloys, particularly in the automotive industry. d@sing one casting alloy over another
tends to be determined by the relative ability loé ®lloy to meet one or more of the

characteristics required for a specific applicafjn

Aluminum-silicon (Al-Si) alloys are the largest g of cast aluminum alloys and

constitute 85% to 90% of all aluminum castings. #idd of Si increases the fluidity and
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decreases solidification shrinkage; Si increasesstiength and stiffness, but reduces the
ductility. Depending on the silicon content, Al-8iloys are divided into three groups:
hypoeutectic alloys with a Si content of betweean8 10%, eutectic alloys with 11-13%
Si, and hypereutectic alloys, with a Si contenbefween 14 and 20% [6]. Silicon has a
lower density compared to aluminum, and is onéheffew elements which may be added

to it without the loss of a weight advantage [5].

Aluminum-copper (Al-Cu) casting alloys are charaeced by their superior
strength and excellent ductility. The copper contdrAl-Cu casting alloys is usually 4wt%
to 8wt% which makes them expensive alloys. As alted the elevated density of Cu, 8.92
g/cm3, the high Cu content of Al-Cu alloys increagbe weight of the cast parts
manufactured from these alloys, thereby leadingntyeased fuel consumption. Also,
copper has a significant impact on the strengthlerdness of aluminum castings at both
ambient and elevated temperatures. The mechaniogegies of these alloys may be
improved via age hardening through the formatiorABfCu precipitates following aging

treatment [3].

The major alloying elements used to impart paréicyroperties to aluminum are
silicon (Si), magnesium (Mg), manganese (Mn) andpeo (Cu). Silicon imparts good
fluidity to the alloy. Magnesium and copper aredeaning elements which strengthen the
alloy following heat treatment through precipitatior age hardening. Manganese is used to
control the type of iron phases formed in the all§gnall amounts of Mn play a positive

role in combining with iron (Fe) to form the Chirescripta-Fe intermetallic phase instead



of the detrimental platelet-likg-Fe phase. The-Fe phase is much more compact and less
detrimental to the mechanical properties [7]. Iil®mccasionally used to give the material
special qualities. For example, in the case ofcdiging alloys, iron is added to reduce die

soldering.

Other alloying elements used in combination witle on more of the major alloying
elements include bismuth (Bi), boron (B), chromi¢@r), lead (Pb), nickel (Ni), titanium
(Ti) and zirconium (Zr). They are usually used eryw small amounts (<0.1 percent by
weight), although B, Pb and Cr levels may go uf.fopercent, in special cases, to enhance
properties such as castability, machinability, heatd corrosion-resistance, and tensile

strength [8].

Alloying additions are used to enhance the strecamd mechanical properties of
aluminum casting alloys. Strontium (Sr) is addedl@lloys containing Si to modify the
morphology of the Si particles from coarse, britlékes to a finer spherical form. Also, the

absorption of Sr by iron intermetallics, resultsefining their morphology [9-10].

Titanium is added either individually or in combtiom with boron to refine the
grain structure of the-Al matrix, as it creates many nuclei in the malhich encourages
the formation of small equiaxed grains @fAl, rather than the coarse, columnar grain

structure that is produced in the absence of gedinement.

Zirconium (Zr) is usually contained in aluminumag in an amount of 0.1 to 0.25
wt%. Segregations of the Ar phase patrticles or dispersoids formed are fin@n those of

Mn aluminides (10-100 nm) [12]. However, the effetprecipitation hardening due to



segregations of the &r phase is not high because of the low conterrah the alloys
just like in the case of Mn aluminides; howeveeg #ifect of the finer zirconium aluminide
segregations on the process of recrystallization deformed semi-products and,
accordingly, on their grain structureasnsiderably stronger. Zirconium is normally added
to aluminum to form a fine precipitate of interniktaparticles that inhibit recrystallization
[14]. Additionally it has been shown that it incsea the resistance to over-aging when it is

added to binary Al-Sc alloys [13].

Nickel (Ni), one of the important additions, is addto Al-Cu and Al-Si alloys to
improve hardness and strength at elevated tempesaand to reduce the coefficient of
expansion, as the existing Al-Si-Cu and Al-Si-Mtpglsystems lose strength above 150°C
[11]. Also, Ni and Zr when added to Al-Si alloysepipitate in the form of AI3Ni and

AlsZr, respectively.

Mischmetal consists of a combination of rare eantbtals like lanthanum (La),
cerium (Ce), neodymium (Nd) and praseodymium (Bgsides modifying the eutectic
silicon, it can form a fine dispersion of coherertermetallic compounds which strengthen
the grain boundaries, increasing the strength @fARSi alloys at elevated temperatures.
Sharan and his co-workers investigated the modidinaeffect of rare earth additions in
hypoeutectic and hypereutectic Al-Si alloys, theurfd that with up to 0.2% rare earth
metal additions to hypoeutectic Al-Si alloys, soneéinement in primaryu-Al and the
eutectic structure occurred, leading to an increéadbe tensile strength by 36% and the

percentage elongation by 2 to 3 times [57, 58,889, The addition of rare earth metals



leads to the improvement in the hardness of Alyallbecause the rare earth metals can
react easily with Al to form high melting point andfusible dispersed intermetallic
compounds, which leads to grain refining and thengfthening of the grain boundary
regions. The change in the microstructure (suchgesn refining, improved grain
orientation and proper secondary phase distribptiesults in an appreciable enhancement

in the alloy properties [63].

In this study, the tensile properties of an Al-2%kased alloy were investigated.
Coded alloy 220, and with a composition of Al-2.446LC2%Si-0.4Mg-0.4%Fe-0.6%Mn-
0.15%Ti, this base alloy was used to prepare adbeys by adding Sr, Ti, Zr, Ni, V, Cr
and La to the melt, individually or in differentrobinations. Test bar castings were made
using the low-pressure die casting (LPDC) technigphéch provides several advantages,
among them high productivity and reduced machimosts. The LPDC test bars obtained

were used for tensile testing.

1.2 OBJECTIVES

The present study was undertaken to investigateffeets of alloying elements on
the mechanical properties of Al-2%Cu based 220ysllsubjected to different heat
treatment conditions, and tested at both ambiemsthégh temperature. The main objectives

of the study therefore covered:

- Investigating the influence of the addition offelient elements (Ti, Zr, V, Ni, Sr,
La, and Cr) on the tensile properties (UTS, YS%lof 220 (Al-2%Cu) type base

alloys at room temperature.



- Investigating the influence of these additionstensile properties (UTS, YS, El
%) of the 220 alloys at high temperature, stabdife 1 hr and 200 hrs at 250°C

before testing.

- Examining the microstructural features of theoydl used to acquire a better

understanding of the phases and intermetalliceeptes the structure.

- Analyzing the alloy quality obtained under therivas alloy/heat treatment
conditions employed, through the use of suitabbyppsed quality indices, in order
to recommend the optimum metallurgical conditioos improving the properties

for 220 type casting alloys used in specific aggilmn.
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CHAPTER 2

SURVEY OF THE LITERATURE

2.1 ALUMINUM ALLOYS

Aluminum alloys are divided into two main group$fiarainum wrought alloys and
aluminum casting alloys [15]. Aluminum wrought aloare available primarily in the form
of worked products which have been subjected tatiglaleformation by cold and hot
working processes such as rolling, extrusion, amavihg either singly or in combination,
SO as to transform cast aluminum ingots into trerdd product form. The microstructural
changes associated with the working and with argp@panying thermal treatments are
used to control certain properties and charactesisif the worked (or wrought) product or
alloy. Examples of wrought products include platessheets, extruded shapes such as

window frames, and forged automotive and airfraom@onents.

As mentioned in Chapter 1, cast aluminum alloys thee most versatile of all
common foundry alloys due to their excellent casitgblow melting temperature, low gas
solubility, and high strength-to-weight ratio, af which are accompanied by good
machinability and satisfactory thermal and eleatricconductivity. In automotive
applications, these alloys are used primarily fagiee components, including engine

blocks, cylinder heads, and pistons.

Aluminum casting alloys are grouped into nine ddfg series of alloys, namely,
1xx.X series, 2xx.X series, 3xx.x series, and so e principal alloying element or

elements in each series characterizes that saseshown in Table 2.1 [16]. The alloy



designation system is derived from the Aluminum dksstion. Whereas wrought alloys
follow a four-digit system, a three-digit systemused for cast alloys. These digits are
followed by a letter that denotes the temper ot treat condition. The first digit indicates
the principal alloying element. The second andithigits are capricious numbers given to
identify a specific alloy in the series. The numi@iowing the decimal point indicates
whether the alloy is a casting (0) or an ingot (2pr A capital letter prefix indicates a
modification to a specific alloy. Thus an Al-Cuall would belong to the 2xx.x series,
whereas an alloy containing Al-Si-Mg or Al-Si-Cu; Al-Si-Cu-Mg would belong to the

3xx.x series, and so on [15, 16].

Table 2-1: Cast aluminum alloy designation systenfil6]

Alloy Series Principal Alloying Element
1XX.X Aluminum (99.00% minimum)
2XX.X Copper
3XX.X Silicon plus copper (and, or) magnesium
4XX.X Silicon
SXX.X Magnesium
BXX.X Unused series
TXX.X Zinc
8XX.X Tin
IXX.X Other elements
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2.2 ALUMINUM-COPPER CASTING ALLOYS

Copper has the single greatest impact of all atigyelements on the strength and
hardness of aluminum casting alloys, in both as-aad heat-treated conditions, and at
ambient and elevated service temperatures. Copmgroves the machinability of
aluminum alloys by increasing the matrix hardnemsking it easier to generate small
cutting chips and fine machined finishes. On themkde, copper reduces the resistance to
corrosion and hot cracking, or hot tearing anddrtain alloys and tempers, it increases the
stress corrosion susceptibility. Copper is gengnadled to increase the tensile strength and

hardness through heat treatment.

Copper has a maximum solubility in solid aluminufmapproximately 5.7 wt% at
the eutectic temperature of 548°C, as shown inrEigul [17]. The aluminum rich-Al
phase forms initially during the solidification aifypoeutectic alloys containing less than
33.2% Cu; subsequently the remaining liquid separat the eutectic temperature intal
and the AI2Cu intermetallic phase designaied’he composition of thé (Al.Cu) phase
ranges from 52.5 to 54.1% Cu corresponding to theectic temperature and room

temperature, respectively.

Aluminum-copper (Al-Cu) alloys have marginal cagigprelative to almost any of
the alloys containing silicon. These alloys haweitied fluidity and require careful gating
and generous riser feeding during solidificatioretsure casting soundness. In addition, it
should be kept in mind that pressure-tight partentfcate design are difficult to obtain,

and their resistance to hot tearing is relativebprp they are also susceptible to stress
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corrosion cracking in the fully-hardened conditigxs a result, the binary Al-Cu casting
alloys are infrequently used, in actual fact, wimlest commercial alloys are alloyed with

other additives, mainly silicon (Si) and magnesiivig).
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Figure 2-1: Phase diagram of the Al-Cu alloy syste [17].

The addition of Si and Mg to Al-Cu based alloysuttssin the formation of a family
of Al-Cu-Si-Mg alloys which has widespread applioas, especially in the automotive and
aerospace industries based on the superiority ef thechanical properties, castability,
weldability and machinability. The metallurgical rameters controlling the quality and

mechanical properties of these alloys, namely, hesatment, addition of alloying

12



elements, and the type and volume fraction of irdarmetallics formed are discussed in

the following subsections.

2.2.1 HEAT TREATMENT OF AL-CU-SI-MG ALLOYS

Heat-treatment is commonly used to improve the raeiclal properties of cast
aluminum alloys [20]. Heat-treatment improves ttrergyth of aluminum alloys through a
process known as precipitation-hardening which cduring the heating and cooling of
an aluminum alloy and in which precipitates arerfed in the aluminum matrix [21]. The
improvement in properties as a result of heat tneat depends upon the change in
solubility of the alloying constituents with tempaure. Figure 2.2 illustrates the major
steps of the heat treatment process normally us@agrove the mechanical properties of
aluminum alloys. During solution heat treatmeng titoms of the hardening elements
(such as Cu and Mg) are put in solid solution, gigirsolution treatment temperature just
below the eutectic temperature, and a solution tong enough to allow solutionizing of
the second phase constituents to form a supersadusalid solution. The next step is
guenching, where the alloy casting is rapidly qirexacto retain the supersaturated solid
solution at room temperature. Finally, the samglsubjected to an aging treatment, during
which the hardening precipitates are formed whes shmple is heated to a lower
temperature than the solution temperature (termngficial ageing) or left to age at room

temperature (called natural aging) [18, 19, 20].

The main reason for carrying out heat treatmeta isbtain an increase in strength.

Different heat treatment processes (or tempers)asadable, depending on the casting
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process and desired properties of the alloy. InTthdreatment, the aging treatment is
carried out at temperatures above ambient, tygidalthe range of 150-200°C. The heat
treatment is carried out at these relatively lomperatures to eliminate growth. The T5
temper is also used to stabilize the castings dsineally (improving the mechanical
properties). The T6 treatment is the one most conynosed for Al-Cu-Si-Mg casting
alloys with the intent of obtaining the best compree between strength and ductility [11,
22]. The stabilization T7 temper is conducted ghkr aging temperatures (200-240°C)
than the T6 temper (150-180°C), causing overagimgy @ consequent reduction in the
hardening effect. The T7 treatment is usually edrrout to improve some specific

characteristic such as corrosion resistance amd/mrcrease the stability and performance

of the casting at elevated temperatures [19].
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Figure 2-2: Diagram showing the three steps for precipitabn hardening [18].
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Aluminum-copper cast alloys are considered to ka-treatable alloys. Figure 2.3
displays the temperature ranges of the heat trewtaqggplied to Al-Cu alloys [19]. For
example, the solution heat treatment range of BE4. alloy is 515°C to 550°C in which
the Cu completely dissolves thereby producing a pdeta solid solution. This solid
solution will become supersaturated as the temperatecreases to below 515°C. In order
to produce age-hardening, the alloy should be ag#dn a temperature range of 150°C to
220°C for a pre-determined aging period. Aluminumastmgs are heat treated for
homogenization; stress relief; improved dimensiatability and machinability; optimized

strength, ductility, toughness and corrosion rasist [23].
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Figure 2-3: The temperature ranges of heat treatment in AlCu system alloys [19].
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The three basic stages of the T6 heat treatmemt, splution heat-treatment,
quenching, and precipitation hardening througlfieidi aging, are shown schematically in

Figure 2.4, and reviewed in the following sectianthe context of Al-Cu-Si-Mg alloys.
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Figure 2-4: The T6 heat treatment process. [12]

2211 SOLUTION HEAT TREATMENT

The main function of solution heat treatment isnb@ximize the solubility of
elements in the matrix such as Cu and Mg, to digsahd alter the intermetallics which are
formed during solidification, to increase the homwoegity of the microstructure, and to
spheroidize the eutectic Si particles [18]. Solutibeat treatment is controlled by
temperature and time. The solution treatment teatpes is a critical parameter in Cu-

containing alloys due to the occurrence of incipierelting. From the investigations of
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Reiso et al. [24], the incipient melting takes plat and above the corresponding eutectic
temperature as a result of the reduction in théo&flee energies. The detrimental effect of
incipient melting on the mechanical propertiesemifrom the void formation which may
be attributed to the difference in density betwtenCu-rich phase particles, (S, Q) and
the matrix, and the insufficient time available tbe aluminum atoms to diffuse back into
the volume occupied by the particles in order touawulate this same volume. The time
required for solution heat treating depends on tijpe of product, alloy, casting or
fabricating procedure used and thickness insofaritagfluences the pre-existing
microstructure [20]. These factors establish thepprtions of the solutes that are in or out

of solution and the size and distribution of theqipitated phases [18, 19].

Solution heat treatment can be used to dissolvg-thigFeSi phase and thus reduce
the harmful effect of its platelet morphology whid¢kads to a deterioration in the
mechanical properties and an increase in the skgmkporosity. It has been found that
solution temperatures below 500°C (i.e. equilibribeat treatment) cannot dissolve fhe
AlsFeSi phase. The dissolution of the phase is a@tebkbras the solution temperature
increases. The process of the dissolutionp-afon platelets starts with necking, then

fragmentation, and finally spheroidization [25, 26]

The solution heat treatment process may be caouécither in a single step or in
multiple steps. The single-step treatment for Al-&loys is normally limited to 495°C,
because a higher temperature might lead to theierdi melting of the copper phase. On

the other hand, heat treatment at temperatures96fCG} or less, is not sufficient to
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maximize the dissolution of the copper-rich phaseso modify the morphology of the
silicon patrticles. In order to overcome this probe two-step solution heat treatment was
proposed by Sokolowski et al. [27], where the sdestage is maintained at temperatures
below 525°C. In general, only the conventional krgjage solution heat treatment of 8h at
495°C for 319 aluminum alloys is carried out to idvilhe incipient melting of the copper

phase.

2.2.1.2 QUENCHING

Quenching is the step which follows solution heattment. The purpose of this
process is to preserve the solid solution formetth@isolution heat treating temperature by
means of rapid cooling to some lower temperatuseially close to room temperature.
When the casting is cooled from the solution terapee, the solubility of the hardening
elements decreases. Solutes are lost from thehexricAl solid solution by precipitation
[18, 20]. In most instances, to avoid those typlegrecipitation that are detrimental to the
mechanical properties or to corrosion resistartoe sblid solution formed during solution
heat treatment must be quenched rapidly enoughoutitany interruption to produce a
supersaturated solution at room temperature. Becoaius high level of supersaturation and
a high diffusion rate for most Al-Si casting allogs temperatures between 450°C and
200°C, the quench rate is critical as the predpstdorm rapidly. At higher temperatures
the supersaturation is too low and at lower tentpega the diffusion rate is too low for
precipitation to be critical; 4°C/s is a limitingignch rate above which the yield strength

increases slowly with further increase in quenchke rfl8]. Quenching rate greatly
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influences the microstructure and properties ofesupigh strength aluminum alloys,
namely, the ultimate strength and yield strengtlithVilecrease in the quenching rate, the

strength of the casting/sample decreases [28].

2.2.1.3 AGING (PRECIPITATION HEAT TREATMENT)

Aging is the final stage in the heat treatmentasdt@luminum alloys. After solution
treatment and quenching, strengthening can be @etpleither at room temperature

(natural aging) or by applying a precipitation higaaitment (artificial aging).

Age hardening or precipitation hardening is produty phase transformations
making uniform dispersion of coherent precipitatesa softer matrix. Aging at, for
example, 100°C — 260°C is called artificial agingchuse the alloy is heated to produce
precipitation. The use of a lower aging temperatllews for the properties to be more
uniform. When heat-treated alloys are aged at réemperature, this is called natural
aging. The alloy properties are dependent on thagatemperature and aging time.
Typically the hardness and strength of the allayreases initially with time and patrticle
size until it reaches the peak where maximum sthergyobtained (termed peak aging).

Further aging will decrease the strength and hasl{termed overaging).

Cuniberti et al. [29] studied the influence of matuaging on precipitation
hardening of an Al-Mg-Si alloy using mechanicatltites and quantitative transmission
electron microscopy, and found that natural agingréases vyield stress and reduces

ductility, which is attributed to the formation ®fig/Si clusters. Their findings are in
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keeping with those of Mohamed and Samuel [18], imictv the precipitation of metastable
Mg-rich phases was reported to depend on the Mgjt@tio. The excess of Si in solid

solution can significantly alter the kinetics o&pipitation and the phase composition.

The hardening of Al-Cu alloys is achieved by theggpitation of the hardening
phased (Al,Cu) out of the supersaturated solid solution (S,3r5a special sequence as

follows:

S.S.5- GPZ 1— 0" (GPZ Il) — 0’ — 0 (Al2Cu)

Here, the precipitation sequence in the Al-Cu sysitarts with the formation of fully
coherent Guinier-Preston zones (GPZ I) which austets of copper atoms which have
acquired a disc-like shape. The GPZ | phases dirmatély replaced by the coherebit
phases as aging progresses, the cohétgstiases are tetragonal in structure. As the aging
process develops further, the final metastaéblphase is formed. This phase is a semi-
coherent one displaying a tetragonal structureandl,Cu composition [19, 30, 31, and

32).

The addition of Si and Mg to Al-Cu alloys alter® threcipitation-hardening system
of these alloys substantially. The precipitatiomelesming characteristics of the resulting Al-
Cu-Si-Mg alloys often appear to be relatively coexplThis complexity may be attributed
to the formation of several hardening phases inctud’ (Al,Cu), B’ (Mg,Si), S’
(Al,CuMg), and the quaternary phase AIMgSiCu which mssighated as the Q

(AlsMgsSisCuy) or A (AlsMgsSisCuwy) phase [33, 34].
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Suzuki et al. [35] reported that the precipitatgagquence of Al-2%Cu-0.9%Mg-
0.25%Si results in the formation of S’ 8luMg) andp’ (Mg,Si) phase precipitates.
Increasing the Si content up to 0.5%, however, ptesithe precipitation @f (Al ,Cu) and
Q (AlsMgsSisCu,) while suppressing the formation of the S’ ghghase precipitates. Li et
al. [36] concluded that the improvement observethenxmechanical properties of Al-7%Si-
0.5%Mg foundry alloys through the addition of Cuyntee attributed to the increase in the
density of 3" precipitates and the precipitation of Q phasecprsors in addition to the

precipitation of thé’ phase at higher Cu contents.

2.2.2 EFFECT OF ALLOYING ELEMENTS

The properties of aluminum casting alloys can bgrowed upon through the
appropriate control of several metallurgical parserginvolved in the production of these
castings. One such parameter involves the adddfosuitable alloying elements. Alloys
containing Cu and Mg show a greater response tbtlesment as a result of the presence
of both elements. These alloy types display exoeB&rength and hardness values although
at some sacrifice to ductility and corrosion remse. While the properties in the as-cast
condition are acceptable for certain applicatiadhs, alloys are typically heat-treated for
optimal properties. Thus, the addition of alloyialgments to aluminum is the principal
method used to produce a selection of differenenads that can be used in a wide range

of structural applications.

Silicon (Si) has a good influence in that it redudbe melting temperature of

aluminum alloys and improves the fluidity [39], form a eutectic, and to promote the
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formation of strengthening precipitates through eékpected reaction of Si and Mg present
in solid solution [40]. These alloys have severmamtages such as high strength, low
weight, high castability, good weldability, goodetinal conductivity, excellent corrosion
resistance and have acceptable mechanical andcphpsoperties at high temperatures up
to 250°C [41]. Higher tensile strength can be lagtied mainly to the presence of

spheroidized Si particles that provide substaxligpersion hardening [40].

However, AI-Si alloys are limited to applicationshswh can work under
temperatures up to 250°C [37]; above this tempegatue alloy loses coherency between
the aluminum solid solution matrix and the preafat particles which then rapidly
coarsen and dissolve again into the solid soluti@sulting in an alloy having an

undesirable microstructure for high temperaturdiegipons [38].

Adding copper (Cu) to aluminum alloys has many faesibenefits which enhance
the mechanical properties. First, it increases @@y strength at both room and high
temperatures whether these alloys are heat traftexdcasting or not [43]. However, it was
found that the addition of copper to aluminum resuthe ability of the alloy to corrosion

resistance [42].

When the Cu content is above its solubility limit Al, the precipitation of the
second phasé also contributes to the strengthening effect. Dyisolution treatment, Cu
dissolves rapidly into the aluminum matrix despitee short solution treatment time
employed and this element is critical in facilitetiage hardening, particularly when Mg

and Si are also present. The strengthening effe@uoin Al-Si alloys is linked to the
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precipitation of the secondary eutectic phasesteirmetallic AACu or AkCw,MgsSis that

form during aging (T6 heat treatment).

In addition to Cu, the addition of transition elertee such as nickel (Ni) is
considered to be effective for increasing the r@omd the high temperature strength of cast
Al-Si alloys by forming stable aluminides [44]. Asth the as-cast condition, the ductility
of alloys aged to a T6 temper decrease gradualligea€u content is increased [40]. Nickel
is added to Al-Cu and AI-Si alloys to improve hagda and strength at elevated
temperatures and to reduce the coefficient of esipanas the existing Al-Si-Cu and Al-Si-

Mg alloy systems lose strength above 150°C [11].

Magnesium (Mg) is added to aluminum alloys in ortiemcrease the strength and
corrosion resistance, and to enhance their weithalpd5]. In addition, Mg increases the
hardness of Al-Cu alloys, especially in castingsyéver, with a decrease in the ductility
and impact resistance [45]. Even small amounts gfdsin have a profound effect on age
hardening [40]. Tavitas-Medrano et al. [46] repdrteat small additions of 0.4 weight
percent of Mg increase the response of the allogrtificial aging, thereby increasing the
achievable tensile strength and micro-hardnessgalowever, at the expense of reduced

elongation and impact toughness.

Manganese (Mn) is highly soluble in aluminum, sattwhen a casting is quenched
after solution heat treatment, most of the added iMrsubstantially retained in solid
solution [22]. Manganese increases the strengtimefalloy either in solid solution or by

modifying the morphology of the iron intermetalpbases which are formed after the heat
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treatment. Small amounts of Mn play a positive rislecombining with Fe to form the
Chinese scripii-iron intermetallic phase instead of the plate-[ikieon AlsFeSi phase. The
a-iron Alis(Fe,Mn}Si; phase is much more compact and less detrimentaétmechanical

properties [47].

Zirconium (Zr) is usually contained in aluminumag in an amount of 0.1 to 0.25
wt%. Segregations of the Ar phase are finer in size than those of the Mmalides (10
— 100 nm) [12]. However, the effect of precipitatibardening due to segregations of the
AlsZr phase is not high because of the low conte@rof the alloys similar to the case of
Mn aluminides, but the effect of the finer ;& segregations on the process of
recrystallization in deformed semi-products and;oadingly, on their grain structure is
considerably stronger. Zirconium is normally adde@luminum to form a fine precipitate
of intermetallic particles that inhibit recrystabition [14]. Additionally it has been shown
that it increases the resistance to over-aging whesnadded to binary Al-Sc alloys [13].
Also, Ni and Zr when added to Al-Si alloys precpé in the form of ANi and AkZr,

respectively.

Strontium (Sr) is added to Al-Si casting alloysntodify the morphology of the Si
particles from coarse brittle flakes to a finerrdéibs form that leads to an enhancement in
the tensile properties, in particular, the dugtibf the alloy [48]. Addition of Sr to the melt
changes the mode of eutectic nucleation; as atréstdduces the overall surface slumping

and redistributes porosity in the casting [38].
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Titanium (Ti) is added either individually or in mmination with boron (TiB) to
refine the grain structure of theAl matrix, as it creates many nuclei in the malhich
encourages the formation of small equiaxed grdinsAl, rather than the coarse, columnar
grain structure that is produced in the absenagraih refinement. In Al-Si alloys such as
A356 and A357, best results are obtained by adtidRg0 ppm of boron in the form of Al-
5Ti-1B or Al-3Ti-1B rod. For Al-Cu and Al-4.5%Cu®%Mn alloys, best results are
achieved with the addition of less than 0.05% Td 49-20 ppm of boron, added in the
form of AI-5Ti-1B or Al-3Ti-B rod. For Al-Si-Cu ablys, such as A319 (Al-3%Cu-5.5%Si)
alloy, 10-20 ppm of boron in the form of Al-5Ti-1& Al-3Ti- 1B rod provides the best

results [49, 50].

Vanadium (V) is added to aluminum alloys in orderimcrease grain refining
during solidification due to the formation of thd;A/ intermetallic phase [59]. Early
researches studied the effect of adding vanadiuatutminum alloys and proved that traces
of V in such alloys improves the mechanical prapsrtin particular the alloy strength [51]

and enhances its plasticity behavior [55,56].

Chromium (Cr) is added to many alloys of the Al-Mg;Mg-Si and Al-Mg-Zn
groups, where it is added in amounts generallyaxaeeding 0.35%. In excess of these
limits, it tends to form very coarse constituenighvother impurities or additions such as
manganese, iron, and titanium. Chromium typicatlynfs the compound CrAl which
displays extremely limited solid-state solubilitydais therefore useful in suppressing grain-

growth tendencies. Thus it is used to control getiracture, to prevent grain growth in Al-
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Mg alloys, and to prevent recrystallization in Algh&i or Al-Mg-Zn alloys during hot

tearing or heat treatment [61].

Lanthanum (La) and cerium (Ce), or rare earth efgmen Al alloys interact
preferentially with other elements to form interalet compounds which concentrate in
the grain boundary regions and result in hindegragn boundary movement by slip. As a
result, the strength of the alloy is improved avated temperature. Sharan and Prasad [57]
investigated the influence of rare earth fluorideshypoeutectic Al-7.5%Si alloy, and
reported that the tensile strength increased by &6étthe percentage elongation by about
2 to 3 times its original value due to the additadrup to 0.2% rare earth fluorides to the
alloy. Ravi et al. [62], found that the addition mischmetal up to 1 wt% results in an
increase in the tensile properties and hardnessibyo 20% in Al-7Si-0.3Mg alloy,
attributed to the refinement of the microstructaed the formation of intermetallic
compounds between Al and Si, Mg, Fe, Ce, and LacMnetal addition above 1 % was
observed to decrease the tensile properties, lmeased the hardness. Owing to the
formation of Ce- and La-containing hard and staioiermetallic compounds in the
aluminum matrix, a certain amount of Mg was consdirfrem the aluminum matrix in
order to form these compounds. This reduced theuamaof the precipitation hardening

Mg,Si phase, thus reducing the strength of the abay.

The addition of rare earth metals leads to the awgment in the hardness of Al
alloys because the rare earth metals can ready ®ai Al to form high melting point and

infusible dispersed intermetallic compounds, whigads to grain refining and the
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strengthening of the grain boundary regions. Thangk in the microstructure (such as
grain refining, improved grain orientation and peogecondary phase distribution) results

in an appreciable enhancement in the alloy progef@3].

2.2.3 EFFECT OF IRON INTERMETALLIC PHASES

Iron is one of the most common impurities foundalaminum alloys, frequently
appearing as intermetallic second phases in comdmavith aluminum and other
elements. The less common Fe-rich intermetallicpbare-Al ;FeSp andn-Al gMgsFe S,
while the more outstanding and commonly observees carea-Al 15(Fe,Mn}Si, and p-
AlsFeSi [52,68]. In Figure 2.5, theFe phase appears as Chinese script particles thiaile
platelet-like B-Fe phase appears as needles [26]. The bfithe intermetallic phase
platelets act as stress raisers during serviceadmdrsely affect mechanical properties. It
was reported that increasing the iron content fi@& to 1.2% in Al-Si casting alloys
dramatically reduces the mechanical propertiegjquéarly ductility, due to the formation
of thep-Fe phase [53]. Bonsack [54] found that in Al-3og$ with Fe contents higher than
0.5%, the formation of th@-Fe phase increases strength values and slightiyedses
ductility; when the Fe content exceeds 0.8%, howete ductility decreases significantly.
In Al-Si-Cu alloys, increasing the Fe content coutiusly decreases ductility, and
drastically so for Fe contents above 0.9% [52]. Tharsep-Fe phase platelets interfere
with liquid flowing into interdendritic channelshis reduces feeding during solidification

and consequently promotes the formation of pord6udy 69].
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Figure 2-5: As-cast 319 alloys showing the morphady of g-Fe anda-Fe intermetallic[26].

The critical iron content at which tifeFe phase appears has been the subject of
much debate in the literature. TRd-e phase is most associated with Fe contents o mo
than 1% [52]. Backerud et al. [6] reported, howewbat an iron content of 0.48% is
sufficient to form the-Fe phase during solidification of the 356 aluminalioy. In fact,
the critical iron content at which tifieFe phase forms is strongly dependant on the apolin
rate. Lakshmanan et al. [67] reported that, at dowling rates (0.1°C/s), tfeFe phase is
favored, at high cooling rates (10°C/s), faREe phase is inhibited, but at very high cooling
rates (20°C/s), thé3-Fe phase is strongly favored. Neutralization of theough the
promotion of the less harmful-Fe Chinese script phase is sought at the expente o
brittle needlelikep-Fe phase with the goal of improving strength, ditictand other

properties. Small amounts of manganese (usuallyF&ix 0.5) play a positive role in
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combining with iron to form the less harmfutFe Chinese script phase instead of the

brittle p-Fe phase [24, 54].

At higher Mn:Fe ratios and/or in the presence afoohum, however, the iron,
manganese and chromium form another version otithe phaseg-Alis(Fe,Mn,Cr}Si,,
termed sludge, displaying a star-like morphologye3e sludge particles are extremely hard
and thus have a detrimental effect on mechanicapgties and machinability. The
formation of these particles may be controlled Iaycalating the sludge factor which

correlates the %Fe, %Mn, and %Cr levels, as follfB&s 66]:

Sludge Factor (S.F.) = 1 x wt% Fe + 2 X wt% Mn x ®&t% Cr (2.1)

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

dependent process in combination with the Fe, Md,@r concentrations.
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2.2.4 POROSITY FORMATION

Porosity is one of the critical factors which imtral to the quality of the casting.
This parameter may be detrimental not only to tméase quality after machining but also

to the mechanical properties and corrosion resistanalloys.

Porosity in castings occurs because of the rejeatfogas from the liquid metal during
solidification and/or the inability of the liquid etal to feed through the interdendritic
regions to compensate for the volume shrinkagecessad with solidification. Hydrogen is
the only gas capable of dissolving to any signiftcextent in molten aluminum, resulting
in outgassing, which leads to the formation of pgdyo and ultimately to reduced

mechanical properties and diminished corrosiorstasce [78].

2241 THEORY OF POROSTY FORMATION

The formation of porosity in solidifying metalstise result of two mechanisms: (i)
shrinkage, resulting from the volume decrease apemying solidification; this type of
porosity can also occur as “microshrinkage” or “roporosity”, dispersed in the interstices
of dendritic solidification regions, typically fodrnin alloys with a large difference between
their solidus and liquidus temperatures. Limitedr@adequate liquid metal feeding in the
dendrite solidification area gives rise to shrirdkcagnd (ii) gas porosity, resulting from the

decrease in the solubility of hydrogen in aluminduning solidification.
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According to Campbell [79], the growth tendencypofes is described generically

by the following equation:

Py + Ps> Pam+ By + Psy 2.2
Where B = equilibrium pressure of dissolved gases in tleét;m
Ps = pressure drop due to shrinkage;
Patm = pressure of the atmosphere over the system,;
Py = pressure due to the metallostatic head;
Ps.t= pressure due to surface tension at the poredliopgerface.

The dissolved gas pressurg, &d pressure drop due to shrinkageafe the major
driving forces in the formation of porosity. Foparticular casting designaR and R, are
constants, and a decrease in Bs observed for modifiers such as sodium or gtnor can

lead to the increased probability of pore formation

The pore growth process has been depicted schethaby Kubo and Pehlke [80],
as shown in Figure 2.6. In (a), the gas porosityleates at the base of the dendrite arms.
The synergistic effect between shrinkage and gasspovercomes the large amount of
negative free energy required to form a gas-metafase, thereby facilitating the
nucleation shown in Figure 2.6(a). As solidificatiproceeds, the degree of porosity

increases as a result of the higher potential &sreyolution. The radius of the porous area
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becomes large enough to decrease the contribufionterfacial energies, and thus the
porosity becomes detached from the dendrites, asrsin (b). At a still further stage of
solidification, neighbouring dendrites collide, nrak interdendritic feeding difficult. At

this stage, the porosity is thought to grow socasompensate for solidification shrinkage,

as shown in Figure 2.6(c).

() &) ()

Figure 2-6: The growth process of porosity formatn. [79]

Roy et al. [81, 82], reported that the additionM§ to 319 alloy reduces the
percentage porosity without a noticeable changmnme size and shape. They also observed
that in materials containing a very low level ofdnggen, shrinkage pores are seen to
nucleate at the interface of the blocky@li particles. According to Edwards et al. [83], the
effect of magnesium on micro-porosity formation At-Si-Cu casting alloys is not
consistent. However, in most of the alloys, Mg awpdo decrease the porosity by amounts

ranging from 0.01% to 0.3%.
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2.2.5 QUALITY OF CAST ALUMINUM ALLOYS

The Quality index (Q) represents a numerical vahat defines the quality of an
aluminum alloy/casting, and is related to the UTl glastic strain of the material to
fracture (Ef). Drouzy et al. [70, 71] developed empirical formula to characterize the
mechanical performance (quality) of Al-7%Si-Mg dagt alloys, using the following

equations.

Q =UTS +d log (Ef) Egn. (2.2)

where Q and UTS are in MPa, d is a material cohggual to 150 MPa for Al-7%Si-Mg

alloys, and Ef is the elongation to fracture irasile test.

YS=aUTS-blog (Ef) +c Eqgn. (2.3)

where the coefficients a, b, and ¢ were calculaied, 60, and -13 respectively, for Al-
7%Si-Mg alloys, with b and ¢ expressed in MPa. i equations shown above are valid

only for an elongation > 1.

The quality index value is used to indicate thesledf the quality of castings which
are susceptible to improvement through factors sagshadequate control of impurity
elements, casting defects, modification, solutioeath treatment and solidification
conditions. Yield strength depends on hardeninghetdgs such as Mg and Cu and also on
the age hardening process. Figure 2.7 shows tHéyqguaex chart proposed by Drouzy et
al. [70, 71] generated using Equations 2.2 and \&t8¢ch provides information for each

point located on the plotted chart and which isfulsen evaluating the appropriate
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metallurgical conditions to achieve the desiredyalfuality. Each point on the chart
provides tensile strength (UTS), elongation totinee (Ef), yield strength (YS), and quality

index (Q) values corresponding to specific heattiment and alloying conditions.
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Figure 2-7: Quality chart proposed by Drouzy et algenerated using Eqns. 2.2and 2.3 [70, 71].
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Caceres developed a more general framework foingasiuality, given by the

following equations, which may be used for all gfi§69, 70].

o =Ke" 2.3
whereo is the true flow stres¥ is the strength coefficient of the materilis the true
plastic strain, and is the strain-hardening exponent, defined by

N = (¢/o)(do/de) 2.4
The true stress and the engineering streBsre related by the equation

o Ar = PA, 2.5
where Ajand A are the cross sectional areas in the initial amdingd conditions,
respectively. Since the volume is assumed to betaohduring deformation, the following

equation may be obtained:

Ao
Afp

&t 2.6

=e

whereetis the total true strain which has elastic andtmlamponents. Combining

Equations 2.3, 2.5, and 2.6 gives
P=Ke"e %t ~KS" e™* 2.7
where S is the engineering plastic strain. In Equation 2h& sign ~ indicates that the
elastic strain component as well as the differdmet@veen the engineering and true strain
have been disregarded. The latter is a reasonablergtion for casting alloys due to their
limited ductility.
Céceres further simplified his work on quality irddy identifying the material

quality throughQ- andg-values as shown in Figure 2.8, using Equationa2d2.9:
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o = k[In(1 + E)]* e nO+E)~ KENE~E 2.8

o =KEE/de™E 2.9
whereg, E are the engineering stress and strain, respegti@etiK = 511 MPa. The values

of n andK may be calculated from the log-log plot of trueessr versus true strain [15, 72].
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Figure 2-8: Quality chart proposed by Caceres, garated using Equations 2.8 and 2.9 [72, 73].

36



The quality chart proposed by Caceres may be engdaas follows: the line g =1
represents the maximum quality, while those witklgrepresents lesser quality values.
Each point located on the chart provides the cpomding tensile strengthUTS),
elongation to fractureEf), yield strength XS), relative quality indexd) and quality index
(Q) values. The quality chart proposed by Caceres fitovides a good method for the
prediction and selection of the most appropriatéatheggical conditions to be used for a

specified aluminum casting alloy and the intendegpliaation [72, 73].
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CHAPTER 3

EXPERIMENTAL PROCEDURES

3.1 INTRODUCTION

This chapter provides details of the alloys thatewverepared for this study, the
melting, casting and heat treatment procedureswbeas followed, preparation of samples
and the techniques used for microstructural ingaibn, and the mechanical testing
procedures used to determine the tensile properties

The composition of the as-received alloy 220 useprépare the alloys investigated
in this study is shown in Table 3.1. The alloy waain refined using Al-5%Ti-1%B master
alloy to achieve a Ti level of 0.15 wt%. Other govere prepared from this grain-refined
alloy, considered as the base alloy, by addindN&iZr, V, Cr and La to the 220 alloy melt,
individually or in different combinations, to procki six alloy compositions. These alloys
were coded 220B0 (base alloy), 220B1, 220B2, 220ZX0D1 and 220D2. Table 3.2
shows the details of the additions made in each. CHse first three alloys 220B0, 220B1
and 220B2 were classified as alloys with low Siteoh (coded B-series), while the
remaining three alloys 220D0, 220D1 and 220D2 waassified as alloys with high Si
content (coded D-series). Eighty five test barseagast from each of the alloys prepared,
using the low pressure die casting technique. Athe alloys were mechanically tested in
order to acquire an understanding of the effectdhete additives on the mechanical

properties.



Table 3-1: Chemical composition of the as-receive2l0 base alloy.

Element (wt %)

Si Fe Cu Mn Mg Al

1.2 0.4 24 0.6 0.4 Bal.

Table 3-2: List of Al-2%Cu based 220 alloys prepagd for this study.

No. of
Alloy . Tensile test
Additions (wt%
Code (Wt%0) bars
prepared

Al-2.4% Cu + 1.2% Si + 0.4% Mg + 0.4% Fe + 0.6% Mn

22080 +0.15% Ti 85

220B1 Alloy 220 BO + 0.15% Zr + 0.2% V + 0.3% Ni 85
Alloy 220 BO + 0.15% Zr + 0.2% V+ 1% Ni + 0.015% Sr

22082 +0.2% La + 0.2% Cr 85
Al-2.4% Cu + 8% Si + 0.4% Mg + 0.4% Fe + 0.6% Mn +

220D0 0.15% Ti 85

220D1 Alloy 220D0 + 0.15% Zr + 0.2% V + 0.3% Ni 85
Alloy 220D0 + 0.15%Zr + 0.2% V+ 1% Ni + 0.015% $r

220D2 +0.2% La + 0.2% Cr 85

40




3.2 MATERIALS AND CASTING PROCEDURES FOR PREPARATION OF

ALLOYS

The 220 alloy was received in the form of ingotsihg the composition shown in
Table 3.1. The ingots were cut into small piecésareed, dried and then melted in a ~150
kg-capacity SiC crucible, using an electrical regise furnace as shown in Figure 3.1(a).
The melting temperature was held at 730 + 5 AC.alloy melts prepared were grain
refined using Al-5%Ti-1%B using master alloy. Addits of Ni, Zr, V, Cr, La and Sr were
carried out using Al-20%Ni, Al-20%Zr, Al-15%V, Al@oCr, Al-15%La and Al-10%Sr

master alloys, respectively.

The molten metal was degassed for 15-20 min ugimg @ry argon injected into the
melt by means of a rotary graphite impeller ro@tat ~130 rpm, as shown in Figure
3.1(b). This was done to minimize the hydrogen llede the melt, and to eliminate
inclusions and oxides via flotatiofrollowing this, the melt was carefully skimmed to

remove oxide layers and dross from the surface.

The melt was poured into an ASTM B-108 permaneritimpeeheated at 450°C (to
drive out moisture) for preparing test bars foistentesting, as shown in Figure 3.2. Each
casting provides two test bars, with a gauge len§#0 mm and a cross-sectional diameter

of 12.7 mm, as shown in Figure 3.3.
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(2) (b)

Figure 3-1: Electrical resistance furnace, (b) Grphite degassing impeller.

Figure 3-2: ASTM B-108 permanent mold used for cdimg tensile test bars.
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70 mm

C12.7mm 19.3 mm

200 mm

Figure 3-3: Dimensions of the tensile test bar (imm).

Three samplings for chemical analysis were alsertaimultaneously at the time of
the casting. This was done at the beginning, inntiedle, and at the end of the casting
process to ascertain the exact chemical composdfoeach alloy. Master alloys were
added just before degassing to ensure homogeneaugymof the additives together with

the degassing.

Table 3.3 lists the actual chemical compositiorthef various alloys studied and
their respective codes, as obtained from the sagglior chemical analysis taken from the
corresponding melts prepared for this study. Theymlg additions made in each case are

highlighted in bold.
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Table 3-3: Chemical composition of the alloys used this work (wt%).

Composition (wt%)

Alloy
Cu Si Mg Fe Mn Ti Zr Vv Ni Sr La Cr

Low Si Series

BO 240 | 1.20 | 040 | 040 | 060 | 0.15 | 0.00 | 0.00 | 0.00 0.00 0.00 0.00

Bl 240 | 1.20 | 040 | 040 | 0.60 | 0.25 | 0.15 | 0.20 | 0.30 0.00 0.00 0.00

B2 240 | 1.20 | 040 | 040 | 080 | 045 | 0.15 | 0.20 | 1.00 0.015 | 0.20 0.20
High Si Series

DO 240 | 800 | 040 | 040 | 060 | 0.15 | 0.00 | 0.00 | 0.00 0.00 0.00 0.00

D1 240 | 800 | 040 | 040 | 0.60 | 0.25 | 0.15 | 0.20 | 0.30 0.00 0.00 0.00

D2 240 | 800 | 040 | 040 | 080 | 045 | 0.15 | 0.20 | 1.00 0.02 0.20 0.20




3.3 HEAT_TREATMENT

In order to enhance the tensile properties, theaastest bars were subjected to
different heat treatment tempers, namely T5, T&, Bd T7 treatments which consisted of
(a) a single-stage solution heat treatment at 496fGh for T6 and T7 tempers, and a
multi-stage solution treatment comprising 495°C#b15°C/2h + 530°C/2h for the T62
temper, followed by (b) quenching in warm water-f@0C), and then (c) artificial aging at
180°C for 8h for T5, T6 and T62 tempers, and at’@4r 4h in the case of the T7 temper.
Five test bars were used for each heat treatmerditaan. The Blue M forced air furnace

shown in Figure 3.4 was used for carrying out dbéhsolution and aging treatments.
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Figure 3-4: Blue M furnace used for heat treatment
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3.4 MICROSTRUCTURE CHARACTERIZATION

In this study, the microstructure was examinedgisiptical microscopy. Figure 3.5
shows the optical microscope-Clemex image analgystem that was employed for this

purpose.

Selected samples for metallographic investigatimese sectioned, mounted, and
then ground, and polished to the required finishgistandard polishing procedures. Figure
3.6 shows the typical locations in different cagsinfrom where these samples were
sectioned. As shown in Figure 3.6(a) for the grepmmold castings, 2.5cm x 2.5cm
samples were cut at 10 mm height from the bottoimlewin the case of the tensile test
bars, samples were taken from the gauge lengtivatdifferent locations; the first was
sectioned parallel to the cross section area ofteénsile-tested bar, 10 mm below the
fracture surface, as shown in Figure 3.6(b) (samfil¢ the second was sectioned
longitudinally to examine the sample area below ftheture surface, (sample #2). Each
sectioned sample was mounted in bakelite, and st@lojdo grinding, using consecutively
finer grit size waterproof SiC papers (grit siz&®3400, 600, 800 and 1200). The samples
were then polished using polycrystalline diamonspgmsion (fm, 3 um, for 3 min each),
followed by colloidal silica suspension (0.@#n) to obtain a mirror-like finish of the
sample surface. The mounting of the samples inlibakeas carried out using a Struers
LaboPress-3 machine, while the grinding and paliglrocedures were carried out using a

TegraForce-5 machine, as shown in Figure 3.7.
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Figure 3-5: Optical microscope-Clemex image analyzer syste

25 mmao /

\\ j’/ Ilﬁmm

Figure 3-6: Locations of metallography samples sectioneddm (a) graphite mold castings, (b) tensile

tested bars.
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Figure 3-7: (L) Struers LaboPress-3 and (R) TegraForce-5 athines used for mounting and polishing

samples for metallography.

3.5 THERMAL ANALYSIS

In order to obtain the cooling curves amd identify the main reactions and
corresponding temperatures occurring during sbédification of 220 alloys, thermal
analysis of the alloy melt compositions waarried out. Ingots of the as-received
commercial 220 alloy were cut into smaller piec#saned, and then dried to prepare the
required alloys. The melting process was carrigdroa cylindrical graphite crucible of 2-
kg capacity, using an electrical resistancerndce. The melting temperature was
maintained at 780°C, while the alloys were graifmezl using Al-5%Ti-1%B using master

alloy. Additions of Ni, Zr, V, Cr, La and Sr werarcied out using Al-20%Ni, Al-20%Zr,
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Al-15%V, Al-20%Cr, Al-15%La and Al-10%Sr master@Jk, respectively, as was the case
with the casting of the tensile test samples. Rergurpose of determining the reactions
taking place during solidification, part of the el metal was also poured into an 800 g
capacity graphite mold preheated to 650°C so asbtain near-equilibrium solidification

conditions at a cooling rate of (0.35°C/s). A higgnsitivity Type-K (chromel-alumel)

thermocouple, insulated using a double-holed cardaobe, was attached to the centre of
the graphite mold. The temperature-time data wdleated using a high speed data
acquisition system linked to a computer gyst¢hat recorded the data every 0.1

second, as shown in Figure 3.8 and Figure 3.9.

From this data, the cooling curves and the cornedipg first derivative curves for
a number of selected alloys were plotted a0 to identify the main reactions
occurring during solidification with the corresmling temperatures; the various phases

which constituted the microstructure of each all@ye expected to be revealed as well.
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Figure 3-8: Schematic drawing showing the graphitenold used for thermal analysis

Figure 3-9: thermal analysis set-ups
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3.6 TENSILE TESTING

Tensile testing of the test bars correspondingh®ovarious alloys/heat treatment
conditions investigated was carried out at ambéeat at high temperature for the purposes
of this study. The description of the samples preghdor these tests has been provided in
Section 3.2. Tests were carried out for all as-east heat-treated test bars, using five test
bars for each alloy composition/condition studiedidoth room and high temperature tests.
Testing was carried out at a strain rate of 4 ¥ 30, using an MTS Servohydraulic
Mechanical Testing machine for the ambient tempeegatests, and an Instron Universal

Mechanical Testing machine for high temperaturgrgs

3.6.1 TENSILE TESTING AT AMBIENT TEMPERATURE

For the ambient temperature testing, the sample® wested using an MTS
Servohydraulic Mechanical Testing machine as shiowfigure 3.10. An extensometer or
strain gage was used to measure the extent ofrdafan in the samples. Yield strength
(YS) at 0.2% offset strain, ultimate tensile sttbn@JTS), and percent elongation (%El),
were obtained from the data acquisition systenhefrhachineThe room temperature tests
covered a total of 210 test bars as follows: 7 @@t x 5 bars/alloy x 6 alloys = 210 bars

(tests).
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Figure 3-10: MTS Mechanical Testing machine used for ambig temperature testing

3.6.2 TENSILE TESTING AT HIGH TEMPERATURE

For testing at high temperature, the samples vested using an Instron Universal
Mechanical Testing machine as shown in Figure 3lflthis case, the samples were
mounted in the testing chamber which was presehdorequired testing temperature of
250°C. After mounting, the sample was maintainad6® min at the testing temperature
before starting the test. A data acquisition systdtached to the machine provided the
tensile data, namely, the ultimate tensile stregffiS), the yield strength at 0.2% offset
strain (YS), and the percent elongation (%El), glalied over the 25.4 mm gauge length of
the test barThe average UTS, YS and %El values obtained frach set of five tests were

considered as representing the tensile properfi¢isab alloy/condition. The tests at high
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temperature were carried out in two stages: irfitsecase, the test bars being tested were
stabilized for 1 hour at 250°C; a total of 150 barsre tested, covering a total of 5
conditions x 5 bars/alloy x 6 alloys. In the secarade, the bars were stabilized for 200
hours at 250°C, also covering a total of 150 b&rsdnditions x 5 bars/alloy x 6 alloys),

giving a total of 300 bars used for this part af gtudy.

Figure 3-11: Instron Universal Mechanical Testing machinevith chamber for high temperature

testing.
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CHAPTER 4

MICROSTRUCTURE CHARACTERIZATION AND POROSITY FORMAT ION

4.1 INTRODUCTION

This chapter is divided into two main parts. Thstfpart presents and discusses the
results describing the effect of different alloyingnsition element additions, individually
or in combination, on the microstructure and sébdtion sequence of Aluminum-Copper
220 type alloys. These effects were studied udiggthermal analysis technique which
provides close-to-equilibrium slow cooling rate ddions. The low solidification rate
(0.35°C/s) achieved by the thermal analysis sgprapides ease of detection and analysis
of the phases which are formed in the respectileysl The second part of this chapter
presents the porosity formation observed in thesmes alloys. The alloy samples
investigated in this part include the as-cast aldtion heat-treated conditions, covering

both one and multi-step solution heat treatments.

4.2 THERMAL ANALYSIS

4.2.1 BASE ALLOY BO

The base 220 alloy (BO) contains around 2.4% C2061Si, 0.4% Mg, 0.4% Fe,
0.6%Mn and 0.15% Ti. Thus it may be classified asA&Cu base alloy. Based on this
composition, the main phases expected for thisyallell be restricted to Cu-rich
intermetallic phases as well as Fe-rich intermietplhases. In order to determine the main

intermetallic phases and their formation reactionthe base alloy, thermal analysis of the



base alloy melt was carried out under low solidificn rate conditions (~0.3°C/s). Based
on the temperature-time data obtained, the cootimgye and its first derivative were
plotted, as shown in Figure 4.1. The numbers oritsiederivative curve correspond to the

same reaction numbers as those listed in Table 4.1.

Table 4-1: Proposed main reactions occurring durig solidification of Alloy BO

Suggested Temperature

Reaction Range (°C) Suggested Precipitated Phase
1 640°C Formation aof-Al dendritic network
2 620°C Precipitation af-Al ;5(Fe,Mn)}Si,
3 495°C Precipitation di-Al,Cu and Q-AIMgsSisCl,

As may be seen from Figure 4.1, Alloy BO startsabdify at 640°C (Reaction #1)
through the development of tlheAl dendritic network, followed by the precipitatiof a-
iron Alis(Fe,Mn}Si, at 620°C (Reaction #2), and then@li and A{MgsSisCuw, precipitate
simultaneously as the final reaction at 495°C (React3). Figure 4.2 shows the possible
morphologies of these intermetallic phases; dheon Al;s(Fe,Mn}Si, phase appears in
compacted Chinese script form which is gray in golthile the ALCu phase may appear
either in eutectic form (Al + AlCu) or as block-like particles which appear to have
pinkish color when viewed under the optical micase. The Q-phase, ANgsSisCup,
appears in the form of small particles which arkdpay in color, and growing out of the
Al,Cu phase. The absence of free Si in the microstreigplies that the Si content of the

alloy was consumed in the formation of the @QMdsCu,Sis anda-iron phases.
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Figure 4-1: Cooling curve and first derivative obtined from the thermal analysis of base alloy BO.
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Figure 4-2: Optical micrograph showing the variousphases formed in the base alloy BO: B-CuAl; 2-

a-Al 15(Fe,Mn)3Si2, 3- Q'AICUMgS|
4.2.2 ALLOY B1

The cooling curve for Alloy B1 (BO + 0.15wt% Zr +20wt% V + 0.3wt% Ni)
obtained from the temperature-time data and it$ @ierivate plot are shown in Figure 4.3.
The numbers on the first derivative curve corregptm the reaction numbers listed in
Table 4.2. Apart from the-Al dendrites and the eutectic &lu particles observed in the
interdendritic regions, other phases may also bsemied, as depicted in the optical
micrograph of Alloy B1 shown in Figure 4.4. It igéresting to note that the eutectic@l
particles in Figure 4.4 appear similar to thosensgad-igure 4.2 for the base alloy BO. The
B-Fe phase is mostly associated with an alloy Feaerwrnof more than 0.1 wt% [10].

Increasing the Fe content to more than 0.1 wt% ingitease the quantity and size of flae

58



phase platelets in the microstructure, which is fagbrable to the mechanical properties
[74, 75]. At more than 0.1 wt% Fe, however, mosttte B-phase will precipitate at a
higher temperature; sucBrphase platelets are characterized by their laige s the

microstructure, as seen in Figure 4.4.

Table 4-2: Proposed main reactions occurring durig solidification of alloy B1.

Reaction Sugge;‘fr(]jgle(zncgerature Suggested Precipitated Phase
1 640°C Formation ofu-Al dendritic network
2 620°C Precipitation ofu-Al 15(Fe, MngSi2
3 495°C Precipitation 0B-Al2Cu and Q-A$MgsSisCLr
4,5 570°C-530°C Zr and V- rich phases
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Figure 4-3: Cooling curve and first derivative obained from the thermal analysis of Alloy B1.
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Figure 4-4: Optical micrograph showing the phaseformed in Alloy B1: 1- CuAl,; 2- Zr-V-rich phase;

3-a-Al 15(Fe,Mn)3Si2; 4- Q'AICUMgSL
4.2.3 ALLOY B2

The cooling curve of Alloy B2 (BO + 0.80% Mn + 0%0La + 0.20% Cr) was
obtained from its temperature-time data and is shaleng with its first derivate plot in
Figure 4.5. The reactions taking place during $d@tion for this alloy are listed in Table
4.3. Similarities between the solidification curvasAlloys B1 and B2 are noted. Apart
from the a-Al dendrites and the eutectic &lu particles observed in the interdendritic
regions, other phases observed in the optical miaph include thea-iron a-
Al15(Fe,MnXSi, script phase, the Q-AICuMgSi phase, #8gphase in black script form,
and the AISITiZrV phase, as shown in Figure 4.6utkaization of the harmful effects of

iron through the promotion of the less harmidFe Chinese-script phase rather than the
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brittle needle-likeB-Fe phase is sought with the goal of improvingrgitk, ductility and

other properties [12, 13].

In the alloys containing nickel, the &uNi phase is observed situated adjacent to
the ALCu phase and both phases are located at the inikee dendriticu-Al phase; this
observation is in agreement with the fact that rwctions noted in the thermal analysis

curves, namely Reactions #4 and #5, are contigimose another [76].

Table 4-3: Proposed main reactions occurring durig solidification of Alloy B2.

Reaction Suggested Temperature Suggested Precipitated Phase
Range (°C)
1 639°C Formation ofa-Al dendritic network
2 615°C Precipitation ofi-Al 15(Fe,MngSiz
Precipitation ob-Al2Cu and Q-
3 497°C _
AlsMgsSisCLe
4,5 570°C-530°C Zr- and V-rich phases

62



750 —Temperature 01
—dT/dt
700 1 0.0
5600 025
o~ ]\ =
T
EEED -0.3
i
@ 4
2500 - -0.4
£
(=]
=450 -0.5
400 T T T -06
150 330 . 220 730
Time [5?

Figure 4-5: Cooling curve and first derivative obtined from the thermal analysis of Alloy B2.

63




Figure 4-6: Optical micrographs showing the phase formechi Alloy B2: (a) 1- CuAly; 2- a-

Al15(Fe,Mn);Siy; 3- Q-AICUMgSI; 4- Mg,Si; 5- AISITiZrV.
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4.2.4 ALLOY DO

The cooling curve of alloy DO contains around 2.8% 8% Si, 0.4% Mg, 0.4% Fe,
0.6%Mn, 0.15% Ti; as the Si content is 8 wt.%, hed to the difference in Reaction # 2,
compared to the BO-based alloys, with the predipitaof the eutectic Al-Si phase in
addition to theu-iron phase. Based on the thermal analysis datirdd, the cooling and
first derivative curves were drawn, as shown inureg4.7 for the base alloy DO. The
numbers on the first derivative curve correspondh® same reaction numbers listed in
Table 4.4. The alloy DO starts to solidify at 600feaction #1) through the development
of the dendritic network followed by the precipitst of eutectic Si anda-iron
Al15(Fe,Mn,Cu)Si, at 570°C (Reaction #2) and then@l and A{MgsSisCw, precipitate
simultaneously as a final reaction at 510°C (Reactt3). Apart from thex-Al dendrites
and the eutectic Si particles observed in the dietiedritic regions, other phases may also be
observed in the optical micrograph image of theyalDO as shown in Figure 4.8. The Si

particles appear in their acicular, non- modifiedi without the addition of Sr.

Table 4-4: Proposed main reactions occurring durig solidification of alloy DO.

. Suggested Temperature -
Reaction Range (°C) Suggested Precipitated Phase
1 600°C Formation oé-Al dendritic network
2 570°C Eutectic reaction(eutectic Soe)
3 510°C Precipitation df-Al,Cu and Q-AiMgsSisCl,
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Figure 4-7: Cooling curve and first derivative obtined from the thermal analysis of alloy DO.

66




Figure 4-8: Optical micrograph showing the phaseformed in Alloy DO: 1- CuAl,; 2- eutectic Si; 3-

AlSiMgCu; 4- AlSiMnFe.

425 ALLOY D1

The cooling curve and the first derivate plot fdtag D1 (comprising DO + 0.15
wt% Zr + 0.2 wt% V + 0.3 wt% Ni) are shown in Figud.9, obtained from the
temperature-time data for the alloy. The reactiobserved during the solidification of
Alloy D1 are listed in Table 4.5. Apart from theAl dendrites and the eutectic Si particles
observed in the interdendritic regions, other phasay also be observed, as shown in the
optical micrographs presented in Figure 4.10. Thal§MgsSisCu, phase appears in the

form of small particles growing out of the,8lu phase.
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Table 4-5: Proposed main reactions occurring durig solidification of Alloy D1.

Reaction Suggested Temperature Suggested Precipitated Phase
Range (°C)
1 600°C Formation oé-Al dendritic network
2 570°C Al-Si eutectic reaction e~Fe
3 510°C Precipitation od-Al,Cu and Q-
A|5M938|5CU2
4 538°C-528°C Zr- and V- rich phases
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Figure 4-9: Cooling curve and first derivative obgained from the thermal analysis of Alloy D1.
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Figure 4-10: Optical micrographs showing the phases formeih Alloy D1: 1- CuAl,; 2-eutectic Si; 3-

sludge; 4- AINiCu; 5- AlSiMnFe.
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4.2.6 ALLOY D2

The cooling curve of Alloy D2 (DO + 0.80% Mn + 0%0La + 0.20% Cr) obtained
from its time-temperature data and its first deevplot are shown in Figure 4.11. The
numbers on the first derivative curve correspondhi reaction numbers listed in Table
4.6. The peak corresponding to the reaction feCAlphase formation was decreased due
to the consumption of Cu in the formation og@UNi intermetallic phase. Apart from the
a-Al dendrites and the eutectic Si particles obsgrirethe interdendritic regions, other
phases may also be observed, as seen from thalapicrographs of alloy D2 displayed in

Figure 4.12.

Although Alloy D2 was modified with 0.02 wt% Sr, &heutectic silicon phase
appears to be only partially modified. This partmbdification of the eutectic silicon
structure may be attributed to the slow coolinge rabtained in the thermal analysis
experiments. The variation of the eutectic Si motpyy from coarse brittle flakes to a
finer fibrous form can be attributed to Sr additithrat leads to an enhancement in the
tensile properties, in particular, the ductility tife alloy [48]. The higher Mn:Fe ratio
and/or the presence of chromium lead to the folwnadf another version of theFe phase,
a-Al15(Fe,Mn,Cr}Si;, termed sludge. In this alloy amAl;s(Fe,Mn,Cr}Si, phase was
observed, displaying a star-like morphology, andated within thea-Al dendrites, as
shown in Figure 4.12. The sludge particles are liysudbserved in the interdendritic
regions. This phenomenon of iron intermetallic piation within the a-Al dendrites
proves very useful in the case of such Al-Si distiog alloys as 380 alloy, containing 9

wt% Si, where the proportion af-Al dendrites is relatively higher [77]. These ghad
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particles are extremely hard and thus have a detriah effect on the mechanical properties
and machinability. The formation of these partialeay be controlled by calculating the

sludge factor given by the following formula,

Sludge Factor (S.F.) = 1 x wt% Fe + 2 x wt% Mn »x B8t% Cr

which correlates the %Fe, %Mn, and %Cr levels endloy [66, 67].

The critical sludge factor beyond which sludge asifed equals 1.8, if a casting
temperature of 650°C or more is maintained. Howeleerholding temperatures lower than
this value, a critical sludge factor of 1.4 is newnended, since sludge formation is a

temperature dependent process in combination th-e, Mn, and Cr concentrations.

Table 4-6: Proposed main reactions occurring durig solidification of Alloy D2.

: Suggested Temperature -
Reaction Range (°C) Suggested Precipitated Phase
1 600°C Formation oéi-Al dendritic network
2 570°C Al-Si eutectic reaction a-Fe
o Precipitation ob-Al,Cu and Q-
3 510°C AlsMgsSicCl
4,5 538°C-528°C Zr- and V-rich phases
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Figure 4-11: Cooling curve and first derivative ollained from the thermal analysis of Alloy D2.
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Figure 4-12: Optical micrographs showing the phases formenh Alloy D2: 1- CuAl,; 2- eutectic Si; 3-

AlFeMnCrSiVNi; 4- AISiCuNiLa; 5- AINiSiZrCuFe.
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4.3 POROSITY FORMATION DUE TO INCIPIENT MELTING

A main consequence of incipient melting in Al-Si-@lloys is the formation of a
structureless form of the ATu phase and related porosity on quenching. Astegpbdy De
la Sablonniere and Samuel [106], the@u intermetallic may melt at 525°C, so that when
the temperature of the multi-step solution heaattnent reaches 530°C, or when local
heating occurs at any point in the sample, it iseexed that the ACu phase will melt,
causing the formation of porosity, leading, in tuta a deterioration in the mechanical

properties.

Control of the solution treatment process is veityoal because, if the solution heat
treatment temperature exceeds the melting poietetis localized melting at the grain
boundaries and the mechanical properties are rdduicehis study, all alloy melts were
degassed to minimize the hydrogen level beforeirgasiThe as-cast alloys were heat
treated using one step and multi-step solutiontrireats. The multi-step solution heat
treatment was carried out at three different temipees consecutively, for different
solution times, viz., 5 hrs at 495°C, followed by at 515°C, and then 2 hrs at 530°C.
Thus, as the only variable factor in this casehis temperature, any big changes in the
amount of porosity observed could be reasonablyrasd to be mainly due to the melting

of the copper phase resulting from the changelsanidmperature variable.

Porosity measurements were therefore carried oatdwitor the incipient melting
that resulted in the alloys studied, correspondmghe various solution heat treatments.

The parameter measured was the average area ppocesity (percentage porosity over a
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constant sample surface area) that was quantifsaaiguan optical microscope-Clemex
Vision PE 4.0 imageanalysis system, where the samples were examined0O@x

magnification. The details of these measurememtéisted in Table 4.7.

As may be seen from Table 4.7, the as-cast samgied| alloys show minimum
porosity, whereas after solution heat treatmerd, ghrosity values increase. In general,
compared to the one-step or SHT 1 solution treatnrtee multi-step or SHT 2 solution

treatment leads to somewhat higher porosity values.

Table 4-7: Percentage porosity values observed Biand D alloys

él(l)%); Condition Area (%) él(l)%ye Condition Area (%)
Mean SD Mean SD

As Cast 0.42 0.21 As Cast 0.04 0.02

BO SHT 1 1.25 0.44 DO SHT 1 0.14 0.30
SHT 2 1.43 0.55 SHT 2 0.26 0.31]
As Cast 0.25 0.28 As Cast 0.13 0.08

B1 SHT 1 1.13 0.78 D1 SHT 1 0.20 0.31
SHT 2 0.98 0.58 SHT 2 0.30 0.20
As Cast 0.32 0.27 As Cast 0.10 0.10

B2 SHT 1 0.56 0.22 D2 SHT 1 0.25 0.38
SHT 2 0.17 0.14 SHT 2 0.39 0.40
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The microstructures of the alloys studied were absamined at 500x magnification
in certain cases to highlight some of the intengsfieatures observed with respect to the
incipient melting-related porosity observed in thiéerent samples, as well as the effect of
the progress of solution heat treatment on theavgonstituents themselves. Examples of
the microstructures of the B0, B1, B2 and DO, D#l &2 alloys listed in Table 4.7 are

shown below.

Figure 4.13 depicts the microstructures observethi® 220 base alloy BO in the as-
cast, and solution heat-treated SHT-1 and SHT-2lidons, where instances of incipient
melting may be observed in each case. In Figur8(d)1the extended duration of the
multi-step solution treatment refines the constitagpresent in the interdendritic regions.
At high magnification, the onset and progress oltimge of the copper phase can be clearly

seen.

In the case of Alloy B1, the as-cast sample shawRigure 4.14(a) reveals a very slight
presence of incipient melting along the grain bauies where the copper phase
precipitated (see arrows), whereas a larger amotiricipient melting is observed after
SHT 1ltreatment, as may be noted near the topdefiec of Figure 4.14(b). The circled area
in the higher magnification micrograph of Figurd4{c) shows an interesting example of
the beginning of incipient melting of the coppelapb. The two small arrows point to the
spheroidization of the eutectic silicon particldsserved in the microstructure with the
progress of solution treatment. Figure 4.14(d)p aéken at 500x magnification, gives an

idea of the extent to which the other constituamithie microstructure have become refined

76



with the extended duration of the SHT 2 treatmé&widence of incipient melting is also

observed.

(a) BO-As-Cast

(b) BO-SHT-1
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——

(c) BO-SHT-2
Figure 4-13: Examples of incipient melting observed in B@lloy samples in the: (a) As-cast, (b) SHT-1,

and (c) SHT-2 conditions.
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(a) B1-As-Cast 500X

Incipient melting

(b) B1-SHT-1
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(c) B1-SHT-1 500X

(d) B1-SHT-2 500X

Figure 4-14: Examples of incipient melting observed in Balloy samples in the: (a) As-cast, (b, ¢) SHT-

1, and (d) SHT-2 conditions.
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Figure 4.15 shows examples of the incipient meltbgerved in the as-cast and
solution heat treated samples of Alloy B2. In tlsecast case, Figure 4.15(a), the melting
appears to occur at theAl grain boundaries where the copper phase pratgs. In this
case, the melting would be attributed to the |laeali heating occurring at these points.
Figure 4.15(b) shows both the onset and occurrefdecipient melting at the locations
within the circled areas, by the droplet like natwf the copper phase (onset) and the
darkened areas associated with these drops whereantipient melting has already
occurred so that it appears as porosity in theastoucture. Figure 4.15(c) shows a clearer

view of this at 500x magnification in the SHT-2dted sample.

Examples of the incipient melting observed in thaldys, namely, DO, D1 and D2
alloys are shown in Figures 4.16 through 4.18. Canex to the B alloys, the D alloys
containing a higher Si content show much smalleogity/incipient melting in the as-cast
condition, as well as eutectic Si regions dispersetie matrix as is seen in Figure 4.16(a)

which shows almost no porosity.
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(a) B2-As-Cast

(b) B2-SHT-1
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(c) B2-SHT-2 500X
Figure 4-15: Examples of incipient melting observed in Balloy samples in the: (a) As- cast, (b) SHT-1,

and (c) SHT-2 conditions.

The higher magnification micrograph of Figure 4d)éghows the different phases
existing in the DO alloy, among them the pinkisitickes of the copper phase, eutectic Si
regions dispersed throughout the matrix, and dtitermetallic phases (arrowed). With the
application of solution heat treatment, incipiergliimg starts to occur, as seen in Figures
4.16(c) through 4.16(e). It is also interestingntte the progress of Si particle necking,
fragmentation and spheroidization during the SHifehtment of the alloy, followed by
coarsening of the spheroidized Si particles dutivgextended duration of the multi-step
SHT-2 solution treatment, Figure 4.16(e). FigurE7dshows examples of incipient melting
(circled or arrowed) observed in D1 alloy samplégufes 4.17 (b) and (c). The black

circled in (b) reveals the presence of fine Siipks indicating the dissolution of the ,8lu
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phase. Examples of incipient melting observed indll@y samples are shown in Figure
4.18 when the samples were solution heat treaté8Hh conditions 1 and 2. The black
arrow in (c) displays the presence of oxide filmpped in the casting during pouring the

liquid metal.

(a) DO-As-Cast
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(b) DO-As-Cast 500X

Process of Si particle

spheroidization

- »
o

(c) DO-SHT-1 500X
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(e) DO-SHT-2 500X

Figure 4-16: Examples of incipient melting observed in D@lloy samples in the: (a, b) As-cast, (c) SHT-

1, and (d, e) SHT-2 conditions.
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(c) D1-SHT-2
Figure 4-17: Examples of incipient melting (circled or arowed) observed in D1 alloy samples in the: (a)

As-cast, (b) SHT-1, and (c) SHT-2 conditions.
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(b) D2-SHT1 500X

(c) D2-SHT-2
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(d) D2-SHT-2 500X

Figure 4-18: Examples of incipient melting observed in D2alloy samples in the: (a) As-cast, (b) SHT-1,

and (c) and (d) SHT-2 conditions.
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CHAPTER FIVE

Ambient and High temperature Tensile Testing



CHAPTER 5

Ambient and High temperature Tensile Testing

5.1 INTRODUCTION

This chapter will focus on the tensile propertiéshe alloys which were prepared
for this study with the intention of identifyingdteffects of the additives and heat treatment
regimes on the tensile properties of the base &ldynamely, the 220 alloy. The quality
index technique will be applied here as a meansoteelate the ultimate tensile strength
(UTS) and yield strength (YS), as well as the petage elongation (%EIl) values, and to
evaluate the quality of the alloys correspondingthie additives introduced, as was
described previously in Chapter Plots of AP will also be presented, with P representing
Property (.e.,, UTS, YS and %EIl) andP representing the difference in property value
obtained for a specific alloy composition/heat tne@nt condition, taking the BO alloy as
the base lineThis approach helps to better visualize the effartd interactions of the

various additions used and the different heatrmeat conditions applied.

The tensile properties of a casting are initialgtedmined by the microstructure
obtained upon solidification (as-cast conditionhjdamay be improved thereafter by
subjecting the casting to a suitable heat treatrpemtess and following the evolution of
the microstructure in order to optimize the heaatment conditions. An examination of the
microstructure allows for the determination of thenstituent phases present in the
solidified structure, as well as the phases ancipitates that form following heat

treatment. The alloy properties may then be andlyireterms of the corresponding



microstructures As mentioned previouslyn Chapter 3, five test bars were used per
alloy/condition in the tensile tests carried out $elected alloys/condition¥he tensile test
data are provided in the form of graphs in the isest that follow. For the sake of

simplicity, only selected data have been highlightethis chapter.

All tensile testing was carried out at a straireraf 4 x10™* s~1. For ambient
temperature testing, an MTS Servohydraulic MechaniBesting machine was used,
whereas the high temperature tensile testing wasedaout using an Instron Universal
Mechanical Testing machine. Figure 5.1 shows the YES, and %El values obtained at
ambient temperature for the different alloys/candi. The X-axis represents the alloys
and the respective heat treatment conditidie primary Y-axis represents the strength
values (UTS and YS), while the secondary Y-axigesgnts the percentage elongation
value obtained for each alloy/condition studiecbrirFigure 5.1, it will be observed that
the strength values for the as-cast alloy samptbgi tensile strength values of 265-230
MPa, giving a difference of about 10-35 MPa betwienbase alloy BO (UTS 332.8 MPa)
and the remaining alloys, namely B1 (322 MPa), B3(Z MPa), DO (291.3 MPa), D1
(293.5 MPa) and D2 (285.8 MPa). The solution hesatiment temperature of 495°C in
combination with the aging temperature/time (188t} /increases the alloy strength (UTS
and YS) while the ductility values show noticealbézluction compared to the values
obtained in the as-cast condition.

After T6 and T62 treatments, the strength valuesemse significantly, reaching

peak strength in each case. The yield strengtbvislithe same trend, exhibiting somewhat

lower values compared to UTS. Alloy B1 shows theimam increase in tensile properties
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with UTS of 401.55 MPafollowed by a UTS value of 380.55 MPa for alloy BDn the
other hand, B2 and D2 alloys display strength \v@athat are lower than those exhibited by

the base alloy in the as-cast and other heat-tteateditions, as seen in Figure 5.1.
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Figure 5-1: Average values of ultimate tensile séngth (UTS), yield strength (YS), and percentage @hgation to fracture (%EIl) obtained from

220 alloys (B0 to D2) in the as-cast, T5, T6, T62é T7 heat-treated conditions (at ambient temperatte).




For the high temperature tests, all tests wereiethrout at 250°C, using two
stabilization times of 1 hour and 200 hours atingstemperature, prior to testing. Samples
were tested in the as-cast and various heat-treateditions to determine the effect of the
additions and heat treatment conditions on the tegiperature mechanical performance of
the 220 alloys. Figures 5.2 and Figure 5.3 shopeesvely the tensile properties obtained
from BO, B1, B2, and the DO, Dland D2 alloys wiéspect to the various heat treatment
conditions, following stabilization times of 1 hma 200 hrs at the 250°C testing
temperature. Compared to the as-cast case, hediné&et obviously affects the tensile
performance of the alloys. As may be observed ffeigure 5.2, in case of one hour
stabilization, the strength of the alloy increaseth the T6 and T62 heat treatment
conditions, but remains the same after T5 heatriresat.

On the other hand, all alloys display tensile gitenvalues that are higher than
those exhibited by the base alloy BO in the T7-terag condition, with a noticeable
improvement in performance of the D series allogsnpared to the B series alloys.
Moreover, the D2 alloy shows unchanged UTS and awvgxt YS values in the T7-treated
condition compared to the corresponding strengtluegain its as-cast condition; this
behavior is opposite to the general trend follovisgdthe other alloys (BO through D1)

which show a noticeable decrease in their strengthes in the T7-treated condition in

comparison to their as-cast valugs in each|case.

The vyield strength follows the same trend, exhigitisomewhat lower values

compared to UTS. In keeping with the tensile stienglues, the lowest ductility values
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are observed for the T62-tempered alloys, whileTaltempered alloys show maximum
ductility.

After 200 hours stabilization at 250°C, Figure Si®ws that the alloy strength
increases after the T5 heat treatment but decréaslks T6 and T62 conditions. The yield
strength values follow the same trend as the Um&ekping with these trends in strength
values, the highest ductility values are observeithé T6 and T62 conditions while the T5-
treated alloys exhibit the lowest ductility valuegth the D1 and D2 alloys showing the
same ductility as in the as-cast condition.

The ambient temperature and high temperature éemsdt results are elaborated

upon and discussed in Sections 5.2 and 5.3.
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5.2 EVALUATION OF AMBIENT TEMPERATURE TENSILE PROPERTIE S

5.2.1 AS-CAST AND SOLUTION HEAT-TREATED CONDITIONS

The ultimate tensile strength values for all alldgsted in the as-cast and as-
solutionized conditions are displayed in Figure. 3.le tensile strength values lie in the
range of 265 MPa to 333 MPa in the as-cast comgiti@tween 320 MPa and 389 MPa
after the one-stage solution heat treatment (SHE1J from 337 MPa to 396 MPa after
the multi-stage solution heat treatment (SHT-2)e Dhbserved increase in tensile strength
may be attributed to the dissolution of the Cu-iittermetallic phase particles, mainly the
Al,Cu phase during solution treatment, so that satidit®n hardening is the process
mainly responsible for the observed increase iengh. In the as-cast condition, the
microstructure of the alloys investigated may contmainly coarse particles of the
solidified intermetallic phases such as,@d, AlsMgsCu,Sis, Al;s(Mn,Fe,Cu)}Si;, and
acicular eutectic Si. These particles have a datete effect on the ultimate tensile strength
and ductility of the alloy because of their shadges which act as crack initiators. During
tensile testing, the cracking phenomenon is usuabyigated by the cracking of these
intermetallics followed by crack propagation, emdinp with complete fracture of the
sample; this sequence is easier in the as-castitmynas the intermetallics are coarse.
When solution heat treatment is applied, thesanmaeallics break down and dissolve by
losing their elements which then diffuse in the mmatproducing a supersaturated solid
solution; this solid solution strengthens the mxathy increasing the resistance to

dislocation movement during deformation in the psscof tensile testing [19, 84].
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Figure 5.5 depicts the yield strength results foe Bs-cast and as-solutionized
conditions. From this figure, it will be noted thttte yield strength of the base alloy
increases from 260 MPa in the as-cast conditiod7tb MPa after single-stage and multi-
stage solutionizing treatments. This increase ényileld strength can also be attributed to
the hindering of the dislocation movement withire thupersaturated solid solution, as
mentioned above; any mechanism which resists tHalityoof dislocations in an alloy will
increase its yield (and tensile) strength.

The highest yield strength is exhibited by alloy @D0+Zr+V+Ni), where the as-
cast yield strength increases from 270 MPa to 2#aMfter the multi-stage solution
treatment SHT-2, which may be attributed to theitémtd of Zr and Ni. The addition of
transition elements such as Zr and Ni to aluminlloys can form dispersoid precipitates,
such as AJZr and AkNi, throughout thex-Al matrix, producing an intensified hardening
effect [11, 85]. These dispersoids may form whesspay through their temperature
formation range, during the cooling of the soligifialloy from the melting temperature to
room temperature. The low yield strength exhibitgdalloy B2 may be attributed to the
interaction between Sr and Ti which has been refdaid cause mutual ‘poisoning’ of the
beneficial effects of the two elements [86]. In gexh, upon solution heat treatment, the YS
values of all alloys increase, in a manner simitathat shown in Figure 5.4 for the UTS
results. The same strengthening mechanisms applthign case, with solid solution
strengthening acting as the operating mechanism.

As will be seen from Figure 5.6, the percent eldiogaof the alloys in the as-cast

condition is improved with solution heat treatmeRrbr example, ductility values of the
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base alloy B0, and alloys B2 and B1 alloy respetyiincrease from 3.4, 2.5 and 2.1% in
the as-cast condition to 6.4, 4 and 4.8% after iguleg the multi-stage solution heat
treatment SHT-2. During solidification, the allogielements tend to segregate as localized
clusters producing intermetallic particles in cearshapes. As mentioned above, the
solution heat treatment dissolves and refines thiebintermetallic particles such as,8lu

and AEMgsCuw:Sis existing in the as-cast alloy. The dissolutionhe Cu-rich intermetallic
phases, as well as refining of thd-e intermetallic phase due to the presence o$&ih
that it is more evenly distributed in the matrirg #he reasons for the increase in elongation
observed. It is worth mentioning the deleteriodsafthat an increase in Si content has on
the alloy ductility, as one can easily note thdatamn in percent elongation values between
the B-series alloys (low Si content, high %El) dhe D-series alloys (high Si content, low

%EI).

102



450

400

350

300

UTS(MPa)

250

200

150

BAC BSHT 1 RSHT 2

BO

B1

B2 Alloys DO

D1

D2

Figure 5-4: Ultimate tensile strength of the 2201ys investigated in the as-cast and solutionized
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conditions at ambient temperature.

5.2.2 AGE-HARDENING CONDITIONS

The purpose of carrying out artificial aging inaioy is to develop fine precipitates
that act as barriers for dislocation movementsultiag in strengthening the alloy;
however, the effectiveness of the strengtheningieh may vary depending on the aging
parameters (i.e., aging temperature and time).

Figures 5.7 through 5.9 show how the tensile ptogseiof the six alloys studied
vary with different heat treatment tempers. In F&gh.7, the highest improvement is noted
for B1 alloy in the T62-tempered condition, whickhibits a UTS-value of ~ 400 MPa.
Similarly, in the D-series alloys, the D1 alloy éxts a UTS-value of ~ 370 MPa. The
addition of Zr and Ti produces a refined non-der@rstructure that decreases the

probability for porosity formation and increase® tamount of dissolved ACu after
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solution heat treatment, and thereby the level of Cu in solid solutiarAgfwhich then

allows for a larger amount of precipitation hardening to take place upon aging, and
therefore improves the alloy strength. Additionally, dispersoid precipitates;oif &hd/or
Al3(Zr1xTix) may act as nucleation sites for the hardening phases during the aging process,
resulting in further improvement in strength [87, 88].

In the T62 temper, the alloy is solutionized through two stages at two different
temperatures in order to avoid the incipient melting of the copper phase at the higher
solutionizing temperature [27]; this algfives rise to a better homogenization prior to
aging, thereby improving the tensile properties, as seen in Figure 5.7. In order to enhance
the tensile properties of an aluminum alloy, it is important to obtain a thermally stable
microstructure and coarsening-resistant dispersoids. This may be achieved by adding Zr,
which has the smallest diffusion flux in aluminum of all the transition metals; the presence
of Zr leads to the formation of fine dispersoids that resist coarsening at higher temperatures,
which helps to improve/maintain the tensile properties [89, 84,90 ].

With respect to the alloy yield strength, Figure 5.8 reveals that the highest YS
values are observed for the B1 and D1 alloys; the YS values of all alloys increase with the
application of T6 and T62 tempers, in a manner similar to that shown in Figure 5.7 for the
UTS results. It is interesting to note that the B1 and D1 alloys contain Ti and Zr, as was
mentioned earlier in the context of the UTS results, which promotes the formation of
Al3(Zr,Ti) precipitates and hence positively affects the alloy tensile properties.

With respect to the alloy ductility, Figure 5.9 shows that the lowest ductility values

are also observed in the D-series alloys. In fact, the base alloy BO shows almost the best
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ductility values among all the alloys regardless éiging condition. This may be attributed
to the presence of Zr, Ni and Ti in the other aloywhich may result in the formation of
trialuminide dispersoids that would resist alloytening in all alloys except the base alloy

BO.
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Figure 5-7: Ultimate tensile strength values of th 220 alloys investigated in the T5, T6, T62 and T7

tempered conditions, and tested at ambient temperate.
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5.3 EVALUATION OF HIGH TEMPERATURE TENSILE PROPERTIES

Tensile tests were performed at 250°C temperatitee stabilizing the tensile test
bars for times of 1 hour and 200 hours at thertigdemperature, in order to determine the
effects of the alloying additions on the high tenapere mechanical performance of the
220 alloys. It was found that the tensile propsrsbowed a different tendency to those
observed at ambient temperature, resulting in inguicstrength, particularly yield strength,

at the high temperature.

5.3.1 STAGE | - STABILIZATION AT 250°C FOR 1 HR PRIOR TO

TESTING

In general, an improvement in the mechanical ptoggeof Cu- and Mg-containing
aluminum alloys is attributed to the formation afeshardening compounds »@8lu and
Mg.Si, respectively, which precipitate from the sdmlution during aging. The degree of
strengthening depends on the copper and magnesiatent, and an increase in strength
due to higher levels of these elements is alwagsrapanied by a corresponding decrease
in ductility.

The application of an aging treatment to theseyalloauses an entire range of
precipitates to form according to the temperaturé @me applied. While Cu and Mg are
added to improve the ambient and high temperatarength, the development of
intermetallic phases including-Al,Cu, B-Mg,Si, n-AlsMgsFeSg, Q-AlsCu,MgsSis, a-
Al15(Mn,Fe)Si; andp-AlsFeSi in these alloys promotes alloy strengthertiogyever at the

expense of ductility [91, 92].
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For this stage of the study, all alloys were teste@50 °C after stabilization for 1
hour at the testing temperature. Figure 5.10 shtves UTS values obtained for all
alloys/conditions under these conditions of testifige highest UTS value is exhibited by
the T62-tempered B2 alloy with ~ 195 MPa; this eals very close to that of the T62-
tempered BO alloy. However, for other heat treatnoemditions, alloy B2 is superior to
alloy BO. This enhanced behavior of alloy B2 carclearly attributed to the presence of 1
wt% Ni and 0.15 wt% Zr in the alloy and hence te éxistence of trialuminide dispersoids
which will resist the coarsening of the strengthgmprecipitates.

It may also be noted from Figure 5.10 that the Besealloys exhibit competitive
strength values when compared with the B-seriesysll as opposed to the room
temperature behavior, with emphasis on the T7 ¢mmdiThe only difference that exists
between the two series of alloys is heir silicomteat. Thus, it may be said that the
relatively enhanced performance of the D-seriesyalht elevated temperature is related to
their increased Si content.

Figure 5.11 shows the yield strength values obthafoethese alloys, the highest YS
value being exhibited by the T62-tempered B2 allogh ~ 185 MPa, and a profile that is
more or less similar to that shown by the ultimegesile strength, based on the same
reasons proposed earlier.

In regard to the ductility, Figure 5.12 shows tha BO, B1 and B2 alloys (B-
series) possess the highest ductility values irtefitpered condition. Besides the T62 and

T7 tempers, the variations in ductility values betw B and D-series alloys obtained with

109



other heat treatment conditions are not high, eoptto what was observed under room

temperature testing conditions.
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Figure 5-10: Ultimate tensile strength values ofhe 220 alloys investigated in the as-cast, T5, T662
and T7-tempered conditions, and tested at 250°C teguerature following stabilization for 1 hr at testing

temperature.
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Figure 5-12: Percentage elongation (%El) values dfie 220 alloys investigated in the as-cast, T5, T6
T62 and T7-tempered conditions, and tested at 250°@mperature following stabilization for 1 hr at

testing temperature.

5.3.2 STAGE Il - STABILIZATION AT 250°C FOR 200 HRS PRIOR TO

TESTING

In this stage of the study, the tensile test dada wbtained after the test bars were
subjected to an extended period of stabilizatio@@0 hrs at the testing temperature, prior
to testing. It may be easily noticed from Figurek3cand 5.14, that the UTS and YS values
obtained under these conditions are lower tharstiemgth values obtained after one hour
stabilization. In relation to these low strengthues, the percentage elongation values are
noticeably higher, as expected, compared to thbssred after one hour stabilization. As
shown in Figure 5.13, the highest UTS value is olexkfor the T5 heat-treated B2 alloy

with ~ 135 MPa followed by D1, B1, DO, D2 and BOogh, exhibiting values of ~ 130
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MPa, 126 MPa, 124 MPa, 122 MPa, 121MPa, respeygtiVdle as-cast and T5 conditions
show the best strength values; these conditionsusnally used to prevent precipitate
growth while being subjected to high temperatune; tivo conditions are very similar to a
large extent because they both were stabilized@t°€ for a long time (200 hrs); this is
also reflected in their strength values which amgy\close to each other.

With the other heat treatment conditions (i.e. T62, and T7), the strength is
highly affected by the long stabilization proces2%0 °C; the reduction in strength values
is related to the coarsening of the strengtheningcipitates to the extent that the
precipitates become completely incoherent withniiagrix.

It is also noticeable that the UTS values of theddies alloys are generally higher
than those of the B-series alloys; with alloys B2 2 exhibiting the best UTS values in
their respective series, due to the presence d#d M and 0.15 wt% Zr. The yield strength
values shown in Figure 5.14 follow the same tresdh@ UTS (Figure 5.13). The highest
yield strength value, ~117 MPa, is obtained for B2ealloy in the T5-treated condition,
followed by B1 and BO alloys with ~112 MPa and 11®a] respectively, in a manner
similar to that shown in Figure 5.13 for the UTSuks.

Generally, the percentage elongation values (Figur®) of the alloys improved by
~42% following stabilization for 200 hrs comparedthe values that were achieved after
one hour stabilization. The highest %El is achieligdhe T62 heat-treated B1 alloy after
200 hrs stabilization with a value of ~19.5%, foledhby the T6 heat-treated BO alloy with
~19%. The base alloy BO shows almost the best elmmgavalues among all the

alloys/conditions studied except for the T62-trdaBd. alloy; this behavior emphasizes the
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effect of the chemical additions on resisting tb&ening behaviour of the base alloy BO,
which is a result of the long thermal exposure lavaed temperature. The role of the
chemical additions is to form more stable interrtiesaat higher temperatures as well as
precipitate coarsening-resistant dispersoids warehcapable of maintaining/improving the
strengthening effect when the alloys are exposetligber temperatures for prolonged

periods of time.
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Figure 5-13: Ultimate tensile strength values ofhie 220 alloys investigated in the as-cast, T5, T662
and T7-tempered conditions, and tested at 250°C teuarature following stabilization for 200 hrs at

testing temperature.
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5.4 ANALYSIS OF TENSILE PROPERTIES USING THE QUALITY IN DEX

CONCEPT

As mentioned in Chapter 2, Drousy al. [93, 94] proposed the concept of the
Quality Index Q as a means of better expressindehsile properties of Al-Si-Mg alloys,
in terms of how variations in Mg content and agoogditions affected the alloy “quality”
or performance in their study of Al-7%Si-Mg or 38fe alloys, by the use of equations
that allowed to plot charts o$o-Q versusiso-YSlines on a quality index chart such that it
was easy to see how the alloy quality was affedigdthe heat treatment and alloy
composition. This concept was later extended ttude Al-Si-Cu and Al-Si-Cu-Mg alloys
by Caceres [72, 73] whose model was based on themgion that the deformation curves
of a material may be represented by the Hollomanagon, P = KS™ [15]. The
methodology and the equations used by both grotipssearchers were described in detail

in Chapter 2.

In the present study, quality charts were generfde@valuating the influence of
metallurgical parameters on the tensile propertdssdescribed in Chapter 2, Equations 1
and 2 were used to generade-Q lines andiso-Yield Srength lines, respectivelyThe iso-

Q andiso-YS lines in these charts facilitate knowing which dddis are beneficial for
improving the alloy properties. By increasing tlopger content, it is possible to improve
the strength of the alloys, although this wouldutes a reduction in ductility [44, 95, 96].
The strengthening effect obtained by adding coppean Al-9wt%Si-0.5wt%Mg alloy is
based on the formation of Cu- and Cu-Mg-containimgcipitates such a&Al,Cu, S-

AlsCwpMgsSis Q-AlsCwMgsSis and may be further optimized by applying adequatat h
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treatment procedures [97, 98, 9Bhe quality of these castings will be affected adow

to the net amount by which the increase in strersggbfalanced by the reduction in ductility.

The main purpose of solution heat treatment is aximize dissolution of the
hardening elements in solid solution, to conveet dlgicular eutectic silicon to fragmented
and spheroidized particles, as well as cause thgnfentation and dissolution of
undissolved phases, namely Fe-intermetallics, arethieve a homogeneous structure for
improving the ductility and the quality of Al-Si s@a alloys [44, 100, 101]These
improvements are reflected in the alloy propertiad Q values obtained in the solution
heat-treated condition compared to the as-cast essmay be seen from the quality charts

displayed in Figures 5.16 through 5.21.

The application of a solutionizing treatment letalsignificant improvement in the
strength and quality of the castings; it will bearl from Figures 5.16 and 5.17 that, for the
two alloy series studied at ambient temperaturdytism heat treatment provided a
considerable improvement in reducing the comprorheteeen strength and quality, since
both parameters were increased after solution theatment. As may be seen from these
figures, the highest UTS-value and highest qualigre obtained after T62 and T7 heat
treatments. An improvement in the tensile propsra@d alloy quality are noted upon
solution heat treatment for all alloys, indicatithgit although the solution heat treatment is
mainly responsible in improving the alloy qualithe presence of Ni and Zr in alloy B1
and alloy D1 provide even further improvement, sitisese alloys show the be&3tand

UTS valuesThe aging time and temperature also have an infei@m the Q values that
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may be related to the precipitation of the Cu- d&hgtcontaining phases in the metal

matrix.

The formation of coherent precipitates is the nsaarce of strengthening and leads
to an increase in the strength values of the alldy® semi-coherent precipitates which
may exist in the peak-aging conditions are the leelick B’ (Mg.Si), the plate-shapet!’
(Al>Cu), and the lathlike SAlI,CuMg) phases [102]; these precipitates providenarease
in the strength associated with a reduction in itityctHowever, upon applying an aging
temperature of 240°C (overaging) during T7 heaatiment, the tensile strength, yield
strength, and quality index values are reduceelation to the softening which occurs as a
result of the overaging conditions at which theildguium (incoherent) precipitates form,
leading to the loss of coherency strain betweenpiteeipitates and the matrix, and to
coarser precipitates having larger inter-partigjaceng and thus less density in the metal
matrix. The low density of the precipitates in thatrix will result in larger inter-particle
spacing that will reduce the resistance to dislooanovements, and hence softening takes

place [102].

Figures 5.18 and 5.19 shows the quality index shfot the five selected heat
treatment conditions for alloys studied at high penature after one hour stabilization time
at the testing temperature (280). In these figures, the highest UTS and Q valuere
obtained for the T62-tempered B2 alloy and the dégiered D2 alloy when aged at 180
for 8 hrs. It is also noted that the tensile stterand quality index values were reduced in

all alloys subjected to the T7-temper compared witier tempers at an aging temperature
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of 240°C. This behavior may be ascribed to the fact thatdecrease in ductility is more
substantial that the slight increase in YS and W&ues observed at low aging
temperaturesThe aging rate can be accelerated when treatinglkbw/casting at a higher
temperature, so as to enhance the diffusion otea@toms and precipitation of secondary
phases. The degree of strengthening will dependhensystem involved, the volume
fraction and size of the second phase particlesyedsas on their interactions with the

dislocations [103, 104, 105].

Figures 5.20 and 5.21 show the quality index cliartthe five selected heat
treatment conditions for alloys studied at high penature, after stabilization for 200 hours
at the testing temperature (280). In these graphs, the general mechanical behavialifo
alloys appears to be similar for the same heatrivexat temper. It is observed that alloys B2
and D1 have the highest UTS values after T5 heatrtrent when aged at 180°C for 8 hrs.
At high temperature testing after stabilization f200 hrs, all alloys showslight
improvement in their UTS values in the T7-tempeteddition (aging at 240°C for 4 hrs)
compared to the UTS values obtained with T62 andentpers; the highest quality index

in the B-series alloys is achieved by the alloyiBihe T7-tempered condition.

The 220 casting alloys contain three hardening etdsy namely, copper,
magnesium and silicon. The application of an agmegtment to these alloys causes an
entire range of precipitates to form according lie temperature and time applied. The
aging behavior observed when applying aging tentperaat 180°C is related to the

precipitation of the Cu- and Mg-containing phaskse features of these precipitates vary
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according to the aging time applied to the castimghe case of aging at high temperatures,
the strength and aging time relation displays aitnear form. This specific form of the
aging curves is a result of overaging, which ocayssn increasing the aging time for
durations longer than the specified peak-agingdimih respect to each temperature. The
increase in ductility due to overaging of the altmmpensates for the decreased strength in
Equation 1, so that the overall quality does nepldly any significant change within this
range of time. Such a decrease in strength andaserin the ductility of the alloy is related
to the softening which occurs as a result of theraging conditions at which the
equilibrium precipitates form, leading to the loskthe coherency strain between the
precipitates and the matrix. In addition, overagiagults in the continuous growth of the
large precipitates at the expense of the smalles actcording to the Ostwald ripening
phenomenon, ultimately leading to coarser predgstdnaving large inter-particle spacing

and less density in the metal matrix [102].

The quality of these castings, however, will beeefiéd according to the net amount
by which the reduction in strength is balancedh®yihcrease in ductility. The fulfilment of
the objectives of this research relies stronglytl@use of quality index charts as a useful
tool for illustrating, in an accessible way, thengeal behavior of the alloys with respect to

tensile properties as the aging temperatures argstincrease.
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Color-contour maps are 2D vector plots that dispafield of vectors in X, y
coordinates where both direction and magnitudeepeesented. It is a tool that can help to
present the tensile test results obtained in ardifft way, whereby one can observe how the
alloy quality and properties vary with the heatatreent conditions, according to the
change in color and magnitude of the contour regjideach contour line represents a
specific value of the property being considered. aksexample, Figure 5.22 shows the
quality index (Q) color-contour maps for all B aDdalloys tested at (a) room temperature
and at 250°Cafter (b) one hour, and (c) 200 hours stabilizatdr250°C,respectively.
Quality index (Q) values were obtained using Equettil and 2 (described in Chapter 2),

and are plotted as a function of the heat treatm@mditions.

As may be seen from Figure 5.22, the tensile perdoice of the as-cast base alloy
BO is improved after the application of the diffieréeat treatments. With the T5 treatment,
the quality of the alloy decreases with the additad alloying elements to the BO base
alloy. The figure also reveals that alloy B1 shdivs best quality index values after T62
heat treatment, i.e., 443 MPa at room temperafii@,MPa at 1hr/250°C and 280 MPa at
200 hr/250°C, followed by alloy B2 which displaysv@lues of 429 MPa, 253 MPa and

263 MPa at room temperature, 1 hr/26@&and 200 hrs/253C, respectively.
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Figure 5-22: Quality index color contour charts fa the 220 alloys studied, comparing the effect ofdat

treatment condition for tensile tests carried out &(a) room temperature, and at 250 °C after

stabilization for (b) 1 hr, and (c) 200 hrs at 250C.

130



5.5 COMPARISON BETWEEN BASE ALLOY AND OTHER ALLOYS

Figures 5.23 (a-c) through 5.25 (a-c) shows pléta® generated from the UTS,
YS and percent elongation values obtained undéerdiit heat treatment conditions for the
six alloys investigated (BO, B1, B2, DO, D1 and D2fted at room temperature and at high
temperature (250°C) following stabilization for t énd 200 hrs at 250°C, respectively.
TheseAP values were obtained after subtracting the vablésined for the base alloy BO
in each case; thaP values (P = Property) are plotted on the Y-awigh the X-axis
representing the base line for BO in the as-castlition. This approach helps to better
visualize the effects and interactions of the wasi@dditions used and the different heat
treatments appliedAs will be seen from the figures presented subsatyesuchAP plots
instantly show how the various 220 alloys stanchwéspect to the as-cast base (reference)

alloy and the different heat treatment conditions.

As Figure 5.23(a) reveals, the T62-tempered Blyalimvides the highest UTS
value overall. Figure 5.23(b) shows that the XSvalue of D1-T62 is higher than those of
the other alloys and that alloys B1 and D1 extabitost the same values in the T6-treated
condition. As expected, the %BP values in Figure 23(c) for these alloys are nloerer

than those of the BO base alloy, in light of thegh strength.
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Figure 5-23: Variation in (a) AP-UTS, (b)AP-YS and c)AP-%EI as a function of heat treatment

conditionfor the 220 alloys tested at ambient tempature.

The variations in the high temperature tensile prijps with respect to alloy BO
after 1hr stabilization at the testing tempera{@®0°C) are shown in Figure 5.24. It may
be observed from Figure 5.24(a) that the T62-tck&®2 alloy displays the highest UTS
value among all the other alloys and for all heeatiment conditions. The B1, DO, Dland
D2 alloys show UTS levels higher than those shownthe base alloy for most heat
treatment conditions, except in the case of T7 smmwhere all alloys exhibit lower

strengths than the as-cast BO alloy.

With respect to the yield strength, Figure 5.24f@jeals that the B2 and/or D2

alloys show higher YS values compared to the o#tlelys for most conditions with the
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exception of the T62-tempered BO alloy which digpldhe highest yield strengtin
accordance with these observations, Figure 5.2Hojvs that the ductilities of the T62-
tempered alloys are the lowest among all condifibwifowed by the T5-tempered alloys.
Apart from these tow general observations, the ililycvalues of the individual alloys
fluctuate from higher to lower and again to highalues with respect to the as-cast base
alloy. While the T7-tempered BO alloy shows thehieigt ductility, with the B1 and B2
alloys also showing high ductilities, as expectbd, D-series alloys do not follow the same

trend. This may be attributed to their higher Sitemt compared to the B-series alloys.

Figure 5.25 compares the tensile properties oldaioe the B-series and D-series
alloys tested at 250°C after 200 hrs stabilizadbhe testing temperature, relative to the
values obtained for the as-cast BO base alloy resgmted by the X-axis base line. Figure
5.25(a) shows that the highest UTS values are égHiby all alloys in the T5 heat-treated
condition, with alloy B2 exhibiting the highest ingwement relative to the as-cast base
alloy. The values start to decrease with the T&, T&hd T7 conditions, the BO and Bl
alloys showing the highest decrease in UTS, andthalloy showing the least decrease
over these three tempers.

The same trend is observed in the case of yiethgth, where all alloys in the T5
heat-treated condition exhibit the highest YS vsjueith the T5-tempered B2 alloy again
exhibiting the highest improvement relative to #secast base alloy. As in the case of the
UTS values, the YS values also start to decreaethe T6, T62, and T7 conditions, the
variation in YS values for the T6-treated alloysngy within a closer range than that

observed in the case of the UTS values, as magdiefsom Figure 5.25(b).
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Figure 5.25(cshows that the percentage elongation valueslfalloys in the as-
cast and T5-tempered conditions are lower thanahtite as-cast base alloy, which may be
understood in light of the results shown in Figar25(a). The ductility values observed in
the T6, T62 and T7 conditions vary from about @886 for the B-series alloys, while the
D-series alloys exhibit ductility values that liettveen 1 and 4%, depending on the alloy
and heat treatment condition. These ductility valerhibited by the B- and D-series alloys

may be attributed to their low and high silicon o, respectively
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Figure 5-24: Variation in (a) AP-UTS, (b)AP-YS and (c)AP-%El as a function of heat treatment

condition for the 220 alloys tested at 250°C aftet hr stabilization at testing temperature.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

An investigation was carried out of the effectsddferent alloying additions and
heat treatments on the mechanical properties oftyga® Al-2.4%Cu-1.2%Si-0.4%Mg-
0.4%Fe-0.6%Mn alloys at ambient and high tempeeatuBix alloys were investigated,
covering the grain refined (0.15% Ti) base 220yallcoded B0O) and B1 and B2 alloys
comprising BO alloy with 0.15% Zr, 0.2% V and 0.3%cadditions, and 0.15% Zr, 0.2% V,
1% Ni, 0.015%Sr, 0.2% La and 0.2% Cr additionspeetively, and three other alloys
where the silicon content of the 220 alloy was @ased to 8 wt% (coded DO alloy) from
which D1 and D2 alloys were obtained, containing same alloying additions as B1 and
B2 alloys. The heat treatments applied coveredetltmenmonly used in the case of cast
aluminum alloys, namely T5, T6, T62, and T7 treaiteevhich consisted of a single-stage
solution heat treatment (495°C/5h) for T6 and Tihgders, and a multi-stage solution
treatment (495°C/5h + 515°C/2h + 530°C/2h) for T&2 temper, followed by quenching
in warm water, and then artificial aging at 180ICf8r T5, T6 and T62 tempers, and at
240°C/4h for the T7 temper.

From the analysis and discussion of the resultsgmted in Chapters 4 and 5 of this

dissertation, the following conclusions may be draw



6.1 MICROSTRUCTURE
1- The thermal analysis experiments provide evideoicthe solidification sequence i.e.,
the reactions taking place and the correspondirgghformed during solidification under

close-to equilibrium cooling conditions.

2- The 0-Al,Cu, Q-AEMgsSisCuw,, and the Chinese script-like-Al15(Fe,Mn%Si, phases

were identified as the main microstructural constits of the 220 alloy.

3- Three main reactions are detected during the &cktion of the 220 base alloy: (i)
formation of thea-Al dendritic network at 640°C, followed by (ii) eéhprecipitation of the
a-iron Al;s(Fe,Mn}Si; intermetallic phase at 620°C; and then (iii) ;@0 and

AlsMgsSisCu, phases which precipitate simultaneously as thed feaction at 495°C.

4- One more reactions is observed in the B2 alloy with addition of Zr and V,

accompanying the formation of AISITiZrV phases.

5- The addition ofCr (0.2%) in Alloys B2 and D2 helped in reducing thetrimental
effects of the platelet morphology of theron AlsFeSi phase by replacing it with the more
compact and hence less detrimentiahlis(Fe,MnkSi phase with its Chinese script

morphology and sludge particlesAl 15(Fe,Mn,Cr}Si,).

6- The increased Si content (8 wt.%) in the D-sealdoys compared to the B-series alloys
(1.2 wt% Si), resulted in the precipitation of tatectic Al-Si phase in addition to the

iron phase at 57C.
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7- The eutectic Si morphology changed from coarslebflakes to a finer fibrous form
with the addition of 0.02 wt% Sr addition in D2 that led to an enhancement in the
tensile properties; also, the presence of chromado the formation of another version of

thea-Fe phase, commonly known as sludggl ;5(Fe,Mn,Cr}Si,.

8- Three new reactions were observed in the D&/allath the addition of Zr, Cr, Ni, V
and La, corresponding to the formation of AISICualiL AINiSiZrCuFe and

AlFeMnCrSiVNi phases.

9- When the as-cast alloys are subjected to thdi-stap solution treatment — involving
higher solution temperatures and longer duratiansncreased amount of incipient melting

is expected to occur.

10- The D alloys (containing a higher Si contemdwed much smaller porosity/incipient
melting in the as-cast condition compared to thel®ys. The eutectic Si regions which are
dispersed in the matrix of the as-cast DO alloytiwalmost no porosity) undergo the
process of Si particle necking, fragmentation apdesoidization during single stage or
SHT-1 solution heat treatment of the alloy, foll@Mgy coarsening of the spheroidized Si

particles during the extended duration of the rmatkp or SHT-2 solution treatment.

11. With the exception of the Cu-rich Cu4hase, most of the other intermetallic phases

formed in the alloys did not dissolve upon soluti@at treatment.
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6.2 TENSILE PROPERTIES

12. The UTS values improved considerably after sofutieat treatment, resulting from the
dissolution of the Cu-rich phase, with solid saatstrengthening being the main operating

mechanism.

13- The UTS of the as-cast alloy BO improves by %18llowing solution heat treatment
(495°C/5h) compared with other alloys; the T62-tened Bl alloy showed maximum
improvement in the B-series alloys with a UTS of +48 MPa, with the greatest response
to the multi-stage solution heat treatment (495A€E.5°C/2h+530°C /2h), which may be
attributed to the addition of Ti and Zr. In the Brgs alloys, the T62-tempered D1 alloy

displayed the highest improvement, with a UTS of3:3MPa at ambient temperature.

14-The use of the T62 heat treatment allows for maringissolution of the copper phases
in the two stages of solution treatment; such diggm produces the greatest improvement

in both UTS and YS values.

15- At ambient temperature tensile testing, T6 am® treatments provide the best

improvements in both UTS and YS values for allylo

16- After T62 treatment, alloy B1 (containing 0.1%wZr + 0.20wt% V + 0.3wt% Ni)

showed the maximum increase in tensile propemvéh,the UTS and YS values increasing

by ~115 MPa and ~150 MPa, respectively.
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17- The yield strength values improved overallrad@ution treatment; moreover, the yield
strength values followed the same trend as thmatg tensile strength at both ambient and

high temperature testing.

18- Increasing the amount of added elements inededke volume fraction of the
intermetallic phases formed in the alloys whichleeted upon the alloy mechanical

properties and quality.

19- At high temperature testing at 250°C after boar stabilization, the ultimate tensile
strength of the alloy increased with the T6 and Méat treatment conditions, but remained
the same after T5 heat treatment; the highest lWAli&was exhibited by the T62-tempered
B2 alloy with ~195 MPa. All alloys displayed tensg&ength values that are higher than
those exhibited by the base alloy BO in the T7-tereg condition. The lowest ductility
values were observed for the T62-tempered alloyslewall T7-tempered alloys show

maximum ductility.

20- At 250°C, after one hour stabilization, the Bifby showed unchanged UTS and
improved YS values in the T7-treated condition cared to the corresponding strength
values in its as-cast condition; this behaviorppasite to the general trend followed by the
other alloys (BO through D1) which showed a notdeaecrease in their strength values in

the T7-treated condition in comparison to theicast values in each case.

21- At high temperature testing at 250°C after B0Qrs stabilization, the alloy strength
increased after the T5 heat treatment but decreaagbd T6 and T62-tempered conditions;

the alloy B2 showed maximum strength in the T5-terad condition (B-series) with ~ 135
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MPa, followed by the T5-tempered D1 alloy, with ~1d@a. The highest ductility values
were observed in the T6 and T62 conditions whetieasl5-treated alloys exhibited the
lowest ductility values, with the D1 and D2 allogtsowing the same ductility as in the as-

cast condition.

22- Quality charts, color contour maps and plota@fconstructed from the tensile test data
may be used for selecting the appropriate metadlargonditions for tailoring the alloy

properties to those required for a specific appibhca

23- The quality index charts revealed that, for mbtemperature testing, the best alloy
quality for the B-series alloys was provided by Bie alloy in the T62- and T7-tempered
conditions, i.e., ~444 MPa and ~430 MPa, respecti@y the D-series alloys, the highest
Q values were obtained for the T62-tempered Dlyalith ~368 MPa, and the T7-

tempered DO alloy, with ~360 MPa.

24- In the case of high temperature testing, ajtex hour stabilization time at the testing
temperature (253@), the highest Q values were obtained for the {E62pered B2 alloy
and the T6-tempered D2 alloy i.e., ~270MPa and ~2%M®spectively when aged at
18C°C for 8 hrs. After stabilization for 200 hours aettesting temperature (2%0), the
highest quality index in the B-series alloys wasieeed by the alloy Bl in the T7-

tempered condition i.e., ~260MPa.

25- Plots ofAP provided a better visualization of the effectd arteractions of the various

additions used and the different heat treatmentitions. They also revealed at a glance
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how the different 220 alloys stand with respectthie base alloy BO after the various

additions and application of the different heaatmeents commonly used in the case of

aluminum alloys.

6.3 RECOMMENDATIONS FOR FUTURE WORK

The focus of this study was on determining theiteqsoperties of the Al-2%Cu based 220
type alloys. Based on the results obtained in phigect, it would be interesting to extend

the work to investigate:

(1) the effects of the different heat treatment usedther mechanical properties
such as (the hardness, impact, and fatigue prepguf these alloys, and

(i) follow the precipitation behavior of the variousegipitates formed using
transmission electron microscopy, this would enabtieeper understanding of

the role played by these precipitates on the giloperties
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