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CHAPTER 1

DEFINING THE PROBLEM

1.1 INTRODUCTION

Aluminum is one of the most versatile of the comnfoundry metals, with cast
products consuming, as a world average, ~20% ofntieigl. Apart from the light weight,
the special advantages of aluminum alloys for ngstiare their relatively low melting
temperatures, negligible solubility for all gaseseapt hydrogen, and the good surface
finish that is usually achieved with the final pusts. Most alloys also display good
fluidity and compositions can be selected with diibation ranges appropriate to

particular applications.

The first casting alloy used in America was an #¢-&u composition, known as
No. 12 alloy. An Al-10% Cu alloy (No. 122) was uded automotive pistons and cylinder
heads. In 1909, Alfred Wilm discovered that an A%Cu-0.5%Mn alloy would
strengthen by aging, after a quench from an elevemperature. This alloy was called
“Duralumin” and formed the basis for the Al-Cu fdynof alloys used today. The Al-Cu
alloys have excellent mechanical properties; bey thre difficult to cast primarily because
of hot cracking. As the years went by, foundrymescalvered that additions of other
elements, especially silicon, improved alloy casditgb For this reason, cast Al-Cu alloys

have been largely supplanted by cast Al-Cu-Si alSliAlloys [1].



During the past few decades, the automotive ingusis shown a great interest in
aluminum for its applications. Today aluminum is @&ssential material in car
manufacturing and its alloys are actually used ha tomponents of cylinder blocks,
pistons and other engine parts. It is believed thieg of aluminum can replace up to 2 kg
of steel and cast iron in many areas of applicd@pnThe more aluminum alloys are used

in the production of a vehicle, the less the weighthe vehicle is, and the less fuel it will

consume, thereby reducing the amqunt of harmfussions into the atmosphere. Actually,

as an industry, scientific researchmast follow the needs of the designers. So they are
required to be at the same point of thinking witle designers, and to appreciate the
boundary conditions and constraints of their w@kcondly, the casting industry should
have the means and tools to tailor and optimizeoysll for specific
performance/applications. As pointed out aboveeltging alloys for specific processes is
not the norm, although it should be taken into aderstion. Therefore, it is important to
optimize the performance attained from specificcpsses by ensuring that the alloys

processed are optimized to take advantage of thisnoé the particular process.

Today, we have predictive tools that enable usddkvin a much more intelligent
and effective way than in years past. The trial anmdr approach of alloy development is
not only ineffective but also economically unsusédle. Cast components undergo post-
processing operations, such as heat-treatingjretmmplex alloys, the range of elemental
composition may make all the difference during Hesdting. Predictive tools mitigate, if
not prevent, the occurrence of incidences suchagient melting. So it is not only during
the alloy and processing stages that these enatulolg are useful, but also during post-

processing operations.
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For aluminum alloys, the principle alloying elemgrit addition to silicon (Si), are
magnesium (Mg) and copper (Cu). However, most Akllys are not suitable for high
temperature applications because their tensile fague strengths are not as high as
desired in the temperature range 230-350°C, a raftgn observed under service
conditions. Most of the AI-Si cast alloys to datee antended for applications at
temperatures no higher than about 230°C; howewanesinteresting improvements have
been achieved by modifying the composition of taseballoy with the addition of Mn and
Ni, resulting in an increase in strength and ditgtat both room and high temperatures.
Thus, there is a need in the automobile industrydfeveloping a low-cost, high strength
aluminum alloy, exhibiting high wear resistance aadlow coefficient of thermal

expansion, with better tensile and fatigue stremgtiemperatures of 260-370°C.

Iron is traditionally considered as a harmful eleima Al-Si alloys since platelets
of the coarse and brittle lamellgsiron AlsFeSi may be formed as a primary phase, when
the iron content is more than 0.5 wt.% [3]. It aufd that thex-iron Alis(Fe, Mn}Si,
phase can be formed, instead, if both Fe and Madded under certain solidification rates
[4]. Due to its Chinese script morphology, a certamount of suclu-Fe phase particles
indeed improve the tensile strength and retarceittension of micro-cracks during tensile

testing [3].

Zirconium has a low solubility in aluminum, and prdmall additions of Zr are
therefore necessary to form dispersoids. In maloyslhowever, AlZr is heterogeneously
distributed, and in the areas where the numberityesisdispersoids is low, the alloy will
be prone to recrystallization [5]. The additiontnsition elements such as Ni and Cu is

considered to be an effective way to improve thghhemperature strength of cast Al-Si



alloys in as-cast and solution-treated condititmeugh the formation of stable aluminides.
Copper and magnesium as alloying elements are affded to improve alloy strength at

room temperature as well as at higher temperafétes

Hypoeutectic Al-Si-Cu-Mg alloys exhibit three madalidification reactions during
the solidification process, starting with the fotma of a-Al dendrites followed by the
development of two main eutectic phases; eutediimos and secondarg-(Al, Si, Fe)
phase. The presence of alloying and impurity elésneanch as Cu, Mg, Mn, Fe leads to
more complex constituents, including intermetafiitases, that may be characterized by

metallographic techniques [7].

Heat-treatment is of major importance since it @nmonly used to alter the
mechanical properties of cast aluminum alloys. Hesdtment improves the strength of
aluminum alloys through a process known as pretipit hardening, which occurs during
the heating and cooling of an aluminum alloy, amdvhich precipitates are formed in the
aluminum matrix. The improvement in the mechanprabperties of Al alloys as a result of
heat treatment depends upon the change in solubilithe alloying constituents with

temperature [8].

A comprehensive study was carried out to invesiglae effect of additions of Zr,
Ni, Mn and Sc on the microstructure and tensilgprboes of Al-Si-Cu-Mg 354 type alloys
at ambient and high temperatures. Generally, theharécal properties and microstructure
of aluminum cast alloys are dependent on the corm@osthe melt treatment conditions,
the solidification rate, the casting process arel dpplied thermal treatment. All these

parameters were investigated in this study anddbelts obtained were analyzed in terms



of their effect on the microstructures and, hewrethe mechanical properties obtained for

the 354 alloys.

1.2 OBJECTIVES

The current study was carried out to analyze tHecefof Ni, Mn, Zr and Sc
additions on the strength of cast aluminum allo$ 84l-9%Si-1.8%Cu-0.5%Mg), as well
as the effect of only Zr and Sc additions on tmergjth of cast aluminum alloy 398 (Al-
16%Si), at room and high temperatures for diffefeoiding times. The latter alloy was
examined solely for the purpose of comparing hoe pmoperties of the 354 alloys
investigated in this study stand with respect 388 alloy, an alloy developed by NASA

and reported to give superior high temperature gntags [9].

The evolution of the microstructural features witie addition of the above alloying
elements and their consequent effect on the mecdlgmioperties were investigated. Based

on this approach, the principal objectives of 8tigly cover the following.

I.  Examining the main microstructural features obsgrvethe alloys, such as phases,
intermetallics, and precipitates, together withirthdentifying characteristics and

evolution during controlled exposure at differegmperatures and times.

II.  Determining the room temperature tensile propertéshe alloys subjected to

different aging conditions (temperature and time).

[ll.  Obtaining the high temperature tensile propertyeslat different temperatures for

selected alloys or conditions based on the roonpégature tensile testing results.



IV. Correlating the results obtained from the room terafure and high temperature
tensile tests with the principal microstructuradtiges observed in the corresponding
alloy samples, in order to analyze and understhadrajor parameters involved in

the strengthening of alloy 354 at high temperatures

V. Determining the effect of Zr and Sc as alloyingnedet additions on the mechanical
properties of high-strength cast aluminum alloy 88816%Si) and comparing the

properties obtained with those of 354 aluminumyallo

1.3 THESIS LAYOUT

The structure of this thesis is presented in fikapters. Chapter 1 introduces the
research study which was carried out and defire®bjectives. Chapter 2 presents the
literature review about the topic of this thesidha@ter 3 describes the experimental
procedures and testing methods which were employdte given research. Details of the
microstructural examination of the alloys investegh identification and qualitative and
quantitative analyses are provided in Chapter dap@r 5 presents the room and high-
temperature mechanical properties of the alloy fHsults are discussed and analyzed in
terms of the microstructural data presented in @hrafp. Chapter 6 presents conclusions,

followed by recommendations for future work. A lidtreferences is provided at the end.
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CHAPTER 2

LITERATURE SURVEY

2.1 INTRODUCTION

It is known that aluminum alloys are developed watlowance for the effect of
each alloying element on the phase composition sinecture from the standpoint of
obtaining the desired result, for example, raighmg alloy strength or ductility or its high-
temperature performance. The alloying is used faoviding the maximum possible
number of structural mechanisms that can causeaedse in the requisite properties. The
efficiency of alloying additions depends on the ifpdg and refining actions of the
alloying elements. A special feature of the allgyprocess is the possibility of formation
of new phases with a complex compaosition, which iolaence the strength and ductility

characteristics.

2.2 ALUMINUM CAST ALLOYS

Aluminum casting alloys find wide use in severalplagations employed in
automotive, aerospace and other transportationsinda [10-12]. Aluminum alloys have
about one-third of the density and modulus of elagtof steels, high thermal and
electrical conductivity, high corrosion resistarj¢8], high friction coefficient, excellent
formability, low melting point, high magnetic neality, and the possibility for a wide
range of possible surface treatments [14,15]. Tiwreasing demand for the use of

aluminum alloys is related not only to their medhah performance, economical



efficiency and environmental advantages, but atsahe fact that these alloys offer
advantageous safety features since the abilityushiaum to absorb the energy of impact

in case of an accident is twice that of steel fiersame weight.

The continuous and steady growth of aluminum allesage in industrial
applications is directly related to the need fdiirig advantage of such specific assets as a
high strength-to-weight ratio, and by so doing nbhvace mechanical performance and to

lessen energy consumption [16-18].

Aluminum alloys are classed into two groups, wrdughoys and cast alloys.
Furthermore, depending on whether they containdmang) elements such as magnesium
and copper, they are further distinguished as treatable or non-heat treatable alloys.
Heat-treatable alloys are those whose strengthpsaved after subjecting the alloy to heat
treatment; whereas non-heat treatable alloys asagthened through mechanical working
or deformation, the strengthening process in the tases being termed ‘precipitation

hardening’ and ‘work hardening’, respectively.

The cast alloy designation system is based on @i8plus decimal designation
xxx.x (i.e. 356.0). The first digit{xx.x) indicates the principal alloying element winitas
been added to the aluminum alloy (see Table 2).SBowend and third digits XX .x) are
arbitrary numbers given to identify a specific glia the series. The number following the
decimal point indicates whether the alloy is aiogs{.0) or an ingot (.1 or .2). A capital

letter prefix indicates a modification to a speciloy [19].

10



Table 2.1Cast aluminum alloy designation [19].

Alloy Series Principal alloying elements
Ixx.x Commercially pure aluminum >99 % purity (nloeat treatable
2XX.X Copper (heat treatable)
3XX.X Silicon plus Copper and/or Magnesium
4XX.X Silicon (non-heat treatable)
5Xxx.X Magnesium (non-heat treatable)
6XX.X Unused Series
TXX.X Zinc (heat treatable)
8Xxx.X Tin
OXX.X Other elements

2.3 ALUMINUM-SILICON CAST ALLOYS

Among the most commonly used cast aluminum allogstlaose belonging to the
Al-Si system. Due to their mechanical propertiescedlent castability and corrosion
resistance, these alloys are primarily used inregeging and in the automotive industry.
Cast Al-Si alloys are divided into three categaribéypoeutectic alloys, with a Si
concentration from 4 to 10 mass%, near-eutectmysalith a Si concentration of 10-13

mass%, and hypereutectic alloys with a Si conceatraf 17-26 mass %.

The eutectic—silicon morphology also has a conalder influence on the
mechanical properties of these alloys. Aciculampsgitheutectic silicon particles normally
observed in the as-cast alloy can be modifieddiis or spherical ones by the addition of
chemical modifiers such as strontium (Sr), sodilda)(or antimony (Sb), in order to
improve the alloy ductility and strength. Heat treant, or thermal modification, can also

change the eutectic silicon morphology [20, 21].
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Binary cast aluminum-silicon alloys used in indigdtpractice contain silicon in a
concentration close to the eutectic (10-13 massyo TBiese alloys have optimum cast
properties due to eutectic crystallization at astant temperature, which improves the
castability of the molten metal and thus reduces ftbrmation of shrinkage to
approximately 1.15% during the casting processc@ilhas a beneficial influence in that
it reduces the melting temperature of the alumirallby and improves its fluidity and
promotes the formation of strengthening precipgdteough the expected reaction of Si
and Mg present in solid solution to form &g [22]. The higher tensile strength can also
be attributed to the presence of spheroidized ghastiof Si that provide substantial

dispersion hardening [23].
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Figure 2.1 The binary equilibrium phase diagram of the Aoy system.

12



In spite of these advantages, however, Al-Si allrgslimited to applications which
can work up to temperatures of ~250 °C [6] as alibie temperature, the alloys lose
coherency between the aluminum solid solution matnid the precipitated particles which
will then rapidly coarsen and dissolve again irfte solid solution, resulting in an alloy

having an undesirable microstructure for high terajpee applications [24].

2.3.1 Role of alloying elements in Al-Si alloys

Copper and magnesium are the main alloying elensaded to Al-Si cast alloys
for use in industrial applications. Addition of Hgeelements increases the alloy strength
after aging because of the precipitation of diffedeardening phases such6agAl.Cu), S
(Al,CuMg) andp” (Mg.Si) [25]. The Mg content of commercial 354 allognges from
0.4 to 0.7 wt%. The addition of Mg results in tleeniation of the Q-AMQgsSisCw, phase
which grows from the blocky ACu phase during the last stage of solidificatiohe T
coarseness of the Q phase increases with increlgrgpntent [26]. In applications where
ductility is not the most important factor in maaéerselection, adding Cu to these alloys
has the distinct advantage of increased strengthigit temperatures. However, the
addition of Cu also decreases the solidus eutdetigperatures of the alloy, thereby
increasing the solidification range of the allogsulting in a tendency to develop porosity

and hot cracking [27].

2.3.1.1 Al-Si-Cu alloys

Adding copper to an Al-Si alloy increases its sfithnand facilitates precipitation
hardening but it reduces ductility and corrosiosis&nce [28]. When the Cu content is
above its solubility in Al, the precipitation ofd@tsecond phas® (Al,Cu) also contributes

to the strengthening effect. During solution treain copper dissolves rapidly into the
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aluminum matrix despite the short duration employbi$ element is critical in facilitating

age hardening, particularly when Mg and Si are pitegent [29].

In an Al-Cu alloy, upon appropriate heat treatmengé Cu atoms progressively
cluster together to form very small particles whegparate out within the matrix grains of
the alloy; this process is called precipitation][3the strengthening effect of Cu in Al-Si
alloys is linked to the precipitation of the secandeutectic phases of intermetallic,BU
or AlsCwpMgsSis that form upon aging during the T6 heat treatmeht.solution
temperature that exceeds the solidus temperaturénagbient melting leads to the
occurrence of incipient melting of the Cu-rich pgmswhich would deteriorate the

mechanical properties of these alloys [31, 32].

The alloy is initially in a state far from equiliom and, given sufficient time at the
applied temperature, diffusion of atoms occurs msgively to transform the metallurgical
structure towards the equilibrium state. The préailon process creates precipitate
particles that usually provide an appreciable tande to plastic deformation by slip.
Hence, as precipitation progresses and the sizeaarmdint of precipitates increases, the
alloy hardens and strengthens with time. The frécjpitation occurs only when the alloy

is artificially aged at temperatures below the aslof the Guinier Preston 1 (or GP1) zone.

Many steps in this process may be covered up bygagj temperatures above the
Guinier Preston zone8, and6", simultaneously with the solvus line of the seaphase
[33, 34]. The primary hardening at 180 °C is adtte@GP1 zones. After attaining a critical
radius of 5 nm, an incubation time starts, durimgubation period the size of the zone and

the value of hardness remains unchanged [35, 36].
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Figure 2.2 Diagram representing precipitation stages witimggjime [37].

A content of approximately 1% of copper provide®djanechanical properties at
high temperature, without significantly affectingetelongation at room temperature [38].
The addition of transition elements such as Cudditon to Ni is considered to be
effective for increasing the room and the high temfure strength of cast Al-Si alloys by
forming stable aluminides [39]. As with the as-camtdition, ductility for alloys aged to a

T6 temper decreases gradually as the Cu conteaisisd [22].

2.3.1.2 Al-Si-Mg alloys

Al-Si-Mg alloys are also of great interest in thenisportation field due to their high
specific strength and good castability. Magnesiuovigdes substantial strengthening and
improvement of the work-hardening characteristit@laminum. It has a relatively high
solubility in solid aluminum, and has a major impae strengthening while decreasing the
ductility, as reported by Caceres et al. [40]. émeral, corrosion resistance and weldability

are also good [41].

When present in combination with Cu and/or Si, Bl@lso a very efficient alloying

addition for strengthening aluminum alloys. Evenanamounts of Mg can have a
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profound effect on age hardening [22]. Tavitas-Medr et al. [42] have reported that
additions of 0.4 wt% Mg increase the response efdhoy to artificial aging, thereby
increasing the tensile strength and micro-hardnedses achievable, however, at the

expense of reduced elongation and impact toughness.

Magnesium is added to Al-Si alloys to make themt tremtable whereby, through
the formation of MgSi precipitates upon aging, the alloy strength risreased via
precipitation hardening. The microstructure of astchypoeutectic aluminum alloys,
however, contains coarse primaayAl dendrites and acicular shaped eutectic silicon
particles, which reduce the mechanical propert&3, [44]. With heat treatment, the

mechanical properties of Al-Si-Mg alloys can be royed noticeably.

The mechanical properties of heat-treatable caSiAllg alloys, such as the A356
alloy, are negatively affected by prolonged expesat high temperatures [45, 46]. A
significant reduction in hardness and tensile gfite@lready occurs at temperatures equal
to or higher than 200 °C, thus limiting the appiica of these alloys in the case of

automotive and other engine components.

With the aim of overcoming these limits and ensgiensuperior thermal stability,
Al-Si-Cu-Mg alloys are currently under extensivadst [8, 47-49]. In particular, the alloys
being developed are expected to have superior #iestability in comparison to the
widely used A356 and A357 (Al-Si-Mg) casting allpyhanks to the presence of more
stable Cu-based intermetallic precipitates, asmksgein Al-Mg-Si-Cu alloys [50]. Al-Si-
Mg and Al-Si-Cu alloys are characterized, respetyivby the strengthening phasesJ8ig
and ALCu, whose precipitation sequences were studied-M@Si and Al-Cu alloys [51-

55]. These sequences respectively occur as:
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o (SSS)>GP zones> p— B/B — P in Al-Mg-Si alloys, and
o (SSSY>GP zones> 6 — 06 — 0 in Al-Cu alloys,

whereB ,p’, B’ and 6, 6" are the intermediate coherent/semi-coherent pittées, while}

ando6 are the stable incoherent phases.

In quaternary Al-Si-Cu-Mg alloys, the presence ofhbCu and Mg induces the
formation of further reinforcing compounds, suchths S phase, characterized by the

stoichiometry AJCuMg, according to the following precipitation segae [56, 57]:
o (SSSY>GPB zones>» S— S— S

After the decomposition of the supersaturated seltution (SSS), the formation of
Guinier—Preston—Bagaryatsky (GPB) zones occurépwed by the precipitation of the
coherent § semi-coherent 'S, and incoherent equilibrium S phase. The quatgrga

phase (AICuMgSi) was also observed in Al-Cu-Mg-Byes, characterized by a complex

precipitation sequence, depending on alloy comjos[68, 59], which may be expressed

by:
@ (SSS}»QP— QC—» Q— Q

where QP, QC and Q’ are the precursors of theest@igphase. The Cu-containing phases
should confer to the quaternary AI-Si-Cu-Mg allogs superior thermal stability in
comparison to the more widely used Al-Si-Mg allolgsading to a better response of the

T6 heat-treated alloys to high temperature expo@ue overaging) [50].
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2.4 EFFECT OF ALLOYING ELEMENTS ON AI-Si ALLOYS

Alloying elements are usually added to Al-Si cakbya in order to improve
microstructure features and thus improve mechanmalperties. Nickel (Ni) and
Zirconium (Zr) are used as alloying additions ter@ase high temperature strength in
aluminum alloys due to the production of the-tylpe precipitates AZr or AlsNi, which
are more able to maintain overaging at higher teaipees than the precipitates existing in
cast aluminum alloys such as,8l and MgSi [60]. Manganese (Mn) is used to neutralize
the effect of iron (Fe) and to modify the morpholognd type of intermetallic phases
formed. Scandium (Sc) in aluminum alloys acts agféective grain refiner and increases

the recrystallization temperature, the corrosi@istance, and weldability.

2.4.1 Zirconium (Zr)

Zirconium is added to aluminum to form fine pretapes of intermetallic particles
that inhibit recrystallizatiorj6]. For alloys with zirconium additions, a non-recryistad
structure can be obtained after heat treatmenthwprovides a high level of structural
hardening for a wider range of semi-products thanthie case of aluminum alloys
containing manganese (Mn). These products inclirtigally all pressed and rolled plates,
stampings, forgings, and some cold-deformed sepudymts (sheets) obtained from Al-Zn-
Mg and Al-Zn-Mg-Cu alloys, which require a lowerntperature of heating for hardening

(450°-470°C) than Al-Cu alloys.
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Zirconium is usually present in aluminum alloysaim amount ranging from 0.1 to
0.25%. Segregations of the ;& phase particles formed are finer than those of M
aluminides (10-100 nm in size) [61]. However, tlife@ of precipitation hardening due to
segregation of the AZr phase is not high because of the low conter#rah the alloys
similar to the case of the Mn aluminides, althougk effect of the finer zirconium
aluminide segregates on the process of recrysiihiz in deformed semi-products and,
accordingly, on their grain structure, is consitdyastronger [5]. Additionally, it has been
shown that Zr increases the resistance to overagnan it is added tbinary Al-Scalloys

[62].

2.4.2 Nickel (Ni)

Cast Al-Si alloys usually contain alloying compotgesuch as magnesium, copper,
nickel, etc. which are widely used in the autom®iivdustry in piston applications [63,64].
These additions form intermetallic phases with clexpmorphologies and complex
compositions. Nickel is added to Al-Cu and Al-Sogé to improve hardness and strength
at elevated temperatures and to reduce the cazftiof thermal expansion, as there is an
increasing demand for Al-Si cast alloys with betperformance concerning yield and
tensile strength at elevated temperatures up td@4965]. In fact, the addition of alloying
elements such as Cu and Ni is an effective andtipghavay to improve the mechanical
properties, especially in relation to the perforognf piston alloys which are subjected to

high temperature service conditions [66].
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The advantages of adding Ni and Zr to Al-Si allays that their precipitates (i

and AkZr) possess the following important characteristics

* They are coherent;
e Possess low solubility;
» Directly affect the strength of the material be@atlsey act as hard pinning points

which inhibit the movement of dislocations in thatnx.

2.4.3 Manganese (Mn)

Manganese is very soluble in aluminum; when the isashilled, most of the added
manganese is substantially retained in solutiomciteases the strength of the alloy either
in solid solution or as a finely precipitated imtallic phase by modifying the
morphology of the intermetallic phases which amenked after heat treatment of the given
alloy. As reported by Seifeddine et al. [67], ishrep adverse effect on corrosion resistance.
Manganese combines with Fe in the alloy forming sbept-like a-iron phase which is
more compact and less detrimental to the mechapicgderties [68]. Hwang et al. [69]
have reported that as the Mn content is increagetb0.65 wt% corresponding to an
Fe/Mn ratio of 1.2 in the Al-7wt.% Si-3.8 wt.% Cus0wt.% Fe alloy, the plate-likp-
AlsFeSi iron intermetallic phase is completely corme@rito the Chinese scripi-
Al(Fe,Mn)Si iron phase, resulting in improved téagroperties. Excess amounts of Mn,
however, deteriorate the mechanical propertiesngyeasing the total amount of iron-

containing intermetallic phases formed.
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2.4.4 Scandium (Sc)

Al-Sc alloys have excellent mechanical propertigs ambient and elevated
temperatures due to the presence of a high deasitiigh as 1022 1) of elastically-hard
L1, type AkLSc precipitates which remain coherent with thél matrix at elevated
temperatures [70, 71]. Krug [72], and Seidman amslazkers [73, 74] have reported that
the AkSc precipitates coarsen slowly up to ~ZD0imparting good creep resistance in
coarse-grained cast alloys. The low lattice paramatismatch of Al and ABc also
contributes to the high creep resistance of Al-8oys. The good interfacial strength
between the AlSc precipitates and the aluminium matrix creatsigmificant lattice strain,
which blocks dislocation motion and prevents ggiowth [75]. Furthermore, the thermal
stability of the A}Sc precipitates suppresses recrystallization [fifl]laads to a significant
strengthening effect. Although Al-Sc alloys app&aite very promising alloys for high

temperature applications, their application is fediby the high cost and availability of Sc.

A possible solution to this problem would be to iegb solid solution
strengthening using substitute alloying additidmet tare similar in nature to Sc, to reduce
the Sc content without lowering the properties. #ieg [77], and Dunand and coworkers
[78-82] showed that ternary additions to Al-Sc ydlamprove mechanical properties by
solid solution strengthening as in the case of Migby substituting for Sc in Abc

precipitates as in the cases of Ti and Zr.

Scandium (Sc) addition to Al alloys results in astcgrain size refinement, an
increase in mechanical properties and improveménweddability [83]. It acts as an
effective grain refiner and increases the recrijstdion temperature so that it does not

form any second phase intermetallic compounds wiitier alloying elements such as Fe,
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Mg, Mn and Si [84]. While the addition of Sc to alloys is more effective in improving
resistance to recrystallization than Zr [8kje to the formation of a high density of;8¢
particles, the addition of both Sc and Zr produdégSc,Zr) particles which are more
stable than the ABc dispersoids, thus increasing the resistancectystallization [86,87];
however, Sc is too expensive to be extensively us@idustry [88], so cheaper rare-earth

element additions are being studied to replace it.

2.4.5 Strontium (Sr)

As mentioned previously, the eutectic silicon mailplgy has a considerable
influence on the mechanical properties of Al-Siduhalloys. The tips of the needle-like
eutectic silicon particles in an unmodified Al-Siog act as stress raisers which are
harmful to the mechanical properties. Acicular-ghautectic silicon particles normally
observed in the as-cast alloy can be modifieddimiis or spherical ones by the addition of
chemical modifiers. The most common element usethdastry today is strontium (Sr)
[89], which is added in the form of Al-Sr masteroglito Al-Si alloy melts in order to
change or ‘modify’ the morphology of the eutectiicen particles from their normally
brittle, acicular form to a fibrous form during ®bfication. Both Sr addition and
solidification rate have a strong influence on thecrostructure. The change in
morphology from acicular to fibrous form resultsimproving the ductility of the alloy as
well as its strength. [90]. According to Merlin an@aragnani [91], one of the
disadvantages of modification, however, is thatatidition of strontium to the alloy could

increase the hydrogen content and, as a resulprésence of gas porosities.
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2.4.6 Titanium (Ti)

It is common practice to add Ti to Al-Si foundryogis because of its potential
grain refining effect [92]. Sigworth and Kuhn [9Bave reported that the grain refining
effect of titanium is enhanced if boron is presenthe melt or if the Ti is added in the
form of an Al-Ti-B master alloy containing borondatitanium, largely combined as TiB
which act as excellent nuclei for theAl phase. Titanium diboride has almost no soltpili
in liquid aluminum; thus, TiBparticles produce good refinement at small additevels.
The refinement is also long lasting, when the plasiare not allowed to sediment from the

melt.

2.5 HEAT TREATMENT OF AI-Si-Cu-Mg ALLOYS

Heat treatment is a controlled process used to fydtie microstructure of
materials such as alloys to obtain improved praogesvhich benefit the working life of a
component, such as increased surface hardnessgerme resistance, ductility and
strength. There are various types of heat treatptesses, the main among them being
annealing, solution heat treatment, and age hardemnnealing is basically a stress
relieving process in which a material is heated sg&mperature above its recrystallization
temperature, and then it is maintained at a swtabperature, followed by cooling.
Solution heat treatment is the process of heatiegntetal well above the upper critical
temperature and then quenching it in a medium ssgloil or water. After solution
treatment and quenching, hardening is achieveéresthroom temperature (natural ageing)

or with a precipitation heat treatment (artificzgeing).
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Heat treatment may be applied to Al-Si alloys foe purpose of improving their
mechanical properties through a number of micrositral changes which take place as a
function of the applied heat treatment parametees,temperature and time. The most
prevalent heat treatment for industrial applicagi@the T6-treatment [94]. This technique
involves three stages: solution heat treatment)chiag, and aging. These are discussed in

the following subsections.

Solution heat treatment (SHT)

/ Quench
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Figure 2.3 Schematic of the T6 heat treatment process.

2.5.1 Solution Heat Treatment

Solution heat treating is a process used to maxinte dissolution of alloying
elements particularly strengthening elements sigcM@ and Cu in solid solution to take
advantage of precipitation hardening during subsetguaging treatment. The process
consists of soaking the alloy at a sufficiently higmperature for a time long enough to

achieve a nearly homogeneous solid solution. Ehtgeét al. [95] have reported that the

24



purpose of the solution heat treatment is to digssbluble phases formed during and after

solidification so the alloying elements are homaogeah.

The solution treatment process needs to be optarbeeause too short a solution
treatment time means that not all alloying elemexdded will be dissolved and made
available for precipitation hardening, while tomdpa solution treatment means using more

energy than is necessary.

Solution treatment is carried out at a high temipeea close to the solidus
temperature of the alloy. Sjolander and Seifed{®t have reported that cast Al-Si-Mg
alloys are solution treated at 540°C, while allogataining copper are solution treated at a
lower temperature due to the risk of local or immip melting of Cu-containing phases.
The solution temperature of Al-Si-Cu-Mg alloys s restricted to 495°C, to avoid such
incipient melting of the copper-rich AZu phase [63]. The solution treatment time must be
long enough to homogenize the alloy and to enswa&tiafactory degree of precipitates in
solution [96]. In alloys containing high levels @dpper, complete dissolution of the;&l
phase is not usually possible. The solution timestrnthen be chosen carefully to allow for
the maximum dissolution of this phase, also keemngind that solution treatment for
long times would be expensive and may not be nacgds obtain the required alloy
strength. Moreover, the coarsening of the micrastmal constituents and the possible
formation of secondary porositiue to long time exposure at such temperatures @sb

have a harmful effect on the mechanical propef@eés
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Figure 2.4 Schematic phase diagram of a heat-treatable akmyying temperature ranges

for solutionizing and for aging and showing amooin$olute precipitated during aging [98].
During the solution heat treatment, the eutecticai particles undergo changes in
size and shape through a process of fragmentatioih déssolution; these fragmented
segments begin to spheroidize, thus reducing ttegss concentration and preventing

cracks from propagating in the matrix [47].

2.5.2 Quenching

After an alloy has been heated to a specified teatpe, it is “quenched” or
cooled rapidly, which “freezes” the alloying elentethat were put in solid solution during
solution treatment. The objective of quenchingoigpteserve the solid solution formed at
the solution heat-treating temperature, by rapidbpling to some lower temperature,
usually near room temperature. The castings areaipeel by rapid cooling to lower
temperatures in water, oil, ambient air, or anyeotsuitable quenching medium. In most
instances, to avoid those types of precipitatioat tare detrimental to mechanical
properties or to corrosion resistance, the quemgchinst be carried out rapidly enough
without any interruption to produce supersaturaeldition at room temperature. Because

of a high level of supersaturation and a high difia rate for most Al-Si casting alloys at
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temperatures between 450 °C and 200 °C, the queaehis critical as, since the
precipitates form rapidly, however, such problemshe formation of residual stresses and
distortions of the castings which might accompanyegy fast quenching rate need to be
avoided [14]. At higher temperatures the superasitr is too low and at lower
temperatures the diffusion rate is too low for pp#ation to be critical. The limiting
quench rate is ~4°C/s, above which the yield strengtreases slowly with further
increase in quench rate [97]. Quenching rate alas h great influence on the
microstructure and properties of super high sttergfuminum alloy, influencing the
ultimate tensile strength and yield strength. Watldecrease in the quenching rate, the

strength of the samples decreases [99].

2.5.3 Age Hardening Treatment

Age hardening or precipitation hardening is a psscé¢hat follows solution
treatment and quenching where the castings arecel) to a specified temperature for a
certain period of time. The age hardening occurenvtastings are exposed to a certain
temperature that allows the trapped alloying elasyendiffuse through the microstructure
and form intermetallic precipitates; these preeijgis nucleate out of the solid solution and

act as reinforcing phases.

Aging, for example, at 100°C — 260°C is calledfaitil aging because the alloy is
heated to produce precipitation. Using a lower gdgemperature provides properties that
are more uniform. When heat-treated alloys are agetbom temperature it is called
natural aging. The rate and amount of natural agiages from one alloy to another.
Properties of the alloys depend on the aging teatper and time. Typically, the hardness

and strength of the alloy increases initially wittne and the precipitate particle size until
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it reaches the peak aging point, where maximunngtheis obtained. With further aging,
the strength and hardness decrease, or softenirigeoélloy occurs, corresponding to

overaging conditions.

Cuniberti et al. [100] investigated the influendenatural aging on precipitation
hardening of an Al-Mg-Si alloy by mechanical tegtiand quantitative transmission
electron microscopy. They found that natural agimgyeases yield stress and reduces
ductility, which is attributed to the formation dg/Si clusters, as was also confirmed by
Mohamed and Samuel [97] in the review on the hesttinent of Al-Si-Cu/Mg casting
alloys, in which the precipitation of Mg-rich phaseas reported to depend on the Mg-to-

Si ratio.

Wang and Jones [101] developed a non-isothermabgagrrocess based on
precipitation strengthening, computational thermmadgic and kinetics. The aging
temperature varies with time so that the nucleatgpawth and coarsening of precipitates
can be controlled and optimized. With the non-isatial aging scheme, the desired yield
strength of aluminum alloys can be achieved withimal time and energy. Table 2.2 lists
the most common heat treatment designations teatised to produce desired features of

aluminum alloys.
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Table 2.2Common aluminum heat treatment designations [14].
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T7: Solution heat treated and stabilized

solution heat treatment to carry them beyond
point of maximum strength to provide control
some special characteristics.

It is agpte products that are stabilized af

ter
the
of

2.6 MICROSTRUCTURE OF Al-S

I—Cu—Mg ALLOYS

In cast aluminium-silicon alloys the primary silic@rystals are precipitated as

individual faceted equiaxed crystals. The Si ciylsttiice is A4, cubic, of diamond type.

Each atom is bonded with four others with covaleomds, forming a tetrahedron. Eight

tetrahedrons form one elementary cell of A4 lajtizee centered, with four additional

atoms from the center of each tetrahedron. Whemrrobd in polished sections, they

appear in a multiplicity of shapes, suggesting plossible existence of a number of

different growth mechanisms [102].
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In hypoeutectic Al-Si alloys, the primary phase tthpecipitates is thex-Al
dendritic phase, followed by the Al-Si eutectic,esas in hypereutectic alloys, primary Si
is the first phase to precipitate and appearsenfahm of polygonal particles, followed by
the a-Al phase and the Al-Si eutectic. To improve thechamical properties, the primary
Si phase is normally refined using Cu-8% P madtey,avhich forms AIP particles in the
melt which act as nuclei for the precipitation loé orimary Si, bringing about a refinement

similar to that obtained with TiBor TiAl; used for grain refining of the-Al grains.

The size and morphology of the eutectic silicorAlfSi alloys are also important
parameters that influence the mechanical properlfibs eutectic silicon precipitates as
coarse acicular plates which act as internal strasers leading to a lowering in the
mechanical properties, particularly ductility. Ectie modification is a common process
performed in Al-Si based foundry alloys primarilg tmprove mechanical properties,
particularly tensile elongation, by promoting austural refinement of the brittle eutectic
Si phase by adding certain minor alloying elementsh as sodium (Na) or strontium (Sr),
upon which the eutectic Si undergoes a morpholbgieasition from its brittle, acicular

plate-like form to a fine fibrous form.
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Figure 2.5Comparison of the silicon morphology in: (a) uniified and (b) Sr-modified (300 ppm
Sr), near-eutectic aluminum-silicon alloys [103].

In Al-Si—Cu—Mg alloys, Cu and Mg are present agCAl and MgSi respectively
or as complex precipitates with the other elementke alloy. Previous studies [8,68,104]
have shown that beside thgAl,Cu) andp (Mg.Si) phases, there are other phases which
exist in these alloys after aging, such as S (@4§) and Q (AtCw,MgsSis) phases. For
such alloys, the temperature for solution treatmentisually limited to about 500 °C
because higher temperatures lead to incipient mgetif the copper-rich phases, lowering
the mechanical properties of the casting [30].

Asghar and coworkers [105,106] have reported ttding Ni to Al-Si alloys forms
nickel aluminides (AINi) and (AbFeNi) in the presence of iron. Copper combines With
forming different types of Cu—Ni aluminides such AgCuNi, Al;CwNi, which are
thermally stable and cannot be dissolved duringtiwoi treatment [107]. Mohamed et al.
[8] concluded that additions of Ni and Zr to 354owlresult in the formation of high
volume fractions of intermetallics such aszMICu and AbFeNi, and (Al,Si)(Zr,Ti)

respectively.
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Manganese (Mn) is always present in aluminum allétyss added to control the
morphology of the iron precipitates that form dgrigolidification. Iron is traditionally
considered as a harmful element in Al-Si alloygasiocoarse and brittle-AlsFeSi crystals
may be formed as a primary phase when the Fe dasterore than 0.5 wt. % [3]. During
the solidification of Al-Si—Cu—-Mg alloys, th@-AlsFeSi phase is formed which is
detrimental to the mechanical properties. Mn addgiare used to transform the harmful

iron intermetallic3 phase to the less detrimental chinese sariph;s(Fe,Mn}Si, phase.

T A
| e/ AN {7 )

Figure 2.6a-Fe and3-Fe intermetallic phases precipitated in Al 354yl

2.7 MECHANICAL PROPERTIES OF AI-Si ALLOYS

The engineering tension test is widely used to iplbasic design information on
the strength of materials and as an acceptancéoteste specification of materials. In the
tension test, a specimen is subjected to a coriynnareasing uniaxial tensile force while

simultaneous observations are made of the elongafithe specimen.

In tensile testing, a graph is drawn between loadsus elongation which is
converted after that into a stress-strain curveypgical engineering stress-strain curve is

shown in Figure 2.7. The shape and the magnitudkeostress-strain curve of a material
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depends on its composition, solidification rate,athéreatment, strain rate, testing

temperature and the state of stress imposed dthangesting. The parameters which are
used to describe the tensile properties from asstsgain curve are the ultimate tensile

strength (UTS), 0.2% offset yield stress (YS), patcelongation (%EIl) and reduction of

area.

Actual Rupture Strength —\‘
U — Ultimate Strength —\

/\

R Rupture Strength —

=

Slress, o

‘1" Yield Point

e E — Elastic Limit

P — Proportional Limit

W

0 Strain, =
Figure 2.7 Stress-strain curve.

Tensile testing may be carried out at room tentpegaor at high temperatures.

Elevated temperature tensile testing is a religiteess used to evaluate the behavior of
materials when subjected to a combination of higathand tension. High temperature
testing is performed routinely in many industries dssessing high performance aluminum

casting alloys and other materials that are exptsddgh temperatures while in service,

such as the engine components in a vehicle.
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2.7.1 Effect of additives on high temperature mechanicgbroperties of Al-Si-
Cu-Mg alloys
The replacement of aluminum atoms with other afigyelements leads to the
deformation or distortion of the lattice, such thia¢ deformation increases at a higher
alloying percentage. With the addition of more s®latoms, these distortions inhibit the

movement of the dislocations and hence the mechlamioperties are improved [108].

Merlin and Garagnani [91] studied the mechanicald amicrostructural
characteristics of A356 alloy castings and obsertteat the loss of ductility, shock

resistance and machinability in such alloys is ligukue to the presence of iron.

Ouellet et al. [109] studied the aging behavior366 and 319 aluminum alloys.
They found that the main parameters that contehtlechanical properties are the iron and
copper intermetallics, the eutectic silicon paetidharacteristics, the porosity size and
distribution, and the supersaturation level of Mgl &u in theo-Al matrix after solution
heat treatment. The addition of Cu and Mg to Algloys can improve their room
temperature strength by the formation of Migand ALCu precipitates [25,109]. The effect
of precipitation hardening decreases when thesgsalire exposed to temperatures above
150°C because of coarsening of the precipitates. addition of transition elements such
as Ni and Cu is considered to be effective foreaasing the room and the high temperature
strength of cast Al-Si alloys by forming stablerainides. Mohamed et al. [8] reported
that the ductility of Al-Si—-Mg—Cu alloys stronglyepends on the size, morphology and
distribution of the eutectic silicon particles ihet structure, as when the temperature
increases, thermally activated cross slip occusslyean the matrix which facilitates

dislocation movement causing deterioration in thenate tensile strength as well as the
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yield strength. Therefore, achieving a microstrueteontaining thermally stable and
coarsening-resistant particles is preferable foprowing the mechanical properties of
aluminum casting alloys subjected to high tempeeatworking conditions. Such a
microstructure may be obtained provided two coodgi are satisfied: first, the energy
between the interfaces of the particles and therixnahould be low, and second, the
solubility and the diffusion rate of the controtlirlement are minimal [60] and this shows
that Zr is the appropriate element for this task,itahas the lowest diffusion rate in

aluminum [110].

Nickel is an important alloying element for improgi the high temperature
strength of aluminum alloys. Nickel aluminides;)di and AbFeNi increase the elevated
temperature strength of aluminum alloys [105]. Mwoal et al. [38], observed
improvements with the addition of Mn and Ni to th&l-Si—-Cu—-Mg base alloy, that
resulted in an increase in strength and ductilitah room and high temperature. Asghar
et al. [106] have reported that the elevated teatpez strength of cast Al-Si alloys up to
400°C improved slightly with the addition of 0.86.wt.% of Ni. In some cases, however,
further increasing the nickel level may decrease dkierall tensile properties since the
aluminides act as stress points, creating instghiti the flow strain and leading to a

decrease in ductility [102].
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2.8 FRACTOGRAPHY

One of the most important and key concepts in witdeding the mechanical
behavior of materials is fracture. There are only possible types of fracture, ductile and
brittle. In general, the main difference betweeittlberand ductile fracture can be attributed
to the amount of plastic deformation that the makerndergoes before fracture occurs.
Ductile materials undergo large amounts of pladgetormation while brittle materials
show little or no plastic deformation before fraetu Figure 2.8 is a schematic
representation of the degree of plastic deformaéiwhibited by both brittle and ductile

materials before fracture.

Crack initiation and crack propagation are esskmbiafracture. The manner in
which the crack propagates through the materia@ggreat insight into the type of fracture
that will occur. In ductile materials, the crackwes slowly and is accompanied by a large
amount of plastic deformation. The crack will usyalot extend unless an increased stress
is applied. On the other hand, in dealing withtlarifracture, cracks spread very rapidly
with little or no plastic deformation. There areotiypes of cracking, inter-crystalline
cracking and trans-crystalline cracking; the lattpends on the size, shape, and
orientation of the particle, and activation of ttelocation source, whereas an inter-

crystalline crack can be observed on the fracturase.
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Figure 2.8 Schematic diagram showing brittle vs ductile stisisain behavior [111].

Figure 2.9 Photoé?;phs showing (a) ductile vs ((tt)J)) brittlechpens.

Macroscopically, ductile fracture surfaces havegeéarnecking regions and an
overall rougher appearance than a brittle fractaweface. Figure 2.9 shows the
macroscopic differences between the ductile antlldospecimens. On the microscopic
level, electron images of the fracture surface abtained using scanning electron
microscopy (SEM), as shown in Figure 2.10. A dectibcture surface is characterized by
dimples, the size of which is governed by the nunamel the distribution of the nucleated
micro-voids. Figure 2.10(a) shows an example of gmple dimpled rupture mode of

fracture, where particles are observed at the botbthe dimples. The decohesion of the
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particles from the surrounding matrix results i tthimpled appearance of the fracture
surface. Figure 2.10(b) shows a brittle fracturdage, where fracture occurs through the

cleavage or cracking of brittle particles in thetrixa

The overall appearance of the fracture surfacerdprot only on the matrixi{Al
phase) but also on the size and shape of the pliases present in the structure. In Al-Si
cast alloys, silicon particles have a significafiea on the fracture behavior as they are
more brittle than the aluminum matrix. The morplgyioof these microstructural
componentso-Al phase, eutectic silicon and intermetallic pl&seill also influence the
nature of the fracture surface [112]. For examitiere are intermetallic compounds such
as those of nickel and zirconium which play an ingat role in the fracture process [8].
Other microstructural parameters, such as the dendrm spacing and the iron
intermetallics and other constituents present & gtructure would also be expected to

influence the fracture characteristics.

Wang [113] reported that in A356 alloys damagenisiated by the cracking of
eutectic silicon and Fe-rich intermetallic parteldue to the development of internal
stresses in the particles during plastic deformmatithe main factors that affect particle
cracking include particle size, particle aspedbrahe extent of particle clustering, and the

stresses on the particles. Increasing particleiszeases the probability of fracture.
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Figure 2.10SEM images showing (a) a ductile fracture surfadabiting a dimpled structure, and
(b) a brittle fracture surface, showing how fraetoccurs through the cracking of particles

(arrowed).

Apart from SEM fractography, it is also useful teamine the fracture profile on
sections perpendicular to the fracture surfaces Thn be carried out on a polished section
of the fractured sample using an optical microsc@mel allows us to determine if any
microstructural defects contributed to fracturdiation, as well as determine the nature of
the fracture path and whether it is specific to giase or constituent present in the

microstructure [114].

2.9 QUALITY CHARTS

The quality of aluminum casting alloys is considkete be one of the critical factors
controlling the selection of an alloy for a specifipplication. Metallurgical variables
which influence the alloy quality include alloy cposition, solidification rate, heat
treatment, casting defects and other microstructteatures such as grain size and

intermetallic phases. The quality of an alloy iseéerence to its tensile properties (tensile
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strength and ductility) and can also provide ancatibn to the overall performance of the
alloy, in terms of possible risk and cost efficigrfactors involved in applying different

heat treatments to achieve the desired properties.

The quality of aluminum alloy castings may be defirusing the quality index Q
which provides a correlation to the mechanical props. Drouzy et al. [115] first
proposed the concept of quality index in 1980 ilatren to their investigations of the
tensile properties of Al-7%Si-Mg alloys containiddferent levels of Mg, and defined Q

in terms of the following equation:
Q = Rp +d .log(4y) [1]

In Eq. [1], R, stands for the ultimate tensile strength in MBastands for the elongation
to fracture in pct, and d is an empirical coefintien MPa chosen such as to make Q
practically independent of the aging condition. Buwe investigated Al-7%Si-Mg or 356
alloys, the coefficient d has been determined td®@ MPa. The probable yield strength

R, of an Al-Si-Mg alloy may be assessed by the equati
R,=a. Rm—b.log(Af)+c [2]

where a, b, and c are alloy-dependent empiricateminined coefficients. From the above
equations, a quality chart can be generated, asrsho Figure 2.11. In a typical quality
chart, which is a diagram of the ultimate tensitersgth vs the logarithm of the elongation
to fracture, Eqgs. [1] and [2] represent sets oalbarlines termedso-Q andiso-YS lines,
respectively; they fit the experimentally obtain€l and R, values resulting from
variations in chemical composition, solidificatioanditions, and heat treatment of Al-Si-

Mg aluminum alloys with a good approximation. Suttarts are therefore very useful in
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selecting alloys for specific applications and ustending how the properties may be

manipulated to achieve the desired specifications.
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Figure 2.11Example of the quality chart proposed by Drouzglef115] withiso-Q andiso-YSlines
generated using Equations 1 and 2.

Although the quality index concept was developed AbSi-Mg 356 and 357
alloys, it has been applied to other alloy systéamgiding Cu-containing 319 type alloys
[116], Mg-base alloys [117], particle-reinforced93alloys [118], and an Al-Cu-Mg-Ag
alloy [119]. While the application of the qualitydex to these other alloy systems implies
that they would show a similar response to aginghas356 or 357 alloys, and that the
empirical parameters in Egns. [1] and [2] wouldtbe same, it has been found that in
contrast to the linear behavior of 356 alloys, UBS%EI plots for the Al-Si-Cu-Mg 319
alloys and the Al-Cu-Mg-Ag follow a circular contowhen the alloys are aged. This
implies that in order to extend the quality index dther alloy systems, the strength-

ductility relationship  behavior must be determinedbeforehand [120].
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CHAPTER 3

EXPERIMENTAL PROCEDURES

3.1 INTRODUCTION

The present chapter will provide all the detaildevant to the 354-Al-9%Si-
1.8%Cu-0.5%Mg casting alloy with regard to genemalting and casting procedures, heat
treatment, the various techniques used for mianosiral characterization and phase
identification, namely optical microscopy, scanngigctron microscopy (SEM) and field-
emission scanning electron microscopy (FESEM), ai as the tensile testing method
used to determine the mechanical properties. Ajpam the analysis of microstructures
obtained from tensile test samples, further elaimraof the microstructure involves
thermal analysis, which is a method for identifythg main phase reactions related to the
solidification of the alloys studied. The alloy esdfor the various alloys which were

prepared are collectively listed in Table 3.2.

The processes described herein were carried ohttiagt intention of investigating
and viewing the effect of additions of nickel, zintum, manganese and scandium on the

mechanical properties of the 354 cast aluminunyatalifferent temperatures.

The study was carried out in two parts accordinght temperature at which the

tensile testing was carried out:

* Ambient Temperature Tensile Testing

1. No stabilization.



2. 200 hours stabilization at 250°C.
* High Temperature Tensile Testing
1. One hour stabilization at 250°C.

2. 200 hours stabilization at 250°C.

3.2 CLASSIFICATION OF ALLOYS

The alloys were classified according to the allgyglements additions made to the
base 354 alloy. For comparison purposes with tleaddy, a 398 alloy - reported to show

good high temperature properties - was also prepaseng the same Zr and Sc additions.

1. Alloy R (354 + 0.25%Zr) - Base Alloy

2. Alloy S (354 + 0.25%Zr + 2%Ni)

3. Alloy T (354 + 0.25%Zr + 4%Ni)

4. Alloy U (354 + 0.25%Zr + 0.75%Mn)

5. Alloy V (354 + 0.25%Zr + 0.75%Mn + 2%Ni)
6. Alloy Z (354 + 0.25%Zr + 0.15%Sc)

7. Alloy L (398 + 0.25%2Zr + 0.15%Sc)

3.3 MELTING AND CASTING PROCEDURES

The chemical composition of the 354 base alloy usedhis study is listed in
Table 3.1. The alloy ingots were cut into smallexcps, dried and melted in a 120-kg
capacity SiC crucible, using an electrical resistéafurnace, as shown in Figure 3.1. The
melting temperature was maintained at 750 + 58 the 354 alloy melts prepared were
grain refined and modified using Al-5%Ti-1%B and20%Sr master alloys, respectively,

to obtain levels of 0.2% Ti and 200 ppm Sr in theltmAdditions of Ni, Zr, Mn and Sc
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were in the form of Al-20wt% Ni, Al-20wt% Zr, Al-28t% Mn and Al-2wt% Sc master
alloys, respectively. The melts were degassed(#-20 min with a rotary graphite
impeller rotating at 130 rpm, using pure dry argon, as shown in Figufe Bollowing

this, the melt was carefully skimmed to remove exayers from the surface.

Table 3.1Chemical composition of the as-received 354 alloy.

Element (wt. %)

Si Fe Cu Mn Mg Al

9.1 0.12 1.8 0.0085 0.6 87.6

Figure 3.1Electrical resistance furnace. Figure 3.2Graphite degassing impeller.

The melt was poured into an ASTM B-108 permanentdrpoeheated at 450°C to
drive out moisture, in order to prepare the tenskt bars, as shown in Figure 3.3. Each
casting provides two test bars, with a gauge ler@fttyO mm and a cross-sectional
diameter of 12.7 mm, as shown in Figure 3.4. Tlsgaplings for chemical analysis were
also taken simultaneously at the time of the cgstihhese were carried out at the

beginning, middle and end of the casting processadoertain the exact chemical
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composition of each alloy. The chemical analysis warried out using a Spectrolab
JrCCD Spark Analyzer, and shows the actual chemicahpositions of the alloys

produced.

Figure 3.3ASTM B-18 permanent mold used for casting tertsiét bars.

H 70mm — 5
——_ ——

T
12.7 mm 19.3 mm
200 mm

Figure 3.4Dimensions of the tensile test bar (in mm).
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Table 3.2 lists the chemical compositions of thdoes alloys obtained from the

samplings for chemical analysis, taken from theeissed melts, and their corresponding

codes.
Table 3.2Chemical composition of the alloys used in thigigt
Ellbilr?(la/nt Si Fe | Cu| Mn| Mg | Ti Sr Ni Zr Sc Al
R 8.70 | 0.20] 1.950.02| 0.73| 0.15| 0.0143| -~ 0.25 ~ Bal.
S 9.08| 0.19] 1.88 0.02| 0.83| 0.16| 0.0170| 2.0 | 0.25 | ~ Bal.
T 8.92| 0.18] 1.88 0.02| 0.78| 0.15| 0.0175| 4.0 0.25 ~ Bal.
U 8.85| 0.20] 1.8§ 0.75| 0.76| 0.14| 0.0168| -~ 0.25 ~ Bal.
\ 8.85| 0.20| 1.88 0.75| 0.76| 0.14| 0.0168| 2.0 0.25 ~ Bal.
z 8.95| 0.19] 1.87 0.03| 0.77| 0.14| 0.0185| ~ 0.25 | 0.15| Bal.
L 16 | 0.19| 1.87/ 0.03| 0.77| 0.14| 0.0185| ~ 0.25 | 0.15| Bal.

3.4 HEAT TREATMENT

Tensile test bars of alloys R, S, T, U, V and Zeavheat treated under different

conditions, as follows.

 SHT 1: Solution heat treatment at 495°C/5h, follogviwhich the test bars
were kept in a refrigerator to preserve their prope until the time of testing.

« SHT 2: Multi-step solution heat treatment compgsi95°C/5h, then
515°C/2h, then 530°C/2h, following which the testrd were kept in a
refrigerator to preserve their properties untildiof testing.

» T5: Artificial aging treatment only, carried out E0°C/8h.

e T6: Solution heat treatment at 495°C/5h, followegd duenching in warm

water at 60°C, and then artificial aging at 1801C/8
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 T62: Multi-step solution heat treatment comprising95°C/5h, then
515°C/2h, then 530°C/2h, followed by quenching arnv water at 60°C, and
then artificial aging at 180°C/8h.

e T7: Solution heat treatment at 495°C/5h, followegd duenching in warm

water at 60°C, and then artificial aging at 2401C/4

Time was a variable in the precipitation hardenirgatment. In all of the heat
treatment stages, the soaking time did not begbetoounted until the furnace reached the
desired temperature. After aging, the test barsevedlowed to cool naturally at room
temperature (25°C). A summary of the different gbads used for both the room- and
high-temperature tensile testing is presented ilerd.3. All heat treatments were carried

out in a Lindberg Blue M electrical resistance aze, as shown in Figure 3.5.
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Figure 3.5Lindberg Blue M electric furnace.
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Table 3.3Summary of the heat treatment and testing comdited room and high temperatures.

Testing Conditions

Room temperature

High temperature (250°C)

Alloys Without stabilization 200h@250°C stabilization 1h@3230°C stabilization 200 h@250°C stabilization
R AsCast | SHT1 | SHT2 | T5 | T6 | T62 | T7 | AsCast | T5 | T6 | T62 | T7 | AsCast | T5 | T6 | T62 | T7 | AsCast | TS5 | T6 | T62 | T7
S AsCast | SHT1 | SHT2 | T5 | T6 | T62 | T7 | AsCast | TS | T6 | T62 | T7 | AsCast | TS | T6 | T62 | T7 | AsCast | TS5 | T6 | T62 | T7
T AsCast | SHT1 | SHT2 | T5 | T6 | T62 | T7 | AsCast | T5 | T6 | T62 | T7
U AsCast | SHT1 | SHT2 | T5 | T6 | T62 | T7 | AsCast | T5 | T6 | T62 | T7 | AsCast | T5 | T6 | T62 | T7 | AsCast | TS5 | T6 | T62 | T7
\' AsCast | SHT1 | SHT2 | T5 | Té6 | T62 | T7 | AsCast | T5 | T6 | T62 | T7
Z AsCast | SHT1 | SHT2 | T5 | T6 | T62 | T7 As Cast T6 T7 | As Cast T6 T7
L As Cast T6 As Cast T6 As Cast T6




3.5 TENSILE TESTING

All samples for ambient temperature testing, whetdscast, solution heat-treated
or aged, were tested to the point of fracture usingMTS Servohydraulic mechanical
testing machine at a strain rate of 4 X*&3, as shown in Figure 3.6(a). An extensometer,
or strain gage, was used in the tests to measarextent of deformation in the samples.
Yield strength (YS) at 0.2% offset strain, ultimaensile strength (UTS), and percent
elongation (%EIl) were obtained from the data actiors system of the machine. Five
samples from each condition covered in this pathefstudy were tested, for a total of 345

bars covering all alloys.

For testing of the alloys at high temperature, shenples were mounted in the
testing chamber which was pre-set to the requieatperature, as shown in Figure 3.6(b).
After mounting, the sample was maintained at tis¢irtg temperature for 30 min before
starting the test. As before, five test bars wesedufor each alloy composition/condition
studied for all high temperature tests carried die average UTS, YS and %EIl values
obtained from each set of five tests were constlaserepresenting the tensile properties

of that alloy/condition. A total of 200 bars weested for this part of the study.
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(b)
Figure 3.6 (a) MTS mechanical testing machine for room terapee testing, and
(b) Instron Universal mechanical testing machirrehigh temperature testing.

3.6 CHARACTERIZATION OF MICROSTRUCTURE

The aim of characterizing the microstructure of 38 alloys was to correlate the
microstructural features of these alloys with themsile properties as well as with their
quality indices. Several techniques were usedigmrdgard for obtaining a qualitative and
guantitative analysis of the microstructural canstints and features, namely, intermetallic

phases, hardening precipitates and fracture suctsamecteristics observed in each case.

3.6.1 Thermal Analysis

In order to obtain the cooling curves and to idgnthe main reactions and
corresponding temperatures occurring during thedifichtion of 354 alloys, thermal
analysis of the alloy melt compositions was carrimat. Ingots of the as-received
commercial 354 alloy were cut into smaller piecdsaned, and then dried to prepare the
required alloys. The melting process was carrigdroa cylindrical graphite crucible of 2-
kg capacity, using an electrical resistance furnatbe melting temperature was
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maintained at 780°C, while the alloys were graiimesl by adding 0.2%Ti as Al-5%Ti-
1%B master alloy in rod form and modified by add2@D ppm Sr in the form of an Al-
10%Sr master alloy. Nickel, zirconium, manganes standium were added to the melts
in the form of Al-20wt%Ni, Al-20wt%Zr, Al-25wt%Mn rd Al-2wt%Sc master alloys,
respectively, as was the case with the castinpetdnsile test samples. For the purpose of
determining the reactions taking place during sodiation, part of the molten metal was
also poured into an 800 g capacity graphite moéhgated to 650°C so as to obtain near-
equilibrium solidification conditions at a coolimgte of 0.35 °C 'S A high sensitivity
Type-K (chromel-alumel) thermocouple, insulatechgsa double-holed ceramic tube, was
attached to the centre of the graphite mold. Thepsrature-time data was collected using
a high speed data acquisition system linked torapcer system that recorded the data

every 0.1 second, as shown in Figure 3.7 and Fig&.e

From this data, the cooling curves and the cornedipg first derivative curves for
a number of selected alloys were plotted so asléatify the main reactions occurring
during solidification with the corresponding temgueres; the various phases which

constituted the microstructure of each alloy weqgeeted to be revealed as well.
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Figure 3.7 Schematic drawing showing the graphite mold usedhfermal analysis
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Figure 3.8 Thermal analysis set-up.

3.6.2 Optical Microscopy
Samples for metallography were sectioned from émsite-tested bars of selected

conditions alloy studied, approximately 10 mm belthe fracture surface, as shown in
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Figure 3.9. The samples were individually mounted &en subjected to grinding and
polishing procedures to produce a mirror-like scefaThe mounting of the samples in
bakelite was carried out using a Struers LaboP3esgchine, while the grinding and
polishing procedures were carried out using a Tregi@e-5 machine, as shown in Figure
3.10. The grinding procedures were applied usiligpsi carbide (SiC) abrasive papers in a
sequence of 120 grit, 240 grit, 320 grit, 400 BQO grit and 1200 grit sizes. It should be
noted that the word “grit” is used to representeagure of fineness for abrasive materials

and that water was used as a lubricant in thisestag

mm Sectioned
F — 1~ 7|~ — areafor
polishing

| 2|

Figure 3.9 Diagram showing the sectioned area for analysisrafile samples using optical
microscopy.

Polishing was carried out using Struers diamongansion, with a diamond
particle size of um, as the first step of the polishing process fodld by further polishing
through the application of a finer suspension aaitg a smaller diamond particle size of
3 um. The lubricant used for this polishing stage Btiaiers DP-lubricant. The final stage
of polishing was carried out using a Mastermetaddl silica suspension, SiChaving a

particle size of 0.eum. Water was used as lubricant throughout the frmdishing stage,

54



after which the samples displayed a mirror-likeface and were ready for microstructural

examination.

The microstructures of the polished sample surfagese examined using an
Olympus PMG3 optical microscope linked to a Clenv&ion P image-analysis system, as

shown in Figure 3.11.

Figure 3.10Struers LaboPress-3 and TegraForce-5 machinesdonting and polishing of
metallography samples.
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Figure 3.11Clemex Vision PE 4.0 image analyzer-optical micope system.

3.6.3 Scanning Electron Microscopy
Scanning electron microscopy (SEM) and field-emoissiscanning electron

microscopy (FESEM) techniques were used to exath@eharacteristics of the hardening
precipitates under various heat treatment conditifom the 354 alloys. The purpose of
using these techniques of microscopic analysis waisly to assess the distribution, size
and density of the hardening precipitates in th&tieg structure under the various aging
temperatures and times involved. The SEM used encthrrent study was a JEOL 840A
scanning electron microscope attached to an EDA%eRix system designed for image
acquisition and energy dispersive x-ray spectrog¢&S). The SEM was operated at a
voltage of 15 kV, with a maximum filament currefit3omicro amperes. Figure 3.12 shows
a photograph of the SEM used. The FESEM providearchnd less electrostatically
distorted high resolution images even at low vaggit produces images of 2.1 nm
resolution at 1 kV and of 1.5 nm resolution at 35 Khe FESEM used in this study was

the Hitachi-S-4700 FEGSEM shown in Figure 3.13.
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Figure 3.13Field emission scanning electron microscope usékis study.
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CHAPTER 4

MICROSTRUCTURE CHARACTERIZATION AND

POROSITY FORMATION

4.1 INTRODUCTION

This chapter is divided into two main parts. Thestfipart presents the results
obtained on the effect of different alloying elemeadditions such as iron, copper,
magnesium, zirconium, nickel, manganese, and sgandiindividually and/or in
combination on the microstructure and phases ptatép during solidification of the 354
aluminum alloys studied using the thermal analys@hnique which provides close-to-
equilibrium cooling rate conditions. The secondt pdrthis chapter presents the porosity
formation observed in these same alloys. The aflamples investigated in this part
include the as-cast and solution heat-treated tiondj covering both one and multi-step

solution heat treatments.

For purposes of recapitulation, Section 3.2 lisesAlloy Codes and corresponding

additives of the 354 alloys presented in this chiapt

4.2 THERMAL ANALYSIS

From the thermal analysis data, the solidificatmmve and the first derivative
curve were plotted for each alloy condition. Theseves and the corresponding optical
microstructures are presented in Figure 4.1 thrdtighre 4.14. The reactions expected to

occur (marked 1 through 8 in the thermal analykissp are listed in Table 4.1, and were



identified with reference to the atlas of Backemritdal. [121] on the solidification of
aluminum foundry alloys. The four main reactionsetved correspond to the formation of
the a-Al dendrite network (peak 1), followed by theecipitation of the Al-Si eutectic
(peak 2), and the precipitation of the copper miggllic phases (peaks 6 and 7).

Table 4.1Suggested main reactions occurring during sotidifon of 354-type alloys [122].

Suggested
Reaction Temperature Range Suggested Precipitated Phase
W)
1-Al 600-597 - Formation ofa-Al dendritic network
- Precipitation of Al-Si eutectic phase
2-Al-Si, - Precipitation of post-eutectic
—Fe and 560-558 B-AlsFeSi phase
o—Fe - In case of presence of Mn, precipitation of
0-Al15(Mn,Fe)Si, phase
3-Fe—Ni 555-556 - Precipitation of AJFeNi phase
4-Mg-Si 540-538 - Precipitation of MgSi phase
o i - Transformation op-AlsFeSi phase ta-
5-n—phase 525-523 Al;MgsFeSi phase
6- AI-Cu—Ni 523-520 - Precipitation of AICuNi phase
7-Al-Cu 500-496 - Formation of eutectic Al-ACu phase
8-Q—phase 485-489 -Precipitation of Q-AIMgsCu,Sis phase

The mechanism involved iAl,Cu precipitation was proposed by Samuel et al.
[123] as follows: (a) during the first stages ofidification, the formation of thex-Al
dendritic network is associated with the segregatibSi and Cu in the melt, ahead of the
progressing dendrites; (b) when the solidificati@mperature approaches the eutectic
temperature, Si particles precipitate, leading lmcal concentration of Cu in the remaining

areas, and because of this segregationAltftau phase more often than not precipitates in
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the block like form rather than in the fine eutectorm. Magnesium also led to the
precipitation of the AMgsCu,Sis and MgSi phases, and to the splitting of the copper
phase formation temperature range into two expdiegks representing the precipitation of

Al,Cu and AIMgsCw,Sis phases.

4.2.1 Alloy R (354 + 0.25%Zr)

Figure 4.1 shows the solidification curve and itstfderivative obtained from the
thermal analysis of Alloy R.e., 354 alloy with 0.25 wt% Zr addition. Several ¢gans
take place during the course of solidification,naarked by the different numbers on the
first derivative curve. These numbers corresponthéreactions listed in Table 4.1. As
may be seen from the figure, alloy R starts todsigliat 598°C (Reaction 1) with the
development of thei-Al dendritic network, followed by the precipitatioof the Al-Si
eutectic (Reaction 2) at 560°C, the Mg phase (Reaction 4) at 540°C, and the
transformation offf-phase intorn-AlsMgsFeS phase (Reaction 5) at 525°C; following
which the AbCu and Q-AdMgsCwSis phases precipitate as the last reactions (Reaction
and 8) at 498°C and 488°C, respectively, towardetinek of solidification. In Zr-containing
alloys, AkZr particles may appear in various forms as squaetangular or rounded.
These patrticles act as nucleation sites for Zr- @ewdich intermetallics. As a result of the
low cooling rate of the thermal analysis castirgsd a Zr content of 0.25 wt%, all Zr-
containing alloys are located in the L +:2i region of the Al-Zr phase diagram during the
melting stage. Thus the coarse&l particles observed in the microstructure conmeatiy
from the master alloy added to the melt. Theseigestdo not dissolve in the melt and
provide nucleation sites for the formation of Z8¢-, and Ti-intermetallics from the melt

during solidification [124,125]. Apart from theAl dendrites and the eutectic Si particles
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observed in the interdendritic regions, (Algfl),Zr) phase particles may also be observed

in the optical micrograph of the corresponding skamgs shown in Figure 4.2.
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Figure 4.1 Temperature-time plot and first derivative obtaifredn the thermal analysis of
Alloy R (354 + 0.25% Zr).

Figure 4.2 Optical microstructure of R (354 + 0.25% Zr) alkgmple obtained from the
thermal analysis casting (cooling rate 0.35°Ctdm8ng the different phases present in the
alloy: 1- AlL,Cu; 2- AIMgCusi; 3- AlZrTi.
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4.2.2 Alloy S (354 + 0.25%Zr + 2%Ni)

The thermal analysis results for Alloyi 8., 354 alloy containing 2 wt% Ni + 0.25
wt% Zr are plotted in Figure 4.3. The presence ofdsults in the precipitation of Ni-
containing phases, represented by the Reactiomsl aas noted on the first derivative
curve. In addition, due to the presence of Zr aedirFAlloy S, another precipitate is

formed, namely, AISiNiZrFe besides the AlFeNi phase
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Figure 4.3Temperature-time plot and first derivative from thermal analysis of
Alloy S (354 + 2% Ni + 0.25% Zr).

The presence of the Q-MgsCu,Sis and MgSi phases under the low solidification
rate conditions of the thermal analysis experim@mnarily depends on the Mg content.
Although the Q-phase and Mg phase reactions were observed in the first deve
curve of alloy R, the proportion of M8i formed increased as the Mg level increased, as

evidenced by Figures 4.3 and 4.4 in the case ayAd. It is also interesting to note from
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Figure 4.4 that, in alloy S, the &ZuNi phase is observed situated adjacent to th€LAl
phase and both phases are located at the limiteeafendriticn-Al phase; this observation
is in agreement with the fact that the reactiongadn the thermal analysis curves, namely

Reactions 6 and 7, appear consecutively.

Figure 4.4 Optical microstructure of Alloy S (354 + 2% Ni +26% Zr) sample obtained from the
corresponding thermal analysis casting (cooling 8a85°C/s), showing the different phases
present in the alloy: 2- AICuNi; 3- AINiFe; 3a- ANZr-Fe; 4- Al,Cu.

4.2.3 Alloy T (354 + 0.25%Zr + 4%Ni)

The solidification curve of Alloy T which, simildo alloy S, contains 0.25 wt%
Zr but with a higher Ni content of 4 wt%, as obtirnfrom its temperature-time data is
shown in Figure 4.5 along with its first derivatetp Apart from thex-Al dendrites and
the eutectic Si particles observed in the interdéndegions, other phases may also be
observed in the optical micrograph of the corresipon thermal analysis sample of
alloy T namely the Ni-containing AlFeNi and AlCupihases, as shown in Figure 4.6. It

is interesting to note the larger sizes of AlFeNd &AICuNi phase particles observed in
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this case, when compared to those seen in FigGréod.the S alloy sample with its

lower Ni content of 2 wt%.
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Figure 4.5Temperature-time plot and first derivative from thermal analysis of
Alloy T (354 + 4% Ni + 0.25% Zr).

65



Figure 4.6 Optical microstructure of Alloy T (354 + 4% Ni +25% Zr) sample obtained from
the corresponding thermal analysis casting (coatatg 0.35°C/s), showing the different phases
present in the alloy: 1-AICuNi; 2- AINiFe; 3- AITiZ4- 3-AlFeSi; 5- ALCu.

4.2.4 Alloy U (354 + 0.25%Zr + 0.75%Mn)

Figure 4.7 shows the solidification curve and itstfderivative obtained for
Alloy U, namely 354 alloy containing 0.75 wt% Mnd0.25 wt% Zr addition. The
reactions which occur during solidification are ket by the peaks 1, 2, 4, 5, 7 and 8.
As this alloy contains no Ni addition, ReactionsaBd 6 are not observed. It is
interesting to note the broad width of peak #2 datihg that it encompasses other

reactions besides the Al-Si eutectic reaction.

During solidification, iron, together with otherl@ling elements partly goes into
solid solution in the matrix and partly forms intetallic compounds, including the
platelet-like B-AlsFeSi and the Chinese script-likeAl 15(Mn,Fe}xSi, phases. The latter is
less detrimental to the alloy properties than fih&lsFeSi phase because of its compact

form, so that Mn is generally added to alloys conitegy Fe to “neutralize” the harmful
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effect of theB-AlsFeSi intermetallic phasé.high iron and manganese levels are present in
the alloy, and the cooling rate is low, theAl5(Fe,Mn}Si, phase will precipitate as a
primary phase, in the form of coarse particles &strfsludge,” having polygonal or star-

like morphologies which are not harmful to the gllo
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Figure 4.7 Temperature-time plot and first derivative frone thermal analysis of
Alloy U (354 + 0.75% Mn + 0.25% Zr).
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Figure 4.8 Optical microstructure of Alloy U (354 + 0.75% Mn0t+25% Zr) sample obtained from
the thermal analysis casting (cooling rate 0.35GHowing the different phases present in the
alloy: 2- AlL,Cu; 3- AlSiMnFe.
The optical micrograph dfigure 4.8 taken from the corresponding thermalysisa
casting sample shows that the Mn addition in Alldyhelps in reducing the detrimental
effect of thep-iron phase by replacing it with the less-detrinaérn€hinese scripti-

Al,5(Fe,Mn}Si, phase and sludge particles. The precipitationhefotFe script phase

within the a-Al dendrite actually strengthens the alloy matas, reported by Wang et al.

[3].

4.2.5 Alloy V (354 + 0.25%Zr + 0.75%Mn + 2%Ni)

The solidification curve of Alloy V which contairis75 wt% Mn and 0.25 wt%
Zr additions similar to alloy U, but also 2 wt% Mibtained from its temperature-time
data is shown together with its first derivate plotFigure 4.9. Apart from the-Al
dendrites and the eutectic Si particles observethén interdendritic regions, other
phases observed in the optical micrograph of theesponding alloy sample are the
Al5(Fe,Mn}Si, script phase, the Ni-containing AINi and AICuNigses, as well as
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small particles of Mghi and the AICu phaseas shown in Figure 4.10. Again, in this
case also, the-Fe script phase is observed to precipitate withiea-Al dendrite,

indicating its primary nature.
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Figure 4.9 Temperature-time plot and first derivative from thermal analysis of
Alloy V (354 + 0.75% Mn + 2% Ni + 0.25% Zr).
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Figure 4.100ptical microstructure of Alloy V (354 + 0.75% Mn2£6 Ni + 0.25% Zr) sample
obtained from the thermal analysis casting (cootatg 0.35°C/s), showing the different phases
present in the alloy: 2- AINiCu; 3- AlFeNiCu; 4- Alu; 5- Zr-rich phase.
4.2.6 Alloy Z (354 + 0.25%Zr + 0.15%Sc)

The solidification curve of Alloy Zi.e. 354 alloy containing 0.15 wt% Sc + 0.25
wt% Zr, and its first derivate plot are shown imgliie 4.11. The addition of transition
elements Zr and Sc, together with the presencei,ofefine thea-Al grain size by
transforming the morphology from dendritic to a rd@ndritic type, which leads to a
significant reduction in the size of intermetaiompounds such as the,8u anda-Fe
that are subsequently formed during solidificatiBesides thei-Al dendrites and the

eutectic Si particles, other phases may also bereéd, as shown in the corresponding

optical micrograph of Figure 4.12 such as the (B{Jc,Zr) phase and the Au phase.
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Figure 4.11Temperature-time plot and first derivative from thermal analysis of
Alloy Z (354 + 0.15% Sc + 0.25% Zr).

Figure 4.12 Optical microstructure of Alloy Z (354 + 0.15% S®:25% Zr) sample, obtained
from the thermal analysis casting (cooling rat&s0C3s), showing the different phases present in
the alloy: 1- (Al Ti)(Sc,Zr); 2- AICu; 4-B-AlFeSi; 5- (Al,Si)(Sc,Zr,Ti).
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When both Sc and Zr are present in the alloy, nitgn atoms replace some of
the scandium atoms in the s8kc unit cell, and its chemical formula might be aor
accurately written as Abc - Zryx [126], wherex is a variable that depends on the
content of Zr in the alloy. The star-like £6c,Zr) phase has a L tiype structure which
is characterized by a structural and dimensiondchimag with the aluminum matrix
[126,127]. Also, as its temperature of formatiomigher than that of the-Al phase, it
can be used as a potent grain refiner for a widge@f aluminum alloys because of its
high efficiency in nucleating-Al grains. Nabawy [124] reported that in the preseof
0.2 wt% Ti, the Al(Sc,Zr) phase changed to an AZ8d i) phase in Al-2%Cu alloys.
In the present case, EDS results showed the presehc(Al,Si)(Sc,Zr,Ti) and

(AL Ti)(Sc,Zr) phase particles.

4.2.7 Alloy L (398 + 0.25%Zr + 0.15%Sc)

As mentioned in Chapter 1, the effect of Zr anda8lditions on the strength of cast
aluminum alloy 398 (Al-16%Si alloy) were investigdtat room and high temperatures for
the purposes of examining how the properties of3f# alloys investigated in this study
stand with respect to the 398 alloy, an alloy depet by NASA and reported to give
superior high temperature properties [9]. The 388/aontaining 0. 15 wt% Sc and 0.25
wt% Zr additions (coded Alloy L) could then be uded direct comparison with the 354

alloy containing the same Sc and Zr additions eAlf, presented in the previous section.

The solidification curve obtained for Alloy L ants ffirst derivative plot are shown in
Figure 4.13. As may be seen from this figure, theyastarts to solidify at 570°C, with the
formation of thea-Al dendritic network (Reaction 1), at a temperatlower than that

observed in the case of the 354 alloys, followedpbgcipitation of the Al-Si eutectic
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(Reaction 2) at 560°C, the Mg phase (Reaction 4) at 540°C, and the transfoomatf
the B-phase inton-AlgMgsFeSg phase (Reaction 5) at 525°C. The,@ and Q-
AlsMgsCuw,Sis phases precipitate as the last reactions at 488UC488°C, respectively,
towards the end of solidification. The optical noigraph of Figure 4.14 taken from the
corresponding alloy sample shows some of the phabssrved in the microstructure,

including the presence of the (Al, Ti)(Sc,Zr) phasean the case of Alloy Z.
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Figure 4.13Temperature-time plot and first derivative from thermal analysis of
Alloy L (398 + 0.15% Sc + 0.25% Zr).
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Figure 4.140ptical microstructure of Alloy L (398 + 0.15% S®+25% Zr) sample obtained
from the thermal analysis casting (cooling raté0C3s), showing the different phases present
in the alloy: 1- AJCu; 2-B-AlFeSi; 3- (Al,Si)(Sc,Zr); 47AlMgFeSi.

4.3 POROSITY FORMATION DUE TO INCIPIENT MELTING

Solution heat treatment is carried out to maxinitze concentration of hardening
elements such as Mg and Cu in solid solution, tmdwenize the casting, and to alter the
structure of the eutectic silicon particles in artieimprove the mechanical properties. In
Al-Si-Cu-Mg alloys, control of the solution treatnteprocess is very critical because, if
the solution heat treatment temperature exceedsnibiiing point, there is localized
melting at the grain boundaries and the mechamicgberties are reduced. In this study,
the alloys were heat treated using two differehitsan heat treatment processes: one step
and multi-step solution treatments. The multi-sefution heat treatment is carried out at
three different temperatures consecutively, fofedént solution timesyiz., 5 hours at
495°C, then 2 hours at 515°C, and then 2 hour8@t& A main consequence of incipient
melting in Al-Si—-Cu—Mg alloys is the melting of t#d,Cu phase. As reported by de la

Sablonniére and Samuel [128], the@l intermetallic may melt at 525 °C, so that when
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the temperature of the multi-step solution heaatirent 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 and, in turnegedioration in the mechanical properties.

In the present study, all alloy melts were degasseadinimize the hydrogen level
before casting. The only variable factor with redp® the cast samples would be the
temperature, depending on the solution heat trgdtmenditions. Hence, any relatively
significant changes in the porosity characteristiosld be reasonably attributed to the
melting of the copper phase(s) resulting from thanges in the temperature variable.
Therefore, porosity measurements were carried @umdnitor the incipient melting that
resulted in the alloys studied, corresponding ®® \thArious solution heat treatments. The
porosity characteristics resulting from incipieneltmg were examined and quantified
using an optical microscope-Clemex Vision PE 4.@gmanalysis system. Ten fields were
examined for each alloy sample, at 200x magnifcatihe porosity parameters measured
were the average area percent porosity (percep@gsity over a constant sample surface
area), and the average pore area, total pore Stél) and the pore count. These values
are listed in Table 4.2.

As may be seen from Table 4.2, the as-cast samgled| alloys show minimum
porosity, whereas after solution heat treatmerd, gbrosity values increase. In general,
compared to the one step or SHT 1 treatment, thié-step solution treatment leads to
somewhat higher porosity values for the 354 alloyisereas for Alloy L (398 + Zr + Sc),
the one-step solution heat treatment results irglehn porosity value. This trend may be
noted more clearly in the column showing the SUMatal area of the pores measured in

each sample.
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It is worthwhile mentioning here that while theseeasurements provide
guantitative resultper se, they should be considered in a qualitative ligixrall, when
discussing the influence of such porosity (resgltinom incipient melting) on the
mechanical properties of these alloys, which walldsesented in the next chapter.

The microstructures of the alloys studied werengrad at high magnification
(500x) to highlight some of the interesting featuobserved with respect to the incipient
melting-related porosity observed in the as-cadil $ and SHT 2 samples corresponding
to each alloy, as well as the effect of the progassolution heat treatment on the micro-

constituents themselves.

Table 4.2Porosity measurements for Alloys R, S, T, U, \ardl L.

Alloy Code | Condition A () £ (AR ),
Mean SD Mean | SD SUM | Count

As Cast 0.012 0.005| 0.614 0.14 183 317

R SHT1 0.063 0.018 4.45 4 11058 388
SHT 2 0.067 0.035| 124% 7.36 14835 127
As Cast 0.024 0.048 1.99 225 221)2 226
S SHT 1 0.075 0.032 8.98 7.38 16394 498
SHT 2 0.087 0.038 3.5 2.88 19208 760

As Cast 0.0082] 0.006 2.13 1.76  180i{1 79
T SHT 1 0.0629| 0.0344 7.3 6.18 1378.1 268
SHT 2 0.1 0.037 4.5 2.96 2214)2 693
As Cast 0.02 0.021 208§ 835 4412 212

U SHT 1 0.09 0.045 22 38.4 1959/2 89
SHT 2 0.087 0.054 6.81 19.8 1913 281
As Cast 0.011 0.011 1.16 2.1 238 206
\Y, SHT 1 0.078 0.055 559 25.1 1710\9 306
SHT 2 0.097 0.071 6.32, 196 2130 33y
As Cast 0.021 0.019 2.81 7.44 4612 164

z SHT 1 0.088 0.159 20 35 19395 97
SHT 2 0.099 0.063 16.3] 38.p 21685 13B

As Cast 0.009| 0.0056 2.09 3.33 198|9 95
L SHT 1 0.105 0.042 523 21.p 23058 441
SHT 2 0.086 0.029 6.64 216 18866 284
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Figure 4.15(a) displays an optical micrograph & #s-cast Alloy R sample, taken
at 500x magnification, showing an overview of tlaenple surface, comprising theAl
dendrites, modified eutectic Si regions, fhélsFeSi phase as well as the,8l phase.
Small particles of the-Fe phase and the Q-copper phase are also seen.sdjuion heat
treatment of the sample (one-step solution treatimspheroidization of the Si particles is
clearly noted and also some areas where incipieiting of the AJCu phase has occurred,
adjacent to3-AlsFeSi phase platelets, as seen in Figure 4.15(h$. i$ho be expected,
since the eutectic ACu phase is generally observed to precipitate albegides of th@-

Fe platelets. Dissolution of the Cu-phases is alsgerved, as highlighted by the circled
areas in Figure 4.15(b).

When the as-cast sample is subjected to the ntafii-solution treatment —
involving higher solution temperatures and longerations, an increased amount of
incipient melting is expected to occur, as may bied in Figure 4.15(c). Coarsening of the
Si particles is also observed, with larger paricieowing bigger at the expense of smaller

ones, in accordance with the Ostwald ripening phesromn [129].
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(a) — R-As-cast

(b) — R-SHT 1
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(¢) = R-SHT 2
Figure 4.150ptical micrographs of alloy R (354 + 0.25%Zr) slrgvthe microstructures
observed in (a) as cast, (b) SHT-1 and (c) SHTrR&Ietest samples (500x). Circled areas in (b)
highlight dissolution of Cu-phases.

Compared to the base alloy R, in the case of AHayhich contains 0.25 wt% Ni +
2 wt% Ni, the as-cast microstructure displays savét-Cu-Ni particles, in script-like
form, Figure 4.16(a). After solution heat treatmentertain amount of incipient melting is
observed, as well as the dissolution of Cu-phask ARCu-Ni particles, as evidenced
respectively by the small sized pink particles obse across the matrix and the smaller
sizes of the Al-Cu-Ni particles in Figure 4.16(ly).Figure 4.16(c), very fine needles of Al-
Cu-Ni observed in the circled area show the pemsc# of these Ni-containing particles
even after long solution treatment times.

Figures 4.17 through 4.20 similarly display opticacrographs of the as-cast and
solution heat-treated samples for the remaining &badlys, showing the occurrence of

incipient melting and other interesting microsturat features in each case. Note the
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profusion of the Al-Cu-Ni phase in Alloy T, whiclegsists even after solution treatment

SHT-2.

(a) — S-As-cast 7

(b) — S-SHT 1
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50 pm

(c) — S-SHT 2
Figure 4.160ptical micrographs of Alloy S (354 + 0.25% Zr + 28 showing the
microstructures observed in (a) as cast, (b) SHinel(c) SHT-2 tensile test samples (500x).

(a) — T-As-cast
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(b) — T-SHT 1

(C) — T-SHT 2
Figure 4.170ptical micrographs of Alloy T (354 + 0.25%Zr + 4%Nhowing the microstructures
observed in (a) as cast, (b) SHT-1 and (c) SHTR&Ietest samples (500x).
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(a) — U-As-cast

(b) — U-SHT 1
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(c) — U-SHT 2
Figure 4.180ptical micrographs of Alloy U (354 + 0.25%Zr + B%Mn) showing the
microstructures observed in (a) as cast, (b) SHinel(c) SHT-2 tensile test samples (500x).

(a) — V-As-cast
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(b) — V-SHT 1

50 pm

(c) = V-SHT 2
Figure 4.190ptical micrographs of Alloy V (354 + 0.25%Zr +/6%Mn + 2%Ni) showing the
microstructures observed in (a) as cast, (b) SHanRdL(c) SHT-2 tensile test samples (500x).
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(a) — Z-As-cast

(b) — Z-SHT 1
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50 pm

(c) —Z-SHT 2
Figure 4.200ptical micrographs of Alloy Z (354 + 0.25%Zr + B%Sc) showing the
microstructures observed in (a) as cast, (b) SHindl(c) SHT-2 tensile test samples (500x).

Figure 4.21 shows the microstructures of the (asgast, (c) SHT 1 and (d) SHT
2 samples for Alloy L. Obviously, as the L alloyar hypereutectic alloy with 16 wt% Si,
primary Si particles are also observed in the nsicuwture, as may be seen from Figures
4.21(b) and (d). The presence of these primary &Biigles is expected to affect the
mechanical properties of the alloy when comparedltoy Z which exhibits only the
eutectic Si phase. A small amount of incipient imglis observed in the as-cast sample as

seen in Figure 4.21(a).
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(a) — L-As-cast

(b) — L-As-cast
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(c) - L-SHT 1

50 ym

9 (d) = L-SHT 2
Figure 4.210ptical micrographs of Alloy L (398 + 0.25%Zr + 8%Sc) showing the
microstructures observed in (a, b) as cast, (¢)-9Hind (d) SHT-2 tensile test samples at 500X
magnification. Circled areas in (c) and (d) hightigissolution of phases.
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CHAPTER 5

ROOM AND HIGH TEMPERATURE TENSILE

PROPERTIES

5.1 INTRODUCTION

This chapter presents and analyzes the tensilee®gts obtained at room and high
temperature (250°C) concerning the influence ofathagical parameters on the tensile
properties of 354 casting alloys. As mentionedrevipus chapters, tensile tests were also
carried out on the 398 alloy (reported to give sigpenigh temperature properties [9]) for
purposes of comparison with the performance of3b4 alloys studied. The parameters
investigated were the effect of alloying elemendiidns of zirconium, nickel, manganese
and scandium, and the influence of different hesgtttnent conditions.

In order to understand and compare the alloy ptegsem relation to the various
alloying elements as well as determine the effédhe additions made in relation to the
heat treatment conditions applied, quality chactdpr contour maps and multiple line
charts were generated for presenting the tenssiedata. The tensile properties and the
quality index values pertaining to each alloy/hieatment condition will be correlated to
the corresponding microstructural features andtdoests for the purposes of interpreting
the results obtained.

Plots of AP will also be presented. Such plots represendifference in a property
(P) value obtained for a specific alloy compositiegat treatment condition with respect to

that obtained for a base alloy. In the present,dhge\P values will be plotted taking the



R alloy (354 + 0.25wt%Zr) in the as-cast conditesthe base or reference line. TAf®
plots of the UTS, YS and percent elongation vahl#sined will be generated for selected

alloys relative to the values obtained floe base alloy.

5.2 ROOM TEMPERATURE TENSILE PROPERTIES (AS-CAST
AND SOLUTION HEAT-TREATED CONDITIONS)

The solution treatment temperature for the 354imgstlloys was selected by a
critical selection process because of the high epppntent (1.8% Cu) of the alloys. Two
solution heat treatment processes were considengdbke based on the extensive
investigations carried out by Northwood et al. [[L3®okolowski et al. [131] and Wang et
al. [31] of the effect of solution treatment temgtere on the tensile properties, namely,
single and multi-step solution heat treatments.

Table 5.1 lists the tensile properties obtained thee as-cast and solution heat-
treated alloys. The one step solution heat tredatifussignated SHT 1) for the 354 alloys
was carried out at 495°C for 5 hours while the mai#p solution heat treatment
(designated SHT 2) was carried out at three difitetemperatures: 495 °C , 515 °C and
530 °C for specific times of 5, 2 and 2 hours, eetipely. The subsequent increase in
solution temperature in the second and third sieypsoved the strength of the castings
compared to the as-cast condition. The tensilegrtgs of R, S, T, U, V and Z alloys in
the one-step solution heat-treated condition shaaveohcrease of 10-40 MPa in the UTS,
and up to 2.5% in percent elongation in comparwidh the as-cast condition, while the
yield strength (YS) decreased in the case of alRy854 + 0.25% Zr), S (354+2%Ni +
0.25%2Zr), U (354+0.75%Mn + 0.25%Zr) and Z (354+04&c + 0.25%Zr), but showed a

slight increase in alloys T (354+4%Ni + 0.25%Zr)daN (354+0.75%Mn+2%Ni +

92



0.25%Zr). The multi-step solution heat treatmemspliiyed higher tensile properties than
those achieved with SHT 1 or in the as-cast camuliti he ultimate tensile strength of the
given alloys in the multi-step solution heat-trebt®ndition, increased by as much as 70
MPa, and by 3% for the percent elongation in coisparwith the as-cast and SHT 1
conditions, while the yield strength remained altmtiee same. This increase in the
mechanical properties is related to the changesrong in the morphology of the silicon
particles during solution heat treatment, so thaytbecome more rounded, resulting in a
decrease in their aspect ratio and density [36¢. ditange in ductility may be explained as
follows: in the as-cast condition, the brittle adar silicon particles serve as stress
concentrators since they are harder than the m&tigh particles tend to promote crack
propagation during load application thereby dedngaihe ductility of the alloy. The effect
of solution heat treatment on the spheroidizatibrthe Si particles increases with the
progress of solution treatment at the specifieditsmt temperature, and the ductility
increases correspondingly.

The main purpose of solution heat treatment is taximize dissolution of
hardening elements in solid solution; it also letm$he fragmentation and dissolution of
undissolved phases such as Fe-intermetallics agpunientation and spheroidization of the
eutectic Si particles so that a homogeneous steicsuachieved, leading to improvement
in the ductility and the quality of Al-Si cast aj®[39] [132].

From the tensile test data shown in Table 5.1, ityualdex or Q values were
calculated and are also listed in the table. Quahtarts were then generated for evaluating
the influence of the metallurgical parameters imedlon the tensile properties and quality

of the 354 aluminum alloys investigated.
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Table 5.1Mean values for UTS, YS, %El for alloys R, S, T,WJ Z and L subjected to different
heat treatment conditions and tested at ambiergdeature; Q values obtained using Equation 1

Identification UTS (MPa) YS (MPa) (z/f,’/';' Q (MPa)

As Cast 312.41 230.39 215 362.37

R SHT1 351.34 209.41 7.38 481.52
SHT? 381.25 224,55 8.77 522.71

As Cast 204.33 209.66 1.70 328.87

s — 305.56 192.12 3.49 387.05
SHT? 331.97 217.98 3.73 417.70

As Cast 300.29 204.31 151 327.07

T SHT1 312.32 207.09 2.22 364.35
SHT2 324.33 222,62 2.25 377.17

As Cast 29756 217.23 1.86 338.05

u SHT1 324.97 213.55 3.44 405.40
SHT2 339.12 231.03 3.66 42357

As Cast 273.59 202.20 1.29 289.99

v SHTL 299.79 206.64 1.99 344.68
SHT? 299.27 21753 1.75 335.79

As Cast 316.01 244.36 1.67 349.42

z SHT1 343.86 240.20 3.65 42817
SHT? 331.08 24379 313 405.43
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Figure 5.1 Mean values for UTS, YS, % El for Alloys R, S, Tadd V in the as-cast and SHT 1 and SHT 2 soluteat-treated conditions.
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5.3 INFLUENCE OF ALLOYING ADDITIONS AND HEAT

TREATMENT CONDITIONS
Figures 5.3 and 5.4 respectively show the tensitgpgrties of the 354 alloys

obtained under various heat-treatment conditiomsdaffierent alloying element additions,
tested without and after 200 h stabilization at 2680 The T6 heat treatment condition,
which comprises the one step solution heat treatwfed05 °C/5h, followed by quenching
and aging at 180°C/8h, increases the alloy strefigiits and YS) while maintaining more
or less the same ductility as that observed irathieast case. After T62 treatment, Alloy U
(containing 0.75wt% Mn + 0.25wt% Zr) showed the maxm increase in tensile
properties, followed by Alloy R (containing only2Bwt% Zr). In the case of Alloy U, the
UTS and YS values increased by ~100 MPa and ~160 MBpectively. As may be seen
in Figure 5.3, without stabilization, after T5 tieent, the UTS of the alloy is decreased by
adding alloying elements to the base alloy R, whmte significant change in tensile
properties is observed after T7 treatment, comprdde as-cast condition.

Figure 5.4 shows the tensile properties of all@sted at room temperature after
stabilization at 250°C for 200h, for the varioush&eatment conditions. The best tensile
properties are obtained with the T6 heat treatm&he figure reveals that the alloy
performs well with the addition of Mn to the basleyR. With the use of stabilization, the
strengths of the alloys improve after T5 treatm@hereas the ductility is lowered. No
significant change in the alloy strength is obsdrwath the use of T6, T62 and T7
treatments, while the ductility is improved commhte the T5 condition, with the T62-

treated alloys displaying the highest values irhezase.
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Table 5.2Mean values of UTS, YS, %EIl obtained at room tenaifpee (without stabilization) for
Alloys R, S, T, U and V subjected to different hizaitment conditions; Q and Probable YS
values were obtained using Eqns 1 and 2

Mean values of UTS (MPa) and El (%) used to obtai®@ and YS

Q = UTS + 150log (%EI) - Eq. 1 PYS = UTS - 60lo§4El) + 13 - Eq 2

_ T Y Total MPa) | PYS(MP
Identification (I\lj Pi) M PSa) 2}:3;1 Q(éq.l?) (Eé 2) 3)
As Cast 312.41| 230.39 2.15 362.37 305.4
T5 336.35 | 298.21 1.08 341.36 347.34
R (354+0.25%Zr) T6 374.26 | 333.54 1.35 393.81 379.44
T62 393.41 | 353.24 131 411.00 399.37
T7 340.30 | 284.19 2.18 391.07 332.99
As Cast 294.33 | 209.6p 1.70 328.87 293.5
T5 290.01 | 265.53 0.80 275.47 308.84
S (354+0.25%Zr+2%N:i) T6 332.10 | 322.57 0.79 316.74 351.24
T62 356.06 | 353.66 0.76 338.18 376.21
T7 318.08 | 281.41 112 325.46 328.19
As Cast 300.29 | 204.31 1.51 327.07 302.5
T5 277.71 | 244.6] 0.80 263.17 296.53
T (354+0.25%Zr+4%Ni) T6 353.51 | 342.79 0.78 337.32 372.9¢
T62 371.40 | 370.0¢ 0.71 349.09 393.37
T7 271.96 | 238.82 0.90 265.10 287.71
As Cast 29756 | 217.28 1.86 338.0% 294.3
T5 263.33 | 238.29 0.81 249.60 281.84
U (354+0.25%Zr+0.75%Mn) T6 357.21 | 345.64 0.84 345.85 374.79
T62 397.19 | 373.79 1.01 397.84 409.93
T7 280.86 | 234.92 1.36 300.89 285.85
As Cast 27359 | 202.2p 1.29 289.99 280.0
T5 244.56 | 227.44 0.67 218.47 268.0(
V(354+0.25%Zr+0.75%Mn+2%Ni) | T6 284.18 | 283.4( 0.55 245.23 312.74
T62 335.53 | 335.0( 0.65 307.47 359.7¢
T7 257.40 | 228.22 0.90 250.54 273.15
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Table 5.3Mean values of UTS, YS, %EIl obtained at room tenafpee (after 200h/250°C
stabilization) for Alloys R, S, T, U and V subjedt® different heat treatment conditions; Q and
Probable YS values were obtained using Egns 1 and 2

Mean values of UTS (MPa) and El (%) used to obtai®@ and YS

Q = UTS + 150log (%EI) - Eq. 1 PYS = UTS - 60l084El) + 13 - Eq 2

Total
Identification (,\'*juzi) (NTPSa) 2}:2,& Q( é’;‘i;ﬂl) PY(SE ég)Pa)
As Cast 216.63| 130.19  3.04 289.06 200.66
TS5 24463 | 138.20 3.17 319.79 227.57
R(354+0.25%Zr) T6 254.03 | 152.84 5.39 363.77 223.13
T62 288.08 | 176.47 7.42 418.64 248.86
T7 275.54 | 164.2% 6.20 394.40 241.00
As Cast 263.48| 167.82 1.88 304.6¢ 259.99
TS5 278.92 | 191.77 1.73 314.63 277.63
S(354+0.25%Zr+2%Ni) T6 267.80 | 173.23 2.64 331.09 255.48
T62 279.33 | 171.09  3.99 369.41 256.27
T7 276.25 | 178.03  3.02 348.17 260.48
As Cast 259.91| 166.37  1.55 288.4¢ 261.49
T5 298.32 | 203.78 1.57 327.72 299.56
T(354+0.25%Zr+4%Ni) T6 293.4 | 197.99 1.86 333.39 290.19
T62 294.4 | 181.47 284 362.5 280.16
T7 283.31 | 187.24  1.88 323.98 279.63
As Cast 274.67| 186.92  2.22 326.62 266.89
T5 318.1 | 213.1 2.38 374.59 308.51
U(354+0.25%Zr+0.75%Mn) T6 315.7 | 202.48 3.94 404.62 292.57
T62 286.46 | 172.23  4.53 384.87 260.09
T7 283.87 | 17558 3.68 368.75 262.92
As Cast 297.02| 198.23  1.60 327.64 297.71
TS5 300.34 | 216.96 1.42 322.99 304.28
V(354+0.25%Zr+0.75%Mn+2%Ni) | T6 291.88 | 190.04 2.35 347.62 282.59
T62 296.74 | 19229 2.75 362.64 283.38
T7 282.83 | 180.13 2.33 337.93 273.79
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Figure 5.3Mean values for UTS, YS, % El for Alloys R, S, Tadd V obtained under the given heat treatmentitiond (without stabilization)
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Figure 5.4Mean values of UTS, YS, % El for Alloys R, S, Tadd V obtained under the given heat treatment tiondi(after 200 hours stabilization at

250°C).




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 results obtained in a diffeveay, whereby one can observe how the
properties vary with different heat treatment ctinds, according to the change in color
and magnitude of the contour regions. Each contoarrepresents a specific value of the
property being considered. As an example, Figuresbd 5.6 show the quality index (Q)
and probable yield strength (YS) color-contour mimpsAlloys R, S, T, U and V tested at
room temperature, without and after 200 hours kralion at 250°Crespectively. Quality
index (Q) and probable yield strength (PYS) valese obtained using Equations 1 and 2,

and are plotted as a function of heat treatmenditions and alloying additions.

As may be seen from Figure 5.5, the tensile perdmce of the as-cast base alloy R
is improved after the application of different hdéegatments. After T5 treatment, the
quality of the alloy decreases with the additionallbying elements to the base alloy R.
For T6 and T62 heat treatments, the tensile prigsetdiecrease with the addition of Ni, but
increase in the case of Alloy U when Mn is addede Tigure also reveals that Alloy R
shows the best quality index values after T62 mneat, i.e., 411 MPa and 418.64 MPa
without, and with 200 hours stabilization, respesiy, followed by Alloy U which
displays a Q value of 397.84 MPa after T62 treatnfeith no stabilization) and 404.62
MPa following T6 treatment and 200 h stabilizatadr250°C before testing.

Figure 5.6 shows the probable yield strength (Y&@9yrecontour maps for Alloys R,
S, T, U and V. Figure 5.6(a) reveals that, in theemce of stabilization, the yield strength

of the base alloy R does not change to any graéahewith alloying additions. With 200 h
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stabilization at 250 °C, however, the yield strénigicreases with both addition of alloying
elements and the heat treatments applied to AllagsRseen from Figure 5.6(b).

The ultimate tensile strength (UTS) is normally dider the specification and
guality control of the casting, while the ductilitf the casting, expressed as percent
elongation to fracture, is usually used as an atdic of casting quality because of its
sensitivity to the presence of any impurity or @éfa the cast structure. On the other hand,
yield strength does not represent the quality efd¢hsting since it is a material property
which is not affected by the level of defects ompurities present in the casting, but is
influenced, rather, by the movement of dislocationghe casting structure, and depends
on the resistance expected by the hardening ptat@pito the movement of dislocations.
[123] In general, therefore, quality charts providesimple tool for estimating and
recommending the appropriate processing condittonebtain specified properties and

hence to facilitate the selection of castings tentieese specifications.

As may be seen in Figures 5.5 and 5.6, the moremblcontours observed in the
case of Alloys R, S and U are indicative of the that the mechanical quality shows an

increase in the range of values both without arttd 200 hours stabilization.
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Figure 5.5Quality index-color contour charts for Alloys R, §,U and V obtained from room
temperature tensile testing data: (a) without stzattion, and (b) after 200 h stabilization at 260°
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Figure 5.6 Probable yield strength-color contour charts fdoyé R, S, T, U and V obtained from room
temperature tensile testing data: (a) without &tation, and (b) after 200 h stabilization at 260°
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5.4 TENSILE PROPERTIES OF ALLOYS R, S AND U AT ROOM
TEMPERATURE

Tensile tests at room and at high temperature per®rmed to know the effect of
additions of zirconium, nickel, manganese and scamdn the mechanical performance
of 354 cast aluminum alloy. As evidenced by theiltegpresented in the previous section,
Alloys R, S and U give best results for tensilegamies. Therefore, these alloys were
selected for testing at high temperature. Alloysrl L which contain zirconium and
scandium additions will also be compared with thakeys to determine the best alloys

that are suitable for high temperature applications

5.4.1 Alloy R (354 + 0.25wt% Zr)

Figure 5.7 shows the room temperature tensile ptiegeobtained from Alloy R
(containing 0.25wt% Zr) corresponding to variousthigeatment conditions, without and
after 200h@250°C stabilization prior to testing.n@ared to the as-cast condition, heat
treatment obviously affects the tensile performaoicthe alloy. As may be observed from
Figure 5.7(a), without stabilization, the strength the alloy increases with the heat
treatments T6 and T62, in which the formation di@@nt precipitates is the main source
of strengthening in the R alloy, while it increasesa lesser extent after T5 and T7 heat
treatments. With 200 h stabilization at 250°C, whdwer strength values are obtained, the
UTS and YS follow the same trend as in the caskigf5.7(a) with respect to the heat
treatment conditions applied, however, with a laggp between them. In this case, also,
highest strength is obtained with the T62 treatmienaddition, the alloy also exhibits high

ductility, ~7% with this treatment.
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The presence of Zr in the alloy would lead to themfation of AkZr dispersoids
which are known for persisting even at high tempees. This will ensure that the alloy
would maintain high strength values. The use offte2 treatment, incorporating the two-
step solution treatment, allows for maximum dissoluof the copper phases in the two
stages of solution treatment. Such dissolution diduitther strengthen the alloy matrix. In
general, if alloy strength is increased, the diigtitorrespondingly decreases, and vice
versa. A high ductility implies that the hardenprgcipitates and particles observed in the
matrix have undergone coarsening, larger partgtewing at the expense of smaller ones,
so that more of the ductile matrix is present betwéhe hard precipitates, which will
increase the ductility. Furthermore, the stabil@atreatment would also contribute to this

effect.
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Figure 5.7Mean values for UTS, YS, % El for Alloy R at thevgin heat treatment condition:
(a) without, and (b) after 200 h stabilization 802C prior to testing.

110



5.4.2 Alloy S (354 + 0.25wt% Zr + 2wt% Ni)

Figure 5.8 shows the tensile properties obtainednfithe S alloy (containing
0.25wt% Zr + 2wt% Ni) corresponding to the varidweat treatment conditions applied.
Without stabilization, T6 and T7 treatments imprakie alloy UTS by ~25 MPa from its
as-cast value, whereas there is a significant &aserén YS, of about 80-100 MPa. As in the
case of Alloy R, the T62 treatment produces theatgst improvement in both UTS and
YS, whereas no change in UTS is noted after TSemixtor the decrease in ductility to
approximately half that in the as-cast case forTiband T62 heat treatments, with a slight
increase for the T7 treatment, as expected, wighctbrresponding decrease in strength
associated with alloy softening. Figure 5.8(b) edsehat with 200 h stabilization, the as-
cast alloy strength (264 MPa UTS/~168 MPa YS) inesaslightly by about 16 MPa
UTS/~23 MPa YS after T5 treatment and then remaiastisally the same for the T6, T62
and T7 heat treatments. The ductility decreasesoveases with the increase or decrease
in UTS, ranging from ~1.7 to ~3%, with the exceptiminthe T62-treated alloy, which

exhibits the highest ductility of ~4%.

The presence of 2 wt% Ni in Alloy S leads to thenfation of Al-Cu-Ni phase
particles in addition to the ACu phase. The persistence of this phase after@sanhd T7
heat treatments would explain the increased sthealgserved in these cases, and would
also account for the high YS values, as the Al-Gy#&iticles would act as barriers to the

movement of dislocations in the matrix.

The decrease in strength observed after the afpiplicaf the stabilization treatment
prior to testing, Figure 5.8(b), could be attrilmite the effect of incipient melting of the

copper phases, during the prolonged 200 h treatraer#50 °C, and the consequent
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formation of porosity related to such melting. A& mumber of the hard Cu- or Cu-Ni-
phase particles would decrease, the yield strewgtild also be significantly lowered. In
this case, the increased ductility observed forTt62-treated alloy would be attributed to

the effect of particle coarsening, as well, over dlaration of the stabilization treatment.
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(a) without, and (b) after 200 h stabilization 802C prior to testing.
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5.4.3 Alloy U (354 + 0.25wt% Zr + 0.75wt% Mn)

Figure 5.9 shows the room temperature tensile ptiegeobtained for Alloy U
subjected to the different heat treatment and Istaig conditions. Compared to the as-cast
condition, and without stabilization prior to teg}j both T6 and T62 heat treatments
increase the alloy strength by a significant ama@ambhpared to the T5 condition, with T62
corresponding to the peak aging condition, witkersgth values of ~397 MPa UTS and
~374 MPa YS, and T7 corresponding to the overageditton where the strength values
drop by ~120 MPa when softening of the alloy takasg In association with the increase
in UTS and YS values observed, the ductility desesdrom 2% in the as-cast condition to
~1% for the T5, T6 and T62 heat-treated alloys,dasing to ~1.5% in the T7-treated

alloy.

In contrast, after 200 h stabilization at 250 °fg 162 and T6 display lower
strength values, ranging from ~286 to 315 MPa UT& faom ~172 to 202.5 MPa YS,
respectively, whereas the ductility in the T62 atind increases to almost double that of
the as-cast valuecf( 4.53% with 2.22%). It may also be noted that Ted d7-treated
alloys exhibit practically the same ductility vasyandicating that the T7 heat treatment
conditions and the stabilization at 250 °C priortésting were not sufficient to cause

softening in the alloy.

114



400.00 8.00
/\ X
[J]
© ©
o ]
= s
= 200.00 4.00 o
& S
2 5
& 100.00 200 ¥
o
\ — 4‘_/‘ 5

0.00 . . . . 0.00

As Cast T5 T6 T62 T7
Heat Treatment Condition
=B=-UTS ==YS =—h—%El
(@)

400.00 8.00
g
T =
300.00 -/ ~—g 5 6.00 3
— (8]
O (1]
% frs
= 200.00 — 4.00 e
) 0
c -
5 S
& 100.00 200 §
w

0.00 . . | | 0.00

As Cast T5 T6 T62 T7

Heat Treatment Condition

~B-UTS ==YS =—A—%El

(b)
Figure 5.9Mean values for UTS, YS, % El for Alloy U at thevgn heat treatment condition:
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5.4.4 Quality charts for Alloys R, S and U - Room temperture tensile data
Quality charts were constructed from the tensi# tata obtained for Alloys R, S
and U subjected to the various heat treatmentstesmted (a) without stabilization, and (b)
after stabilization for 200 h at 250°C. Equationantl 2 were used to calculate the quality
index (Q) values and plot theo-Q lines and thaso-YS lines, respectively. Figure 5.10
presents the quality chart for Alloys R, S and Uninich the points in the chart labelled
‘T5’, “T6’, etc. represent the values obtained witlh stabilization prior to testing, whereas
‘T5.1’, ‘T6.1’, etc. refer to values that were oioked when the alloys were stabilized

before testing.

The contoured curves observed in the quality cingitate how each type of heat
treatment affects the performance of these all@ys] enables selection of the best
compromise between strength and ductility requif@da specific application. In the
present case, the two sets of curves for each alkxy bring out certain salient facts. For
example, the use of a stabilization treatment cmmably improves the alloy quality, as is
clearly seen in the case of Alloys S and U. Therowpment in alloy quality is brought
about by the shift towards higher ductility valuedibited by the stabilized alloys. With
respect to heat treatment type, the T62 treatmemtiges the best results in terms of
enhancing the alloy strength towards both higeetYSlines and UTS values. In the case
of the base (reference) alloy R, higher alloy gitka are obtained without the stabilization
treatment, whereas higher ductilities are obtawét stabilization. Here again, the T62

heat treatment provides the best results in tefrafiay quality.
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5.4.5 Effect of Zr and Sc addition to 354 and 398 alloys

In this section, the room temperature tensile piogee of as-cast and T6-heat
treated 354 alloys R, S and U will be compared \thth tensile properties of another 354
alloy (Alloy Z, containing 0.25 wt% Zr and 0.15 wt$¢) and the new aluminum alloy 398
(coded Alloy L, containing the same alloying adulis as Alloy Z) to examine (i) the effect
of a combined Zr and Sc addition in changing thieaveor of the 354 alloy, and (ii) the
feasibility of using the new alloy 398 with the sair and Sc additions as an alternative

for similar high temperature applications.

Aluminum alloy 398 is an Al-Si hypereutectic allggontaining 16 wt% Si) with a
microstructure that consists of small polygonatany silicon particles evenly distributed
in an aluminum matrix. As mentioned previouslysthiloy was originally developed by
NASA as a high performance piston alloy to meet rd§uirements and tensile strength
suitable for many applications at elevated tempeeat- from 260°C to 370°C; this alloy
has been reported to offer significant improvemeints strength relative to most
conventional aluminum alloys [9], [133]. It woule Interesting, therefore, to compare the

performance of the 354 alloy used in this studyhwiiat of 398 alloy.

To this effect, additions of 0.25wt% Zr + 0.15wt% @ere made to each alloy
(giving alloys Z and L) and their as-cast propertt®@mpared. It has been shown that Zr
increases the resistance to aging when it is adadanary Al-Sc alloy [62]. Table 5.4
compares the tensile properties obtained for tlwe falloys when tested at room

temperature without prior stabilization.
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As may be seen from Table 5.4, for the as-castitondthe strength of the alloy
decreases with the addition of Ni in Alloy S, andh h case of Alloy U, but it remains
almost the same in Alloy Z (containing Zr + Sc)lod L, however, or alloy 398 with the
same Zr and Sc additions, gives the lowest stremgthes. After T6 heat treatment
(incorporating SHT 1 solution treatment), the alkigength is increased in each case. All
alloys display an increase in UTS of approximag8flyMPa, 40 MPa and 60 MPa after heat
treatment (T6), respectively. As may be observemfiTable 5.4, Alloy R (containing
0.25wt% Zr) in the T6-SHT condition seems to belibst alloy with respect to mechanical
properties at high temperature, since it displdngs higher tensile properties taking into

consideration the alloys tested in both as-casfl@cdonditions.
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Table 5.4Comparisorof tensile properties of Alloys R, S, U, Z and egfied at room temperature without stabilization).

Room Temperature/No Stabilization

Alloy R (354 + 0.25% zr)| 1Y S 132504/0 ;\’“;)'25% 21 A"‘g 85375;,; &'%5% (354A+"8.y;% Zr + (sglse Y c/;g%%mlir +
: 0.15% Sc) 0.15% Sc)

Av. As Cast T6 As Cast T6 As Cast T6 As Cast T6 As Cast T6
uTsS 312.41 374.26 294.33 332.10 297.5p 357.2 316,01 7.935 234.7 260.37
SD 14.15 29.58 3.45 5.78 4.24 14.84 17.68 5.49 5.79 21 7.
YS 230.39 333.56 209.66 322.52 217.23 345.6 24436 2.284 204.33 260

SD 8.05 26.54 5.94 6.29 2.03 16.93 19.42 17.70 5.83 55 7.

El 2.15 1.35 1.70 0.79 1.86 0.84 1.67 0.90 0.78 0.44
SD 0.28 0.2 0.12 0 0.03 0.047 0.01 0.09 0.06 0.02
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5.4.6 Statistical analysis

Figure 5.12 depicts the tensile properties obtaifeedAlloys R, S and U without
and with 200 h stabilization at 250°C, relativehe values obtained for the as-cast R base
alloy, i.e., subtracting the values obtained f@& base alloy R in each case, and plotted as
AP values on the Y-axis (P = Property = YS, UTS d&l)with the X-axis representing
the base line for alloy R. The use of this methoml/joles an effective means of knowing
how the various additions used and the differermit tieeatment conditions applied affect
the properties of the 354 casting alloy.

In general, as may be seen from Figure 5.12, anhditof these elements improve
the alloy properties, depending on the heat treatmeplied. Without stabilization, T6 and
T62 treatments provide the best improvementaRgrs andAPys values of all alloys; the
increase in strength is reflected by a correspandecrease in ductility, so that th@yg
values all lie below the reference baseline, exinidpi ductilities which are around 1%
lower than that of the as-cast base alloy R. TiatPyts andAPys values for the R alloy
improve for every type of heat treatment - evidedtle to the addition of Zr - indicates the

effectiveness of the Al-Zr-containing precipitatesnaintaining the alloy strength.

With stabilization of 200 h at 250°C, an overalpimvement in thPyrs andAPys
values for all alloys is noted with respect to #secast base alloy R. Alloys S and U show
the highest improvements Pyrs andAPys after T5 treatment, whereas after Myrs
drops considerably in the case of Alloy S, while Adloy U it remains at the same level.
The T62 and T7 treatments produce the same incre&$eS for all three alloys relative to
the tensile strength of the as-cast base alloysReftially, a similar trend is also observed

with respect to thé\Pys values of the three alloys. In regard to ductjlifggure 5.12(c)
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reveals that Alloy R exhibits higher ductilitiesath Alloys S and U, the highest being
obtained with the T62 treatment, followed by thedrd T6. All three alloys exhibit their

highest ductility values after T62 heat treatment.
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alloy R: (a) UTS, (b) YS, and (c) %EI without, aafter 200h stabilization at 250°C.
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5.5 TENSILE PROPERTIES OF ALLOYS R, S AND U AT HIGH

TEMPERATURE

Tensile tests were performed at 250 °C to deterntiree effect of the alloying
additions used and the heat treatment and staimlizaonditions employed on the high
temperature mechanical performance of the 354 alldty was found that the tensile
properties showed a different tendency to that mieskeat room temperature, resulting in
improved strength, particularly the yield strengthtemperatures above 200°C. The tensile
properties of the selected Alloys R, S and U aszwdised in this section together with
those of Alloys Z and L for comparison purposese Blioys were tested at 250 °C using

stabilization times of 1 hour and 200 hours at 25@rior to conducting the tensile tests.

5.5.1 Alloy R (354 + 0.25wt% Zr)

Figure 5.13 shows the high temperature tensilegitms obtained from the R alloy
under the various heat treatment and stabilizatmmditions employed. Compared to the
as-cast condition, the heat treatments improvetehsile performance of the alloy. As
observed from Figure 5.13(a), in case of one htabilization, the strength of the alloy
increases with the T6 and T62 heat treatments, hiclwthe formation of coherent
precipitates is the main source of strengtheningthi@ R alloy, whereas it remains
practically the same after T5 heat treatment, amfteising occurs when the T7 heat
treatment is applied to the alloy. The ductilityiea according as the strength increases or

decreases, exhibiting almost 5% after the T7 treatm

With 200 h stabilization at 250°C, also, there asamange in the tensile and vyield

strengths after TS5 heat treatment compared to sheast case, while a slight decrease is
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noted after T6 treatment, with the T62 and T7 treatts providing no further change in the
alloy strength. The alloy ductility increases sfgrantly, from about 8% in the as-cast and

T5 conditions, to ~1& 1% after T6 and T7 treatments, with the T62 tresthexhibiting a

maximum ductility of ~23%.
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Figure 5.13Mean values for UTS, YS, % El for alloy R at theegi heat treatment conditions for;
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5.5.3 Alloy S (354 + 0.25wt% Zr + 2wt% Ni)

Figure 5.14 shows the tensile properties obtainech the S alloy, containing 0.25
wt% Zr + 2 wt% Ni, for the various heat treatmeanditions and the two stabilizing times
used. As discussed in the previous section, after loour stabilizing time, the heat
treatments T6 and T62 improve the alloy strengtisimterably, whereas no change is noted
after T5 and T7 treatments. The ductility remair@renor less the same, at about 2%, for
the different heat treatments applied as that elesem the as-cast case, except for the
slight increase to 2.43% in the case of T7. As skem Fig. 5.14(b), with 200 h
stabilization, the alloy strength is lowered coesably, and remains almost the same as in
the as-cast condition (~117 MPa UTS and 90 MPa WS8ile the ductility differs from one
condition to another, ranging between 5 and 9%h whte T62 treatment producing the

maximum ductility.
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5.5.4 Alloy U (354 + 0.25wt% Zr + 0.75wt% Mn)

Figure 5.15 shows the tensile properties obtairredh fthe U alloy, under the
different heat treatment conditions and after (a)abhd (b) 200h stabilization at 250°C.
Compared to the as-cast condition, and for the looer stabilization time, the T62
condition corresponds to the peak aging conditigith strength values of 255.58 MPa
UTS and 255.11 MPa YS. Alloy softening is obsenfetlowing T7 heat treatment,
although the ductility increases only slightly abdiie average 2.5% observed for the other
conditions. In contrast, with 200 h stabilizatidhe T6, T62 and T7 heat-treated alloys
display the lowest strength values: ~97 MPa UTS, an8-80 MPa YS, respectively,
whereas the ductility in theT62 condition increasealmost triple that of the as-cast value

(cf. 14.3% with 5%).
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From the results observed in Figures 5.13 throu@b,5n the context of the high
temperature performance of the three selected B&#samuch higher strength values are
observed when the stabilization is carried out doityone hour prior to testing. The tensile
strength and vyield strength show very similar teemdth respect to the heat treatment
conditions, with the T62 treatment providing thestsrength values, 262 MPa UTS/YS in
the case of Alloy R, with Alloys S and U showingyeaimilar strength values, ~261 MPa
and ~255 MPa, respectively. The ductility valueggefrom ~1.5% to ~3%, with Alloy R

showing slightly higher ductility than Alloys S akd(~3.5% in the as-cast condition).

5.5.5 Quality charts of Alloys R, S and U - high temperaire tensile data

Quality charts were constructed from the tensik thata obtained for the three
alloys subjected to the various heat treatment iiond and the two stabilization times.
Equations 1 and 2 were used to calculate the gualitex (Q) values and plot theo-Q
lines and theso-YSlines, respectively. Figures 5.16 and 5.17 pregentjuality charts for
Alloys R, S and U tested at 250°C for the two dizdion times, respectively, depicting
how the properties and quality of each alloy varthvwthe heat-treatment conditions. The
contoured curves indicate how each heat treatnféndts the tensile performance of the
three alloys. After one hour stabilization at tl®ZC testing temperature, all alloys exhibit
the highest UTS values after the T62 treatmentwbtlt ductilities lower than the as-cast

values. The alloy quality is also improved with &2 treatment.

After 200 h stabilization at 250°C, and as Figurg75shows, the strength of the
alloys deteriorates, the decrease in strength aokase in ductility being related to the
softening which occurs as a result of the onseivef-aging during which the equilibrium

precipitates form, leading to the loss of coheresitgin between the precipitates and the
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matrix. In addition, the over-aging results in tmatinuous growth of the large precipitates
at the expense of smaller ones, ultimately leattingoarser precipitates with less density
in the metal matrix, and having larger inter-paetispacing [94]. Figure 5.18 displays the
relevant part of the quality chart shown in Figbr&7, rescaled to distinguish the contour
curves one from the other. The tendency towards W6 and YS values and high

ductilities indicates the large extent to which tening has occurred after the long
stabilization time at the testing temperature, esjilg for the T62-treated alloy. The alloy

guality is also lowered to some extent. 250-288 MPa with 287-337 MPa in the case

when 1 h stabilization was used).

It should be noted that, due to the changes insttength and ductility observed
with the 200 h stabilization, the X and Y-axis gsahre necessarily different from those

given in Figure 5.16 for the one hour stabilizatione.
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Figure 5.16Quality charts showing UTS vs % El plots for Allogs S and U subjected to various heat treatmerdigons (testing at 250°C after
1h stabilization).
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5.5.6 Comparison between the high temperature tensile ppeerties of as-cast
and T6-treated 354 alloy with different alloying adlitions and a new
alloy

In this section, the high temperature tensile prioge of as-cast and T6-heat treated
354 alloys R, S and U (tested at 250°C and usiegtwo stabilization times at testing
temperature) will be compared to determine theceféé the various alloying additions,
together with the tensile properties of Alloy Z 438alloy, containing 0.25 wt% Zr + 0.15
wt% Sc) and Alloy L (398 alloy, containing the safegels of Zr and Sc as alloy Z) to
examine (i) the effect of a combined Zr and Sc t&aldin enhancing the high temperature
behavior of 354 alloy, and (ii) the feasibility o§ing the new alloy 398 with the same Zr

and Sc additions as an alternative for similar heghperature applications.

Table 5.5 lists the tensile properties obtainedtfe five alloys when tested at
250°C after 1 hour of stabilization at testing temgure, while Table 5.6 shows the tensile
properties for the same five alloys after 200 Ibifitation at the same testing temperature.

The results are displayed in Figures 5.19 and Se&pectively.
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Table 5.5Comparison of high temperature tensile propertigdloys R, S, U, Z and L (tested at 250°C aftdr 4tabilization at testing

temperature).
1h/250°C stabilization
Alloy R (354 + 0.25% zrj 1% S (0 £0-25% 21 Aoy (554 B.25% (G504 02% 2+ | (398 4 0250621 +
' 0.15% Sc) 0.15% Sc)

Av. As Cast T6 As Cast T6 As Cast T6 As Cast T6 As Cast T6
UTS 170.93 216.21 184.69 226.64 173.3p 230.0 139480 2.622 124.28 178.05
sSD 3.35 2.74 2.55 3.48 0.59 5.03 0.92 0.28 8.28 9.2b
YsS 158.03 213.77 169.96 224.72 160.1y7 225.7 12596 0.8922 123.88 174.67
sSD 3.08 2.96 2.20 3.41 2.82 8.24 0.56 1.12 8.43 10.%3
El 4.17 4.61 2.05 1.92 2.75 2.45 4.17 1.25 1.37 1.0p
SD 0.15 0.45 0.33 0.29 0.25 0.18 0.88 0 0.05 0




Table 5.6Comparison of high temperature tensile propertigdloys R, S, U, Z and L (tested at 250°C afteD20stabilization at testing

temperature).
200 h / 250°C Stabilization
Alloy R (354 + 0.25% zr)| 1Y S J(FB;;'O IJ\’“;) LIS A"‘g 85375540/: &'55% (354'6-;-"8.}/22% Zr + (3£l9\|8e + ég%%/ol_Zr +
: 0.15% Sc) 0.15% Sc)

Av. As Cast T6 As Cast T6 As Cast T6 As Cast T6 As Cast T6
UTS 104.14 84.84 115.61 111.26 120.68 95.9¢ 153.59 1886 106.54 114.05
SD 1.94 0.23 0.22 0.98 0.35 1.50 0.5 2.25 4.26 4.1p
YS 82.64 70.89 86.91 90.28 96.55 78.16 125.%6 78.29 9 94 103.8
SD 1.86 1.05 0.43 0.71 0.19 2.69 0.19 2.6 3.17 1.78

El 8.67 18.96 5.07 6.50 5.00 10.67 7.5 15.88 2.2 2.45
SD 0.67 0.53 0.06 0.87 0.00 0.76 0 1.42 0 0.1
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As may be seen from Table 5.5, with one hour staibn, the alloy strength in the
as-cast condition is increased with the additioNofn Alloy S and Mn in the case of
Alloy U but it decreases in Alloy Z and Alloy L (89alloy with the same Zr and Sc
additions as Alloy Z); after T6 heat treatment ipavrating the SHT 1 solution treatment,
the strength of all alloys is enhanced, by abouB@UMPa, with Alloy Z showing the
greatest improvement. As may also be observed ffafle 5.5, Alloy U (containing
0.75wt% Mn + 0.25wt% Zr) in the T6 (SHT 1) conditiseems to be the best alloy with
respect to mechanical properties at high temperatsince it displays higher tensile
properties taking into consideration both as-cagtB conditions.

From Table 5.6, which displays the high temperateresile properties after 200
hours stabilization at 250°C, it may be seen thédyAZ (354 + 0.25wt% Zr + 0.15wt%
Sc) shows a large increase in strength comparetheéobase alloy R for the as-cast
condition. The addition of Sc to Al alloys is maHective than Zr addition in improving
recrystallization resistance [134Jue to the formation of a high density o8¢ particles.
However, a combined addition of Sc and Zr produwdeéSc,Zr) particles which are more
stable than the ABc dispersoids, and that leads to the improvemfahiearecrystallization
resistance [70]. Additionally, it has been showmttlZr increases the resistance to

overaging when it is added to binary Al-Sc allo2][6

Table 5.6 also shows that, in general, the streafjthe 354 alloys (UTS and YS)
decreases considerably on going from the as-cabet®6 heat-treated condition, with the
exception of Alloy S, which shows a decrease inWhi& of ~4.5 MPa and an increase in
the YS of ~3 MPa. The reduction in strength of thieeo 354 alloys results from the

coarsening of the different strengthening precipgan the alloys based on the additions
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made in each case. In contrast, alloy L (398 +Wt256 Zr + 0.15wt% Sc) the strength
values increase by ~6.5 MPa and ~ 9 MPa for the UESY&.

While a detailed investigation of the precipitatibehavior using transmission
electron microscopy (TEM) was not within the scabehe present study, as an example,
TEM analysis was carried out for the Alloy U sanspiested at high temperature following
the two stabilization times to demonstrate the gleaim the precipitates over prolonged
periods of heating. Figure 5.21 compares the pitatgs observed in the U alloy samples
after (a) 1 hr stabilization and (b) 200 hrs siabtlon at 250 °C. As may be seen, the finer
precipitates in Figure 5.21(a) have coarsenedaoeatiot more of them are visible after the

200 hrs stabilization period, as seen in Figura®p
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Figure 5.21Comparison of the precipitates observed in Allotekted at 250 °C, after (a) 1 hr, and
(b) 200 hrs stabilization at testing temperature
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In order to analyze the mechanical quality by meainguality charts, two heat
treatment conditions per alloy were selected franorg all the conditions used: the as-
cast and T6 conditions, which are important to €tudy. As observed from Figure 5.22,
Alloy U alloy exhibits the best tensile propertedter T6 heat treatment following the 1 hr
stabilization. The L alloy is comparatively moreitthe than expected in the as-cast
condition but its properties improve somewhat afié treatment. Material-wise, the
combined Zr and Sc addition in Alloy Z improves tlyeeld and tensile strength
considerably which is to be expected given the b@akinfluence of both additions which

increases the resistance to overaging, i.e., sofien

In contrast, when stabilization is carried out 200 hrs, the alloy strength of the
354 alloys is considerably lowered in the T6 candit whereas the L alloy displays very
little change compared to the as-cast conditiorkel@ping with the lowered strengths, the
354 alloys exhibit much higher ductilities, rangingtween 10 and 20%. It is interesting to
note how the alloy quality remains the same inda®e of Alloy Z in both as-cast and T6-
treated conditions in the two charts, and improwés the prolonged stabilization time

(towards the 300 MPiao-Q line), compared to ~230 MPa with the 1 h stabii@atime.

Such quality charts are thus very useful for edimgahow the added elements are
influenced by the heat treatment and stabilizatonditions applied and what are the

consequences on the alloy properties and perforenanc
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Figure 5.22Quality charts showing UTS vs %El plots for Allogs S, U, Z and L in the as-cast and T6-heat treededitions (testing at 250°C
after 1 h stabilization at testing temperature).
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5.5.7 Statistical analysis

Figure 5.24 shows the high temperature tensile got@s obtained for alloys R, S
and U at the 250°C testing/stabilization temperafor the two stabilization times used,
where theAP (P = Property + UTS, YS and %EIl) values were inbthrelative to the
values for the as-cast R alloy (taken as the baseference alloy). Table 5.7 shows the

reference alloy properties used to calculateMReralues plotted in Figure 5.24.

Table 5.7High temperature tensile properties of referentmy &, (tested at 250°C after 1 and 200
h stabilization at testing temperature).

Tensile Properties 1h @250 °C 200 h @ 250 °C
UTS (MPa) 170.93 104.14
YS (MPa) 158.03 82.64
%El 4.17 8.67

As may be seen from the figure, additions of thelnents improve the alloy
performance at high temperature (250°C). After stabilization at 250°C, the strength of
alloys R, S and U is improved to the same exteiit) the T62 heat treatment providing
the best properties at high temperature, followethe T6 treatment. Figure 5.24(b) shows
that the yield strength of Alloy S is higher thdre tYS values of the other alloys for most
of the heat treatment conditions. Figure 5.24(owahthat theAPyg values for all alloys
are lower than those of the R base alloy, whictoibe expected, in light of the results
observed in Figure 5.24(a).

After 200 hours stabilization, however, at 250°Gt much variation in the UTS

values are observed, the values lying approximatetilin a band of+ 20 MPa with

respect to the reference alloy R. Likewise, the Waflles also range withit 10 MPa.
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Alloy R shows the highest ductility values for thé2, T6 and T7 conditions among the

three alloys, corresponding to its UTS and YS valabserved in Figure 5.24(a) and (b)

for these three conditions (lowest among the thtlegs).
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Figure 5.24Comparison of high temperature tensile propertid®, & and U alloys relative to
those of the as-cast base alloy: (a) UTS, (b) Yi8,(a) %EIl after 1 h and 200 h stabilization at
250°C.
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CHAPTER 6

CONCLUSIONS

This chapter presents the conclusions drawn fragnettperimental data obtained
which were presented in Chapters 4 and 5. Thegerasented in two separate parts, A and

B, as shown below.
Part A

Based on the microstructural results, thermal amlgata and porosity formation
measurements presented in Chapter 4, correspotalthg different 354 alloys containing
Zr, Ni, Mn and Sc additions (viz., alloys R, S,U, V and Z), the following conclusions
may be drawn:

1. Six main reactions are detected during the sotdiion of the 354 base alloy:

(i) formation of theu-Al dendritic network at 598°C, followed by (ii) @cipitation

of the Al-Si eutectic and the post-eutegtid\lsFeSi phase at 560°C; (iii)) M8i

phase formation at 540°C; (iv) transformation o fhiron AlsFeSi phase inta-

AlgMgsFeSg phase at 525°C; and lastly, precipitation of th@psr-containing

phases AICu andQ-AlsMgsCuwSis that precipitate almost simultaneously at 498°C

and 488°C.
2. While minimum iron content is always recommendedhia production of the 354

casting alloys, when such alloy castings contaighhiron levels, appropriate



solution heat treatment procedures may partiallytraéze the deleterious effect of
the iron-bearing phases.

3. As a result of the low solidification rate of tHeetmal analysis castings, and a Zr
content of 0.25 wt%, all Zr-containing alloys aoeated in the L + AFr region of
the Al-Zr phase diagram during the melting stage.

4. Three main reactions are detected with the additbNi, i.e., the formation of
AlFeNi, AICuNi and AISiNiZr phases.

5. Larger sizes of AlFeNi and AICuNi phase particles abserved in the T alloy
with a Ni content of 4 wt%, when compared to thesen in the S alloy sample
with its lower Ni content of 2 wt%.

6. Mn addition in Alloy U helps in reducing the detemtal effect of the platelet
morphology of the3-iron AlsFeSi phase by replacing it with the more compact
and hence less detrimental Chinese seripll 15(Fe,Mn}Si, phase and sludge
particles.

7. Sc-containing intermetallic phases observed inghigly appear in two different
forms: (Al Ti)(Sc,Zr) and (Al,Si)(Sc,Zr,Ti).

8. When the as-cast alloys are subjected to the mstgp- solution treatment —
involving higher solution temperatures and longerations, an increased
amount of incipient melting is expected to occur.

9. After multi-step solution heat treatment coarsenwigthe Si particles is
observed, with larger particles growing biggerat éxpense of smaller ones.

10.Primary Si particles are observed in the microstmecof the 398 hypereutectic

Al-Si alloy L with its high Si content of 16 wt%.
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Part B

Based on the results presented in Chapter 5 onotira temperature and high
temperature tensile properties of the 354 alloygstigated, the following conclusions

may be drawn:

Room Temperature Tensile Testing

11.The multi-step solution heat treatment (or SHT @3ufts in higher tensile
properties than those achieved with the SHT 1 rreat or in the as-cast
condition, due to the increase in the amount cdaligion of the Cu-phases and
a reduced risk of the occurrence of incipient melti

12.The ultimate tensile strength and ductility of giigen alloys in the multi-step
solution heat-treated condition increase by as mash70 MPa and 3%
respectively, in comparison with the as-cast and SHconditions, while the
yield strength remains almost the same.

13.Without stabilization, T6 and T62 treatments previtie best improvements in
both UTS and YS values of all alloys.

14.The best tensile properties of alloys tested atnrt@mperature after stabilization
at 250°C for 200h are obtained with the T6 heattinent.

15.Alloy R shows the best quality index values afté2Treatment, i.e., 411 MPa
and 418.64 MPa without, and with 200 hours stadiion, respectively,
followed by Alloy U which displays a Q value of 384 MPa after T62
treatment (with no stabilization) and 404.62 MPHofeing T6 treatment and

200 h stabilization at 250°C before testing.
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16.The presence of 2 wt% Ni in Alloy S leads to therfation of Al-Cu-Ni phase
particles in addition to the ACu phase. The persistence of this phase after T6,
T62 and T7 heat treatments would explain the is@dastrength observed in
these cases, and would also account for the higlvaf&es, as the Al-Cu-Ni
particles would act as barriers to the movemeitisibcations in the matrix.

17.After T62 treatment, Alloy U (containing 0.75wt% Mn 0.25wt% Zr) shows
the maximum increase in tensile properties, wite thTS and YS values
increasing by ~100 MPa and ~160 MPa, respectively.

High Temperature Tensile Testing

18.The addition of Zr, Ni, Mn and Sc to 354-type aBoymproves the high
temperature tensile properties compared to the dl&se

19.Alloy S (Al 354 + 0.25wt% Zr + 2wt% Ni) and alloy (Al 354 + 0.25wt% Zr +
2wt% Ni) perform better in case of high temperatoomditions, with one hour
stabilization at 25{C, displaying strength values of 226.64/230.05 MA#® and
224.72/225.73 MPa YS, respectively. For a prolonggadbilization time (200 h at
250°C), however, the strength values are reduced to26495.9 MPa UTS, and
90.28/78.16 MPa YS, respectively.

20.The decrease in strength and increase in ductibserved for the 354 alloys after
prolonged stabilization of 200 h at 2&Dis related to the softening which occurs as
a result of the over-aging conditions during whitle equilibrium precipitates
form, leading to the loss of the coherency strahmeen the precipitates and the
matrix.

21.The L alloy (398 + 0.25wt% Zr + 0.15wt% Sc) is mturétle than expected in the

as-cast condition but it improves slightly after Ti@atment. After 200 hours
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stabilization at 25, the T6-treated L alloy shows much better stienvgidues of
114.05 MPa UTS and 103 MPa YS, in comparison wi¢éh3d54 alloys.

22.Analysis of the tensile data using quality chactdpr contour maps anfiP plots
provide different tools to interpret the data aratilitate the selection of the
appropriate alloying additions and heat treatmeoriddions needed to achieve
properties specified for a required application,vwadl as determine how these
parameters would affect the properties and quafithe base alloy.

23.The addition of Zr with Mn to 354-alloy after T62dt treatment gives best tensile
properties at room and high temperature as Mn iaddin Alloy U helps in
reducing the detrimental effect of tiieiron phase by replacing it with the less-
detrimental Chinese scripi-Alis(Fe,Mn}Si, phase and sludge particles. In
addition, the use of the T62 heat treatment, inm@iing the multi-step solution
treatment, allows for maximum dissolution of thepper phases in the multiple
stages of solution treatment, such dissolution peed the greatest improvement in

both UTS and YS values.
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RECOMMENDATIONS FOR FUTURE WORK

According to the results obtained in this studg, fibllowing aspects may be further
explored to provide a complete and well-establigbeckground for the Al-Si-Cu-Mg 354-

type alloys investigated in this study.

» Studying the effect of sample geometry such as d$kmples with different
thicknesses, round samples with notches or holessate to physically simulate
the different parts located in real castings engiree blocks.

e Using an electron microprobe analyzer in ordedentify the actual stoichiometric
composition of the different phases reported indiresent work.

« Detailed fractographic investigation of samplestegsat ambient and high
temperatures using scanning electron microscopgstablish the possible failure

mechanisms.
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