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ABSTRACT

Guo Wu D.Phil.
St Cross College Trinity Term 2014

Understanding the Role of Oxidation in Bonding of Aluminium Alloys

The main aim of this work is to study the bonding behaviour of Al alloys as a function of
temperature, time and processing conditions from a perspective of oxidation so as to gain a
comprehensive knowledge of the oxidation issues during processing and to design better bonding

approaches for different alloy systems.

Two major parts of work have been carried out during the study: (a) the use of a stacking approach
and a double pouring approach to potentially join two Al alloys and their effectiveness are
assessed; and (b) a precise investigation of the oxidation mechanisms for Al-Cu and Al-Mg alloys

using a combination of theoretical analysis and experimental characterization.

The project started with the use of a stacking approach to try to bond two stacked Al alloys. The
stacked sample can be viewed as a bi-metal which has an oxide bi-film layer at the bond interface.
It was found that the bi-film layer was a physical barrier preventing direct metallic bonding. How

this bi-film layer evolves during the bonding process was then investigated.

The work then moved on to investigate the oxidation mechanisms of Al-Cu alloys and Al-Mg
alloys in greater detail. The thermodynamics, kinetics of oxidation, chemistry and morphology of
the oxide scale were particularly studied. Briefly speaking, in the case of the AI-Cu-O; system,
the oxidation proceeds in the order of amorphous y-Al,O3 - to - crystalline y-AlbOs3 - to - 0-Al,O3;
in the case of the Al-Mg-O» system, the oxidation proceeds as amorphous y-Al,O3; to MgO to
MgAl,0O4 and the morphology of the oxide scale develops from a protective layer to a porously

structured composite layer.

A double pouring approach was finally developed to bond Al and Al-5Cu but the method has still
not been perfected due to the formation of bi-film defects along the bond interface. Induction
melting, squeeze casting, and extrusion bonding were therefore studied as an attempt to reduce
the harmful effect of bi-film defects. Although all of the approaches exhibit some limitations, they

have potential for future development.
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Chapter 1 Introduction

CHAPTER 1

INTRODUCTION

1.1 Background

Aluminium and aluminium alloys have been ingenigugiplied in various industry sectors, such
as construction, energy, packaging, marine, aecespad automotive [1]. Aluminium has a
unique combination of attractive properties: aluomm is lightweight with a specific density of
2.70 g cnv, about a third that of steel (7.83 g&nf2], the continuous demand for lower energy
consumption has made it an ideal candidate to isutesheavier metals in components [1, 2]; it
has a thermal conductivity of 205.00 WArK* which is around 3 times more than that of steel
[1]; aluminium has excellent corrosion resistarang] can be easily cast and machined [1]; the
strength of aluminium can be adapted to differ@piiaations by modifying the composition and

microstructure of its alloys [3]; aluminium is 100%cyclable without loss of properties [4].

Some novel aluminium alloys and aluminium matribmpmsites have recently been drawing
increasing attention due to their potential abiityope with extreme conditions, such as elevated
temperatures and high pressure. For example, Gelaho[5-8] have developed some Al-based
nanoquasicrystalline alloys which exhibit improveeéchanical properties and thermal stability
at high temperatures up to 450°C. A group of Aleebased alloys containing a fourth alloying
element (Ti, V, Nb or Ta) have been successfulbdpced either by melt-spinning [5, 7, 8] or by
extrusion from gas-atomized powders [6, 7, 9, T@g alloys have a microstructure composed of
~100 nm quasi-spherical icosahedral quasicryseafarticles embedded in arAl matrix [7]. It

has been shown that the quasicrystalline part{clessists of Al, Fe and Cr) usually decompose
at approximately 300°C and the addition of the flowiloying element results in an increase of
the decomposition temperature and can stabilizgainicles [5, 7, 9, 10]. As a result, the alloys
exhibit improved mechanical properties at eleva¢aaperatures compared with conventional Al

-1-
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alloys [6]. For example, it was found that anskECr.Ti2 nanoquasicrystalline alloy has a true
ultimate tensile strength (UTS) around 420MPa &P35and the value is equivalent to more than
50% of the UTS measured at room temperature [6¢ Miaterials have promising structural
applications in the automotive industry. Howevemay be difficult to scale up the alloys from
laboratory to industrial applications via existipgpcessing routes. Even if it were possible, the
production cost can be very high. This disadvantagg potentially open up an idea to bond such
materials to lower cost commercial aluminium alleyisich can help reduce the manufacturing
cost while the lightweight property of the componenstill maintained. For example, the top
surface of a piston head can be made from an Adebasnoquasicrystalline alloy to withstand

extreme conditions while the rest of the pistomade of a conventional Al alloy.

Of course, the bonding of aluminium alloys is rexthnologically straightforward. It is inferred
from the literature that the main obstacle to bahaninium alloys is the oxide layers formed at
the bond interface: Al alloys can be readily oxédizo form protective oxide layers on surfaces,
which prohibit metallic bonding at the interfacedgeopardize the bond mechanically [11, 12].
The oxidation of aluminium alloys itself is a coreplprocess. An in-depth study is required to
determine the conditions under which different esidnay form and how they form. The
developed know-how of the oxidation issue may m toelp predict the suitability of different

bonding approaches for aluminium alloys and deafgpropriate bonding conditions.

The intention of the present work is to develogstematic understanding of the role of oxidation
in bonding of aluminium alloys under different bamglapproaches, in particular casting related
approaches. Two aluminium binary alloy systemsCAal-and Al-Mg, are used throughout the
work. It is hoped that the knowledge gained throtighoxidation studies could be further used
to predict the oxidation behaviours of other systeamd also to identify suitable bonding

approaches for different alloys.
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1.2 Outline of thethesis

The thesis contains two major parts of work: prepes studies and oxidation studies. It starts
with the description of a stacking approach whidswsed to bond aluminium alloys, and the
analysis of the oxidation issue involved. Then thesis moves on to discuss the oxidation
mechanisms occurring in Al-Cu20Oand Al-Mg-Q& systems, in terms of oxide formation
thermodynamics, kinetics and oxide scale microstines. The oxidation of aluminium alloys
may be affected by a combination of factors, inclgaxidizing temperature, time, oxygen partial
pressure, concentrations of alloying elements Jetihie present work, how each factor influences
the oxidation process is assessed both qualitatared quantitatively. Finally, the thesis presents
the study of some other bonding approaches andsateme suggestions on how to improve the

processing parameters so as to obtain a reasogatdi/bond interface.

Specifically, in Chapter 2, the literature papenstioe oxidation of Al alloys are reviewed and
assessed. Chapter 2 also reviews the advantage$inatations of some existing bonding
approaches for aluminium alloys. The experimengghits are presented in Chapter 3. Chapter 4
deals with the characterization of the bonds preduagsing a stacking approach. Chapter 5
focuses on detailed oxidation studies of Al-Cu yadloln parallel, Chapter 6 discusses the
oxidation mechanism of Al-Mg alloys. double-pouring approach is introduced in Chapter 7,
together with a description of how the knowledgerfrprevious oxidation studies can help tailor
the processing conditions and make suggestiongnfproved bonding. The conclusions and

suggestions for future development from the pres@mnk are given in Chapter 8.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

In metallurgy, oxidation usually refers to the chesthreaction process between the surface of a
metal and the oxygen in the environment [1, 2]. $hdace properties of a metal can be greatly
affected by the oxide skin [3]. In the world of mdinium metallurgy, there are probatbur main
reasons why researchers are interested in oxidatimme researchers [4-7] are interested in
aluminium anodising, which is an electrochemicahteque used to form uniformly structured
oxide layers on Al alloys in a controlled manner,as to improve the corrosion resistance [8];
some researchers [9-11] study the oxidation of Ilblya in order to understand the potency of
metal oxides as heterogeneous nucleation substoatesAl phase [10] and intermetallic phases
[12, 13] during solidification; recently, Campbdll3-15] and Griffithset al [16-19] are
increasingly interested in oxide-film [13] defects in Al castings and it has been shtvan the
mechanical properties of Al castings is somewhiated to the quantity of oxide-film defects
[20-22]; and some researchers [23-28] are intedastthe production of ADs/Al composites by
directed melt oxidation of Al alloys. Different fmothe above mentioned reasons, in the present
work, the oxidation studies are performed as angit to understand the effect of oxide formation
on metallic bonding at the interface between tvaxes of Al metals. This chapter consists of two
parts: section 2.2 reviews the oxidation of Al gflavhile section 2.3 reviews some of the existing

approaches for bonding of aluminium alloys.

2.2 The oxidation issue

This section reviews the literature related to akimh and highlights some key observations from
literature sources and some questions which hawvbaen fully addressed. Specifically, section

2.2.1 gives details of the fundamental sciencexafaiion thermodynamics and kinetics. Section

-5-
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2.2.2 gives details of the literature related tadaton of pure Al. Section 2.2.3 discusses the
effects of different alloying elements on the oxidia behaviour of Al. The rest of the section
reviews the recent developments of double oxiae fiefects, obi-film defects [13], which is a
technologically significant concept to help undanst many casting related phenomena in the

world of aluminium metallurgy.

2.2.1 Fundamentals of oxidation

2.2.1.1 Thermodynamics

A comprehensive understanding of the oxidationas®sgjuires a determination of whether or not
a component in the material reacts with oxygen alad the stability of the oxidation products
[29]. The oxidation process is often complex astipiel components may be involved and react
with oxygen to form different oxides [30]. Thermawymic analysis is an important tool which
enables us to ascertain: firstly, which produces @wssible under specific conditions; secondly,
whether evaporation and condensation of a particelaponent will occur or not [31]; and thirdly,
under which conditions the products are thermodycaliy stable [29]. This section reviews

some of the important thermodynamic concepts wharehfrequently mentioned in the literature.

The criterion used to determine whether an oxigatieaction can occur or not at a given
temperature and pressure is the second law of tddgmamics [32, 33], usually in terms of Gibbs
free energy [34]. The Gibbs free energy of a systemspecies at a temperatilirss given by

G=H-TS (2.1)
WhereH is the enthalpy an8is the entropy of the species [34]. Gibbs free gyef a species is
an extensive variable, the value of which depemdhe quantity of the species [34].

XM +yO, - M,0,, (2.2)

Taking the above metal-oxygen reaction as an exa(wpholes of metal M reacting with y moles
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of oxygen to produce one mole ok®kby), the amount of reduction in Gibbs free enes@f [29]

(also quoted adriving force[35, 36]) of this reaction is calculated by

AG =G, o, ~X[G, ~y[G, (2.3)
In many cases, the reactants are in solution amifdure with other species, so their values of
chemical activity (the ability to participate inetiheaction [31]) are reduced. This affects the free
energy change (driving force) for the reaction. Thiing force AG of the reaction is then

expressed as iBquation 2.4,

AG=AG +R a“”—oy (2.4)
ay 2,

wherea is the chemical activity [31, 37] of a specieseTemical activity is defined by
a=n/nR (2.5)
wherepi is either the vapour pressure of the specieser its condensed phase or its partial
pressure in a gas phase qifds the same quantity corresponding to the stanskate ofi [31,
37]. According to the second law of thermodynani@® 33, 38]: ifAG < 0, the reaction may
proceed spontaneously;AlG > 0, the reaction may only proceed with extra mxkenergy to
compensate the increment of free energGf = 0, the reaction is at equilibrium [37], in this

caseEquation 2.4 becomes

AG® =-RT aM—Oy (2.6)
a, L2,

Figure 2.1 shows the famoug&llingham diagram[39], which can be constructed based on
Equations 2.3 and2.6. The diagram compiles the standard Gibbs freeggrardifferent oxides
as a function of temperature and it can be usezbitopare the thermodynamic tendencies of
different metal-oxygen reactions. In the extractivetallurgy industry, it is useful in predicting
the conditions under which an ore may be reducéd tetal [40] and also predicting the stability
of different oxides [39]. Similarly, in the presemtork, thermodynamics calculations are

performed to understand the Al-Cu-@8nd Al-Mg-Q systems. Details will be given in Chapters



Chapter 2 Literature Review

5 and 6.

2.2.1.2 Kinetics

The oxide growth kinetics are usually graphicafipresented by a weight gain versus time curve
[29]. Several common growth kinetic equations haeen proposed: linear, parabolic, power law,
logarithmic and inverse-logarithmic [41]. Howevtrese behaviours are quite theoretical and a
metal usually displays a more complex oxide grolbehaviour in reality. The rate at which a
metal oxidises depends on many factors, such gsteture, time, composition, pressure, surface
area, crystal orientation, stability of the oxidenf etc [1, 30, 42]. The effects of these factons

the kinetics of oxidation of metals and alloys whirgt reviewed by Gulbransen [42].

(a) Continuous oxide scale

Most of the existing theories of oxide growth kinstare based on the assumption that the oxide
film is coherent, homogeneous and adherent to #talrubstrate with a uniform thickness [42].
Cabrera and Mott [43] first proposed a theory tplax the experimentally observed logarithmic
and inverse-logarithmic oxidation rates for someéatse including Al, Fe and Cu. As illustrated
in Figure 2.2, the Cabrera-Mott theory states that a thin (Ugleds than 5nm) oxide film grows
by the migration of metal cations under an eledteid (usually 1 or 2 volts) across the film [43,
44]. Fehlner and Mott [45, 46] then modified thedhy mathematically to account for the
observed migration of oxygen anions during oxidaagh. It was then suggested by Wagner [47,
48] that the Cabrera-Mott theory may not be appledor thicker (usually more than Ouén)
oxide films or high temperature oxidation. Wagneopmsed that oxide growth at high
temperatures is controlled by the diffusion of iansl the growth rate is parabolic [48]. However,
for the oxide growth kinetics between the regionérms of oxide film thickness) of the Cabrera-
Mott theory and Wagner’s theory, there is curremiywell-agreed model which can unify the

two theories and interpret the oxidation behaviaiimmost metals. In this region, Jelskial [49]
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reported a parabolic law for the oxidation of vanad Monceatet al [50] also found a parabolic
growth rate for the oxidation of nickel; howevédretwork by Xuet al [51] has mathematically
demonstrated that it should be a logarithmic lawah be seen that the studies of the oxidation

kinetics in this transition region are not in gamteement in the literature.

(b) Discontinuous oxide scale

Deviations from ideal behaviour have been foundeexpentally in the growth rates of some
important metal oxides, such aQ# [52] and AkOs [41]. Several reasons have been proposed,
including impurities, multi-layer growth and polynpiism of the oxides [30, 53]. As suggested
by Atkinson [41], the oxidation rate is usually rseeed to be faster than the ideal behaviour and
this is because the oxide film is not always cohgr@dherent and uniform. During oxidation, the
build-up of stress within the oxide scale may leathe loss of protective properties. The stress
may cause cracks and induce rupture [29, 30, 5}, &%l the oxide scale then becomes
discontinuously structured, which complicates therall oxidation kinetics [56]. Stress could
arise from different sources. Firstly, the PilliBgdworth Ratio (PBR) [57] is a parameter equal
to the ratio between the volume of the oxide amdvitiume of the metal and it is used to predict
the types of stress generated at the metal/oxiggface: compressive stress is expected for
systems with PBR>1 (such as ZnO, Zree0s, etc) while tensile stress is expected for systems
with PBR<1 (such as MgO, CaO, etc). Secondly,Heraxidation of some polycrystalline metals,
such as Ni [50, 58], the difference in oxide growdkes between neighbouring grains and grain
boundaries may help build up stress [58, 59]. &gngly, it has been shown that for the oxidation
of some Fe-Cr alloys, the preferential formationCsfOs layer on the surface may lead to the
depletion of Cr in the bulk and this could trigdlee ferrite-to-austenite transformation, bringing
significant stress into the oxide scale [60, 61gaviwhile, it was also suggested that the oxide
crystal structure transformation, such as tetragdr@. to monoclinic ZrQ [62] andy-Al203 to

a-Al203 [63], may even lead to the mechanical breakdowth@foxide scale due to significant
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volume contraction.

2.2.2 Oxidation of Al

In this section, the literature related to the axioh of pure Al is reviewed. It is felt that the
progress towards the development of oxidation mashas for solid and liquid Al is somewhat
slow, probably due to the inconsistencies in resufported by different researchers. Some
extrinsic factors, such as impurities in the oxided oxidising environment, can differ
significantly across the literature, which makesrilikely that a collectively exhaustive model to

reconcile the experimental results observed caeleloped.

2.2.2.1 Low temperature oxidation

It has been shown that clean Al surfaces will lpgdigt covered with a thin layer of amorphous
aluminium oxide when exposed to an oxygen-contgirenvironment at temperatures below
300°C [64-67]. The growth mechanism of the amorghaxide layer is still unknown. But it is
suggested by Gronlund [68, 69] that the formatibrthe amorphous layer may contain three
stages: oxygen atoms bombard onto the free suafadtéorm bonds with Al atoms through both
physisorption and chemisorption [70, 71]; indivilagide islands nucleate and grow laterally to
cover the whole surface and form a continuous |aperlayer then grows to a certain thickness.

The process is illustrated Hgure 2.3.

The thickness of the naturally formed amorphousnalium oxide layer has been found to be
limited. Hart [72] first reported that a limit of 8m thickness was reached after several days
exposure to dry oxygen by studying the oxidatioamglectrolytically polished Al single crystal.
Hart also found an increased limit of up to 4 nmtle# oxide layer formed in humid air and
attributed the observation to the hydration of ahiom oxide which could potentially increase

the mobility of AP* ions during oxide growth [72, 73]. Similarly, Giefd and Nylund [74, 75]
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reported a 1.5 nm thick oxide film after 5 h expesto air and a growth of only 0.1 nm after a
week. Jeurgert al [66] also found that the oxide layer grown onaaebAl substrate is still
entirely amorphous with a thickness of 2 nm aftehlof oxidation at a partial oxygen pressure
of 1.33x10* Pa. Recently, Reichel al [76, 77] addressed the issue using a theoretitallysis
based on thermodynamics. They suggested that tbepaous oxide film can be stable up to a
critical thickness without crystallization, due ttee interplay betweethe sum of the surface
energy of the oxide and the interfacial energy ketwthe oxide and Al (amorphous < crystalline),

andthe bulk Gibbs free energy of the oxide (amorphous > chyséd.

2.2.2.2 High temper ature oxidation

It is inferred from the literature that the oxidatibehaviour of Al at high temperatures (300-
650°C) differs from that at lower temperatures #relagreement on the preferential nucleation
of crystalline oxides at the metal/oxide interfgcquite strong, but the mechanisms proposed are

still a little controversial.

Aylmore et al [78] studied the oxidation of a high purity Al dry oxygen in the temperature
range 400-650°C. Based on their observations, utteoes proposed that the oxidation progress
consists of three distinctive stages: the firsjsta a fast, but gradually decreasing rate stage d
to the thickening of the initially formed amorphdasger; it is then followed by a linear stage due
to the nucleation of crystalline oxides at the riexade interface with the crystalline oxides
growing laterally until they impinge on each othiéxe final parabolic growth stage is controlled
by the lattice diffusion of oxygen through a duplayer consisting of an amorphous oxide layer

and a crystalline oxide layer. The kinetic proassustrated schematically iRigure 2.4.

The duplex layer model was further evidenced by I&me[79] who additionally suggested that

the crystalline layer has higher oxygen diffusiesistance than the amorphous layer and reported
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an oxygen diffusion activation energy of 155.64vdl? [79, 80], which is smaller than the value
of 216 kJ mol reported by Aylmoreet al [78], and this may indicate the existence of easy
diffusion paths for oxygen within the duplex oxgl=ale. Similar results were reported by Dignam

and Fawcett [81].

However, Becket al [82] reported a different result using nominalhe same experimental
conditions as described by Aylmoee al [78]. They observed that the crystalline oxideswg
under a complex law instead of a simple parabakez [They also proposed that the crystalline
oxides grow into the metal instead of growing laligrto form a duplex oxide layer. Doherty and
Davis [83] then used TEM to characterize the osicile formed on single crystal Al at 500°C in
air. They found that plate-like crystalline oxidgeow at the metal/oxide interface and the
crystalline oxides were identified to be face-cedtcubic with a lattice parameter of 0.79 nm, i.e.
v-Al20s. In addition, they also observed that the cryistalbxides grow into the metal with an
epitaxial relationship (110) [11§}AI20s// (111) [110] Al. This observation is consist&iith the

model proposed by Beak al [82].

Eldridge et al [84] later found that crystalling-Al2O3 oxides could both grow laterally, and
inwardly into the metal, depending on crystal oi@ions of the metal substrate. Using an
180/SIMS technique (tracer marking), Eldridge al. [84] also suggested that the growth of
crystalliney-Al203 oxides at temperatures above 500°C may be cagdrbif the inward diffusion

of oxygen and proposed that there are some ealsy fmtinward diffusion of oxygen within the
oxide scale. As shown ifigure 2.5, Shimizuet al [85, 86] found thaty-Al20O3 crystals
preferentially nucleated at ridge-like sites anggasted that the easy diffusion paths for oxygen
proposed by Eldridget al [84] could be the microcracks generated at thielges due to stress

concentration.
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2.2.2.3 Liquid state oxidation

It can be inferred from the literature that meckamiof oxidation in the liquid state may be
significantly different from the solid state oxidat mechanisms discussed above. Unfortunately,
there is currently no well-agreed theory. Oxidatidnmolten metals can be complex for several
reasons: for example, there may be enhanced transipmetallic species to the surface [87],
which could potentially change the oxidation thedymamics; and the melt surface is also subject
to a certain level of disturbance [88], which coplatentially disrupt the scale morphology and

affect the kinetics to an unknown extent.

Sleppy [89] first studied the oxidation of molteigln purity Al in dry oxygen in the temperature
range 660-850°C and only observed the presencemofpous alumina and crystalline eta
alumina €¢-Al20z3) [90]. The author also found that the oxidationédtics were best described by
a logarithmic law at temperatures below 750°C apdhlparabolic law at temperatures above
750°C. It was suggested in that paper that pamabodiwth is controlled by the outward diffusion

of Al ions through the oxide film to the oxygen/dgiinterface.

Impeyet al [63] later reported a study of the oxidation ajlten commercially pure Al at 750°C

in dry and humid atmospheres. The authors fountthiesoxidation in dry air initially proceeded
quickly and then gradually decreased due to thradtion of a protective crystallineAl 20z layer.

The oxidation then accelerated again after 15 htdulee formation of a less protectiweAl 203
structure at the expense of thé\l20s and the formation ofi-Al203 is associated with a 24%
reduction in oxide volume. Similar kinetic behaviovas observed recently by Hintehal [11].
Interestingly, first of all, different from the sdlstate oxidation mechanism discussed in section
2.2.2.2, Impeyet al [63, 91] proposed that the crystalligdl203 oxides nucleate within the
amorphous layer and the amorphous layer eventtrahsforms into a continuous crystalline

layer; secondly, the authors suggested that theepoe of humidity could stabilize the crystalline
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layer and delay the-Al20s to a-Al 203 transformation. It is implied from the work by Klest al
[92] that this may be sensible as the presencgadroltyl ions could increase the strength of the
oxide layer and thus reduce the tendency to crdirk. [93] recently characterized the oxides
formed on super purity Al at 950°C in air after @tidation time. The author found that the oxide
mainly consisted ofi-Al203 and proposed an oxidation mechanism for liquitestidation of

Al similar to that described by Impe&y al [63].

Bergsmarlet al [94] further studied the oxidation of molten coenaially pure Al in oxygen at
different partial pressures in the temperature €a®@0-950°C. The authors only observed the
presence od-Al20z in the oxide scales formed above 850°C and fohatithe oxide scales were

porous in nature with some entrapped Al metal.

Contrary to the mechanism proposed by Impeyal [63], Bergsmarket al. [94] found the
oxidation growth rate in a humid atmosphere watefabhan the oxidation in dry air. The authors
further suggested that the oxidation kinetics cabealescribed by simple equations. On the other
hand, Akagwuet al [95] showed that the oxidation of molten Al mag thescribed by a linear

growth law at 950°C in air; similar results wergen by Damoalet al [96].

Overall, the liquid state oxidation of Al is faisestudied than the solid state oxidation of Ak Th
oxidation of molten Al is undoubtedly an interegtitopic. For example, the quality of cast
products may be significantly affected by the oxiagurities in the melt [20, 21]; oxides may
act as nucleation substrates during solidificatiod can potentially be used for grain refinement
[9, 97]. Considering the objectives of the preseoitk, there is also a strong scientific interest in
determining the exact mechanism of liquid statelaton of Al in order to fully understand the

feasibility of using casting approaches to bonaldys.
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2.2.3 Impact of alloying elements

It can be inferred from the literature that allgyirlements may not only change the rate of
oxidation (e.g. Mg [98], Cu [99-101], Fe [55, 108],[26, 103], Zn [104, 105], Ti [106, 107], etc)

or oxide strength (e.g. Mg [91, 108, 109], Si [1,08F), but also incorporate their own oxides in
the oxide scale (e.g. Mg [110], Cr [55, 111], eln)sections 2.2.3.1 and 2.2.3.2, the effects of Cu

and Mg are reviewed in detalil.

2.2.3.1 Copper

Cu is the main alloying element of 2xxx series Abys [112]. The influence of Cu content on
high temperature solid state oxidation of Al wastfstudied by Dignam [113] who found that an
addition of 1.5wt% Cu to Al increased the thickenirate of the amorphous layer in the
temperature range 250-450°C. Later, Brock and H8#)r100] studied the oxidation of some Al-
Cu binary alloys in the temperature range 475-&7mdry oxygen. As shown iRigure 2.6, the
authors found the thickening rate of the amorpHayesr obeys a parabolic law and increased as
Cu content increased, which is consistent withvibbek by Dignam [113]. Interestingly, duplex
films consisting of amorphous aluminium oxide amgstalline y-Al203 were also observed in
their work, consistent with the previously discubségection 2.2.2.2) duplex layer model proposed
by Aylmoreet al [78] for pure Al. In addition, Brock and Pryor(Q] found that the crystalline
v-Al203 oxides formed on Al-Cu alloys have better dielegtroperties than those formed on pure

Al, probably due to the doping effect of Cu. Howetbke detailed mechanism was not specified.

The effect of Cu on liquid state oxidation of Alshalso not been well addressed in the literature.
The only work reported which may be relevant igeent investigation carried out by Hinten
al. [11] who found the oxide growth rate of an moltdwt%Cu alloy at 750°C was slower than

that of Al over a period of 7 h and only aluminiwxide was detected in the oxide scale.
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2.2.3.2 Magnesium

Mg is the main alloying element of 5xxx series Mbgs [112]. Mg has a higher affinity for
oxygen than Al [114]. As suggested by the literattine formation of MgO [92, 115] or MgAD4
[116], or both [117, 118], are often observed ie txide scales formed on Al-Mg alloys.
Kinetically, the various oxide growth laws for lorapnd short oxidation times reported by
researchers [23, 98, 119-122] may imply that thenmo generally agreed rate law and that the
oxidation of Al-Mg alloys may be controlled by axnire of mechanisms instead of a single

mechanism.

In a study which set out to investigate the sdidiesoxidation kinetics of an Al-4.2Mg alloy under
the environment of dry 20% AAr in the temperature range 520-575°C, Fieddal [92] only
observed crystalline MgO after 10 h oxidation. Gensely, under similar experimental conditions,
Bahadur [116] found using X-ray diffraction, thagil2O4 was the only oxide formed on Al-
4.5Mg after oxidation at 500°C for 8 h. Shimetal [65] later carried out a characterization of
the oxide scale formed on an Al-0.5Mg alloy at 850°C after 2 h in dry air. The authors
observed fine MgO crystals together with randomigmted MgAkO4 nanopatrticles, as well as
the degradation of the initially formed amorpholusranium oxide, implying a possible reduction
mechanism whereby MgO or MgA4 forms at the expense of amorphous aluminium oXide.
found by Ritchiest al [117] in an earlier study on the solid state akioh of an Al-1.2Mg alloy,
MgAIl204 can also form at the expense of MgO. Howeveratgement from a thermodynamics
perspective made by Ritche¢ al [117] may be questionable, as they disregardeéffiect of the
activities of alloy components and did not take #pecific experimental conditions into

consideration when comparing the Gibbs free enelngnge between different oxidation reactions.

As for liquid state oxidation of Al-Mg alloys, thesue has not been properly addressed. Thiele

[123] first observed the presence of swollen blaxikie films formed on liquid Al-Mg alloys in
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air (3-20% Mg) at 800°C, the amount of which inseghas Mg content increased. Cocletal
[124] later identified MgAIO4 to be the essential component of these oxide fime Belitskus
[125] only identified crystalline MgO. Haginoya akRdkusako [118] found the oxides produced
on Al-Mg (2-12%) at temperatures 650-900°C in drycansist of both MgO and MgADa, as
also observed in the work carried out by Imeél [63]. In addition, Haginoya and Fukusako
also found an amorphous substance within the ogdde and hypothesized that it is the
amorphous layer formed during initial stages ofdaxion. Belitskus [125] suggested that it may
be a protective amorphous MgO layer and this vieas valso supported by Silvia [126].
Conversely, Impeyet al [63, 91] argued that the initially formed amorpkolayer has the
amorphoug-Al20s structure, which may react with MgO to form Mg®k in the later stages of

oxidation.

Overall, it can be concluded that previous rese@inchings into the oxidation mechanism of Al-
Mg alloys have been somewhat inconsistent andxtation of Al-Mg alloys could be the result
of multiple factors, including the Mg compositianthe oxide scale, oxidizing temperature, time,
oxygen partial pressure, etc. There are still sambiguities and a lack of information within the
literature on the MgO and Mg&Ds growth mechanisms. There is a need for furthetistuand

the present work has been undertaken to learn atmmret this topic.

2.2.4 Oxide bi-film defectsin castings

2.2.4.1 Formation

Campbell [13, 15, 88] first proposed the conceptiafible oxide film defects, or oxid®-film
defects. As illustrated iRigure 2.7, aluminium and its alloys rapidly form an oxidgdaon their
top surface. Due to surface turbulence, the sudame film may fold on itself and the opposing
dry oxide surfaces come into contact with entrappesifrom the local atmosphere. This type of

folded oxide film defect is termed a double-oxide fdefect ori-film defectFigure 2.8 is a pair
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of SE images showing thmutterfly-winglike symmetric pattern of the split oxitee-film halves

observed in an Al-11Si-0.6Fe alloy [13].

Once thebi-film defect is entrained or submerged in the meltta bBke a crack within the metal,
deteriorating the mechanical properties [13, 88Rhr investigation into the relationship between
bi-film defects and mechanical properties of Al alloy iogst Dispinar and Campbell [22]
developed a new quantifiable index called theflilm index” to assess the quality of castings by
measuring both the lengths and numbebiefilm defects as observed in the microstructural
section of a reduced pressure test (RPT) [1274@9ple. The authors suggested that the ductility

of castings increases as thidilm index decreases.

Besides, it is indicated that entrained oxXiiléilm defects may also act as initiation sites for the
formation of hydrogen pores and Fe-rich intermetgdhases [13], potentially further reducing

the quality of castings. The harmful effectsboffilm defects on properties of Al alloy castings

have gradually been recognized, and some researbhee started to investigate the possibility
of designing new casting running systems to minéntfee melt turbulence and to avdidfilm

defects [130-132].

2.2.4.2 Healing

It is usually the case that a certain amount ofigasapped between the two halves difidilm
pocket [88]. Nyahumwat al [133] suggested that the air inside a doublee&ich defect might
be gradually consumed by reaction with the surroychelt and predicted that the formation of
aluminium nitride (AIN) was likely once the oxygevas consumed. Later in an experimental
study which set out to determine the history of tia@ped air bubble in a liquid Al, Raiszadeh
and Griffiths [19] observed that oxygen reactedbton Al2Os first, and then nitrogen reacted to

form AIN. Specifically, they found that an AIN layéonsists of islands of fine AIN) has formed
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on top of an AdOs layer. This is in agreement with the hypothesidest by Nyahumwat al
[133]. The authors have also suggested that tletioeasequence (ADs first, AIN second) may
be due to the difference in free energy of fornrabetween AJOs (-907.55 kJ mot Oz) and AIN
(-423.60 kJ mot N2) [19, 134]. Based on thermodynamics, it can beriefl that the AIN

formation from air would occur presumably afteraflthe oxygen is consumed.

Interestingly, it was later noted in the work bydalyedet al [135] that the consumption rate of
oxygen and nitrogen depends on the type of oxiduifa thebi-film defects, with MgO showing
the fastest rate, ADs second, and MgAD4 the slowest. During the process of internal gas
consumption, it is suggested by Raiszadeh anditBsff17, 19, 136] that the sides of the double
oxide film defect may bond together to some degae@|so implied from the work by Nyahumwa

et al [133, 137].

Aryafar et al [138] studied the healing of a large double oXile defect by stacking two A356

Al alloy billets together in the liquid state amyestigating the bonding after different isothermal
holding times. They found that the degree of bogdircreased as holding time increased and
bonding particularly occurred after the oxygen aftdogen within thebi-film layer had been
consumed. Similarly, Bakhtiarani and Raiszadeh]$88died the healing of a large double oxide
film defect by stacking two commercial purity Allbts together under the same conditions used
by Aryafaret al [138]. They also found that a complete bond wag achieved when the oxygen
and nitrogen between the two oxide layers werg ftdhsumed. In addition, the authors proposed
that the observed cracks in the oxide layers, wirialg have been due to the transformatiop of
Al203 to a-Al203, might also contribute to the bonding by allowihg liquid Al to come into

contact with the entrapped oxygen and nitrogetiasititating the gas consumption.

Based on the work by Raiszadeh and Griffiths [C#mpbell [13] added that the application of
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pressure to the casting metal prior to solidif@attould potentially accelerate the healing process
Unfortunately, little work has been reported ors timpic. But as implied by the mechanism of hot
isostatic pressing (HIPing) [140], it is expecthdttthe applied pressure may help to disrupt the
integrity of the oxide films and allow more contacta between the opposing oxide films and

therefore diffusion bonding [141] may occur.

To conclude, the theory of entraineidfilm defects introduces a new way of thinking aboutesom
issues related to foundry practice and the mechhpioperties of castings. As commented by
Knott et al [142], the effects of entrainda-film defects on mechanical properties of castings
may be limited for some other alloy systems. Budny case, the concept has been considered to

be very reliable, based on the existing resulthéniterature so far.

2.3 Bonding of aluminium alloys

Components which are designed for high temperatstesss, or corrosion resistant applications
are mostly produced from one homogeneous Al alldg], the microstructure of which is usually

tailored to cope with the extremes of working caiodis. However, it may sometimes be the case
that only a small region of the component will expece the extremes, while the rest is less
affected. For example, the heads of Al-Si pistdoyal are usually heat treated under a rigorous
procedure in their entirety to produce the desingztostructure [144], but it is suggested that the
main body of the piston component may undergo &dondegree of stress and thermal attack
compared to the top surface of the piston [145).176is may open up an idea to produce a
component consisting of different functional pdrstsxded together, in an attempt to potentially
reduce manufacturing cost and make the best ofriasteThis section outlines the current

research into the bonding of aluminium alloys aridfly reviews the advantages and limitations

of some frequently used approaches.
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2.3.1 Brazing

Brazing is a reliable and economical joining technique clhprovides a bond between two
aluminium alloys using a brazirfdjer metal[147]. As defined by the American Welding Society
[148], the working temperature for brazing is abd2é°C, below which the process is defined as
soldering and the melting temperature of the filler metabidd be slightly below that of any
parent metal. Distinguished from welding, brazimyanvolves the melting diller metal while

the parent metal does not melt [147, 149].

The brazindiller metalis usually a binary Al-Si alloy (7-13%) with a rtiaty temperature around
575-615°C [150]. At a properly designed brazinggerature, the molten filler wets the surfaces
of the parts to be joined by capillary action [1%h|d the wetting leads to interatomic contact
between the filleland the parent metals, forming a permanent metadired between the two

parent metals [147].

The advantages of brazing include: it is usefuljdaming thin walled parts and suitable for large
area joints [152, 153]; minimal distortion of tharpnt materials occurs [147]; it provides a way
to bond aluminium alloys to other dissimilar mad¢sisuch as steel [154], Ti alloys [155] and

even ceramics [156]; it can be potentially devetbjmo a mass production method [152].

However, brazing has some limitations. First of laazing of aluminium alloys is limited by the
availability of suitable filler metals [152]. Fokample, the Al-Si alloys containing Cu cannot be
used as filler metals and parent metals, due to ke liquidus/solidus temperature and the
preferential formation of brittle Al-Cu intermetall compounds [157], which may greatly
deteriorate the ductility of both the filler andetparent metals [153, 157-159]; the Al-Si alloys
containing Mg are also not brazable due to the mcdth oxide formation and the reduced

wettability [147, 150]. Although Germanium [160]daallium [161] have proven to be very
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useful, but their application is restricted du¢he expensive price.

Secondly, the oxidation of Al alloys has to be mndypcontrolled in a brazing process. Researchers
have tried to use fluxes [162] to disrupt the allyi formed oxide prior to brazing, but the residua
flux can significantly reduce the corrosion resis& of brazed joints [163]. In addition, the
interim period between oxide removal and brazingtne kept as short as possible, in order to
minimize the oxide built-up. Although the use ottmam brazing or brazing under inert gases
may reduce the influence of oxidation [153], thera@aches are not practically feasible or

economically beneficial for industry.

2.3.2 Friction stir welding

Friction stir welding (FSW) was first invented bthe Welding Instituté TWI) [164, 165]. As
shown inFigure 2.9, FSW is a solid state welding method which jows plate materials by
using a rotating tool to generate frictional heat plastic deformation within the weld zone [166].

It has been shown that within the weld, the riseeaiperature (usually around 400°C) [167] and
the intense plastic deformation could result imsigant microstructural change [168, 169] and
the incorporation of entrained defects [170, 18b.processing parameters, such as tool traverse
speed, rotation speed, tool geometry and tool &srak, must be carefully controlled [164, 166,

172, 173].

It can be seen from the literature that FSW hasadly been applied to all the major commercial
Al alloys, including 2xxx series [174, 175], 5xx&rges [176], 6xxx series [169, 177] and 7xxx
series [178, 179] Al alloys. FSW of Al alloys hasre remarkable advantages over conventional
welding methods: it has the absence of meltingedladefects and the absencdiltér-induced
problems [166, 180]; it does not rely on speciaigelding skills and the process is automated;

the strength of the weld can be maintained up % 80the parent material [180]. However, as a
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fully mechanised technique, FSW is not suitable jéaning aluminium alloys with complex
shapes [180]; the processing/microstructure reiahg has not been comprehensively addressed
in the literature; and future work may be neededtigularly to understand how the surface oxides

are disrupted and redistributed [181] within thddaeone in a FSW process.

2.3.3 Transient liquid phase bonding

Transient liquid phaséTLP) bonding is a method which uses an interldgiween the surfaces
of two components to be joined [182]. The meltiegpperature of the interlayer is usually lower
than that of the parent materials, resulting infdrenation of a liquid interlayer once the entire
assembly exceeds that temperature [183]. The ligaid then fills the gaps caused by any
unevenness of the two surfaces. The assembly &lyssothermally held for a period of time
prior to cooling [182], in effect, it is an exterlérazing process. Inter-diffusion then occurs
between the interlayer and the parent materiald][1Biffusion may change the composition
profile in the contacting regions and result in aeming of the liquid layer [182, 183].
Alternatively, instead of melting itself, the in@yer may react with parent metals to form eutectic
phases with lower melting points and this may atsluce the melt-back of parent metals [182,
183, 185]. As an example, for joining two Al allgyes thin Cu layer of a fewm is normally

chosen so as to form Al-Cu eutectic liquid at tbadinterface [182, 186].

It has been shown that the liquid interlayer camugit the oxide films formed on parent metals to
some extent [186]. But the planar bond interfacéciwimesults from equilibrium solidification
[182, 183] may still act as a preferential cracggagation path once the assembly is subject to
externally applied stresses, in particular sheasses [187]. An example is presenfigure
2.10, which clearly shows a planar bond interface molgpdy between a 7075 Al alloy and a Ti-
6Al-4V alloy produced by TLP using a 2@n thick Cu interlayer [188]. Recently, Shirzadi and

Wallace [189-192] have developed a similar TLP rmdtm which a temperature gradient is
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applied across the assembly during solidificatibthe liquid interlayer, as briefly illustrated in

Figure 2.11. According to their theory, the use of a tempergradient produces a non-planar
bond interface morphology, providing improved metbal keying and a better distribution of
oxides. It was recommended by Shirzadi and Walld&®-192] that the magnitude of the
temperature gradient should not be large enougidiece dendritic solidification, the associated

detrimental effects of which may exceed the besefit

The advantages of TLP include: it may offer anraléve bonding method for metallic materials
which cannot be produced via conventional weldiagtes [183]; the liquid flow under the

influence of capillary forces [183] may eliminat@rps within the bond zone without the

application of external pressure. TLP also hasvadeawbacks: TLP may only be suitable for
components with flat surfaces to be joined; untik&zing, it may destroy the specifically designed
microstructure of the parent material by the inducelt-back [185]; brittle intermetallic phases
may form along the bond interface during a TLP psscin some systems [184]. However, the
TLP technique is still promising and the scope bPThas not yet been fully developed. More

experiments are encouraged to identify useful iayers or systems amenable to TLP.

2.3.4 Casting approaches

From previous sections, it can be inferred thattkisting approaches are not suitable for joining
Al alloys with complex shapes or to produce nedrsi@ape bonded components. The idea of
casting may potentially solve this issue. Unforteha little work has been published on the
feasibility of any casting-based technique. Anrieséing technique callezhst-decant-cagCDC)
which may be relevant here, was developed by Usitye€ollege Dublin [193]. The CDC method
involves the casting of two alloys together. Durangypical CDC process, as shownHFigure
2.12, the first alloy is pumped in to fill the mouldtas only allowed to solidify and form a solid

skin around the internal surface of the mould befois decanted, the second alloy is pumped in
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to fill the remainder of the mould [194]. The sedalloy is usually superheated to allow a slight

melt-back of the first alloy and to facilitate theetallic bonding [195]

Similarly, Durrantet al [196] developed a squeeze casting method to pacate a mild steel
inserting to an Al-Si alloy, as shownkingure 2.13. The mild steel insert is normally coated with
titanium before casting, resulting in an improvedcimanical keying with the Al matrix [196].
Similar methods may have been used by commercialifaaturers to produce Al-Si piston heads
with cast iron ring inserts for improved wear reaiee [197], as shown Figure 2.14. Processing

details are unknown.

In conclusion, it can be seen that casting is @ty suitable for producing near-net shape
components with bonded functional parts. It cao ks inferred from previous sections that the
most significant obstacle to achieve a good bontheigveen two Al alloys is the formation of
oxide films on the surfaces. The oxidation iss® @&xists even if casting approaches are used.
Unfortunately, how the oxide films are disruptedhest bond zone during processing has not been
properly addressed in the literature. A comprehensinderstanding of the oxidation issue in

bonding of Al alloys is therefore needed.
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CHAPTER 3

EXPERIMENTAL DETAILS

3.1 Raw materials

The materials used in the present work are purdlAbCu alloy (abbreviation for Al-5wt% Cu
alloy, others in the same way), Al-2Mg alloy, AR8Ig alloy. To make up the desired alloy

composition, pure Al ingots, pure Mg ingots, and38ICu master alloys were used.

1 kg ingots were prepared each time. In the cagecafucing an Al-2Mg ingot, 980 g of pure Al
was initially melted in a SiC-graphite crucible wia volume of 2 litres and isothermally held at
750°C within an electric furnace, 20 g of Mg waspped tightly with aluminium foil with a
thickness of around 1pm and then gradually immersed into the Al melt. Tingt was stirred
with a 10 mm thick graphite rod three times, with rhinutes intervals. The alloy was then
carefully poured into an AVON ingot mould and an®@ptical emission spectrometer) mould
and left to solidify. Using the same casting praged Al-0.2Mg alloy was prepared by mixing
pure Al and Al-2Mg together with a 9:1 weight rathd-5Cu alloys were cast by mixing pure Al

and Al-80Cu master alloy together with a 15:1 weigltio.

The chemical compositions of the materials meastioed OES samples are givenTable 3.1.

Before the OES analysis, all specimens were gralaveh to 2500 grit SiC paper to achieve a
smooth and flat surface. Specimens were then dieasiag acetone and methanol to avoid any
surface contamination. Measurements were carriéanowe than 8 times to obtain an average

composition value.
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3.2 Phase diagram calculations

Equilibrium phase diagrams of Al-Cu and Al-Mg wesdculated using MTDATA 5.10 software.
The calculations were based NRL aluminium database v6.1 — 30 November 20h2 number

of steps was set at 100 and the pressure was $@1325 pa. The results are showrrigures

3.1 and3.2. Only the regions of interest on the phase diagrane highlighted and labelled
accordingly. The red line on each phase diagraersed the alloy composition used in the present

work.

3.3 Casting

3.3.1 Electric furnaces

The casting procedure is summarizedrigure 3.3. After the ingots were sectioned into small
pieces weighing around 100g each. The slugs wereeled and cast into cylindrical billet-
shaped ingots with a 26 mm diameter. The C2 etedtrnace (manufacturer: Carbolite;
maximum temperature: 1300°C) used is showhigure 3.4. Each cylindrical billet was further
accurately sectioned into disk-shaped slugs ostbe 26 mm diameter by 7 mm thickness. The
surfaces of disk-shaped slugs were ground dowrd@® 4rit SiC paper. The disk-shaped slugs
were then used for further experiments. The relegeaperimental procedure and sample details
will be discussed in Chapter 4 (stacking approaunig Chapters 5 and 6 (oxidation studies)

accordingly.

3.3.2 Induction melting

Induction heating is a process of heating eledtyiceonducting samples by electromagnetic
induction [1]. Eddy currents are generated withi@ $amples and thus the resistance leads to the
Joule effect [2], which heats the samples. A miRH& (constrained rapid induction melting)
facility was established for use in the highbaydalthe Begbroke Science Park in April 2011, as
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shown inFigure 3.5. The induction unit has been modified to give av@ocapacity up to 50
kilowatts. It has been shown by Dai and Jolly [8ttusing an induction furnace to melt an alloy
can help increase thermal efficiency (lower eledtriconsumption) up to 67.5%. Meanwhile,
induction melting of alloys may add a new facetdondry practice as the induction produces a
specific induction stirring pattern within the mfl{. In the present work, the induction unit has
been used to study how the induction stirring patéfects the microstructure of castings. Details

will be given in Chapter 7.

3.4 Characterization techniques

3.4.1 Macroetching

Macroetching is a standard metallographic methodduealing the macrostructural details of
metals or alloys by etching a properly prepared@arsurface [4]. It is a good way of providing
information on variations in structural featuras;lsas grain size, chemical segregation, dendrites,
porosity and cracks [5]. In principle, it is a gtetive and investigatory tool. During the
experiment, samples were initially ground down ®0@ grit SiC paper with lubricant water and
then immersed into acetone and then methanol toverany grease, oil or other residue which
may cause uneven attack to the surface. The etasadtduring the study is Keller's reagent (1.5
ml HCL, 2.5 ml HNQ, 1.0 ml HF and 95 ml #D). Samples were swabbed with the etchant using
cotton balls and the progress of etching was cjosatched and etching stopped once preferred
structural details were revealed. A typical dunafior the etching is 10-60 seconds, depending on
the chemical compositions of alloys. After etchitifte sample was immersed in distilled water
for 1 minute and then in methanol for 1 minute. Shenple was then dried for 5 minutes using a

blow dryer.
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3.4.2 Optical microscopy

Optical microscopy (OM) was mainly carried out @san Zeiss microscope (mode: Axioplan 2)
with Axiovision v4.8.2 software to examine the naistructures before and after etching. It was
also used to assess the quality of polishing foresSEM (scanning electron microscopy) samples.
A LINKAM TS1500 hot stage system associated with Zeiss OM was used to performian
situ observation of the evolution of the surface motphp during heating, melting, and
solidification of Al and Al-5Cu. The facility is slwn in Figure 3.6 and the hot stage set-up is
illustrated inFigure 3.7. In the hot-stage OM experiments, a typical sangéedisk-shaped slug
with 3 mm diameter by 1 mm thickness. The slug paished down to im diamond suspension
before the experiment. A K-type thermocouple wasneated to the control unit to indicate the
temperature of the sample. Heating/cooling speeslomatrolled through this unit. The argon/air
flush was turned off throughout the experiment. @Mges were taken every 5 seconds. The hot-

stage OM experimental conditions are summarizeichbie 3.2.

3.4.3 Scanning electron microscopy (SEM)

JEOL 6300 SEM, JEOL 840A SEM and JEOL 840F SEM faieg at 5 kV) were used during
the SEM experiments. For those SEM samples regupatishing, such as the cross section of a
bond, they were prepared by slow saw cutting, gnimdand polishing down to im diamond
suspension, and a further final polishing with ided water for 10 minutes. Samples were then
usually observed at an operating voltage of 20 k¥ @asing a probe current of 1-3 nA. For SEM
samples such as oxides or fresh fracture surfaaegples were either directly introduced into the

microscope or coated with a 2 nm Pt film to avdwdrging due to poor conductivity.

Both secondary electroSk) imaging and backscattered electrBiE) imaging modes were used

during the SEM analysis. The SE image gives thegmphical information while the BE image
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shows contrast between areas with different chdnomapositions [6]. Heavy elements (high
atomic number, e.g. Cu) backscatter electrons mtvongly than light elements (low atomic
number, e.g. Al) [7]. So phases containing heagiements appear brighter in the BE imaging
mode (more backscattered electrons signals). Baisife may be further explained through the
following equation, which shows the scattering @oefnt (n — the ratio of the number of
backscattered electrons to the number of incidedtrens) increases with increasing atomic

number Z [8].

n=-0.0254+ 0.018 - 1.88 167°+ 83 1® (3.1)

SE and BE images were often both taken at eacloéneirest to provide qualitative information

on both topography and composition of interestingroascopic features.

3.4.4 Energy dispersive X-ray analysis (EDX)

Energy dispersive X-ray analysis (EDX) was perfairiteestudy the chemical composition of any
local features of interest during the SEM analysiee amount of characteristic X-rays received
by the EDX detector was found to be affected by yrnfactors: working distance, accelerating
voltage, beam current, electron penetration depdunple topography, etc. Therefore,
experimental conditions were fixed to make sureal&DX spectra are qualitatively comparable.
For each set of EDX spectra, counts are adjustddrespect to the same referencing pédf)
intensity (usually 2000~4000) at 0.02 KeV. The ltirme was set as 80 seconds, the dead time
percentage was adjusted to be around 30%, ane#me burrent was set at 3 nA. During the EDX
analysis, great care was taken to understand tbet ef e-beam sample interaction volume and
the effect of local topography. A spectrum is de@fon of all X-ray signals emitted from the

interaction volume [9], the size of which is thenef critical to explain the source of elements. A
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detailed discussion of this topic will be giversiection 3.6. Peaks were labelled according to the

literature values of the energies of characteristrays [10].

3.4.5 Thermogravemetric analysis (TGA)

The oxidation kinetics of Al, Al-5Cu, Al-2Mg and Al.2Mg were studied using a Perkin Elmer
TG/DTA facility to measure the weight gain curvdshe alloys while being isothermally held at
different holding temperatures. The sensitivityneabf the microbalance is Qufj and the weight

of each disc-shaped specimen for TGA experimeartasnd 50 mg with a diameter of 3 mm. The
atmosphere was closely controlled using an aihfbf$20 cc mirt. The weight gain was recorded

every second.

3.4.6 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analysispesiformed in an ion pumped VG Microtech
CLAM 4 MCD analyser system. XPS is a powerful gitative technique used to obtain surface
chemistry information (such as elemental compasstichemical formula, electron states, etc) of
materials [11]. In the present work, cylindricahgaes with a diameter of 8 mm and a height of
5 mm were irradiated by a beam of X-rays with knamergy (both Al Kt and Mg Ko were used

in this work). The spectrometer measures the ldnetiergy and number of photoelectrons
escaping from the top 1~10 nm surface layer ofstmaples [12]. The photoemission process is
illustrated schematically ifigure 3.8. The binding energy is a parameter identifyingcspe
electrons (equal to the energy difference betwegpeaific electron state to and the Fermi level
[13]). The mathematical relationship between défgrparameters in XPS studies is expressed as

follows
E=hv-E -¢ (3.2)
HereEp andEx are the binding energy and kinetic energy of thetpelectronhv is the energy of

the incident X-ray and is the spectrometer work function [12]. An XPS dpam is a plot of
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number of electrons detected (usually presentingpaats per second - CPS) versus the binding
energy of electrons detected. Electrons which aw@itezl and escape without energy loss
contribute to the characteristic peaks in the XP8csum. Those which undergo inelastic
scattering resulting in energy loss, contributdbackground of the spectrum [12]. Not all peaks
in XPS data are due to the ejection of an elediodirect interaction with an incident photon.
The most notable ones are the Auger peaks, andAayer electrons are produced is also
illustrated inFigure 3.8: the decay of a more energetic 2s electron tdH@l vacant hole at 1s
shell which is created due to the knocking outhef 1s electron by incident X-ray; the energy
released (2s state to 1s state) can be harnessa®pyelectron and allows the 2p electron to

escape from the vacuum level with a certain kinetiergy [14].

In the present work, wide scan XPS spedigarénges from 0 to 1100 eV) were mainly used for
qualitative analysis to characterise the surfacaristry of oxidized samples and identify the
elements present in the oxide layer. Experimentaditions for the acquisition of wide scan
spectra are summarizedlinble 3.3. XPS core levels (such as, Al 2p, O 1s, Mg 2p,ware used

in conjunction with wide scan to determine the g/péoxide phases in the surface oxide layer.
Sample details for XPS analysis will be given iraters 5 and 6 where the results of XPS studies
are discussed. The peak fitting method used thimuigthe work will be discussed in detail in

section 3.7.

3.4.7 X-ray diffraction (XRD)

X-ray diffraction was used to identify the crystgtaphic phases present in samples. Samples
were characterized in a Philips 1829 diffractometer using Cu &radiation § = 1.5406 A).
Phases were indexed using X'Pert Highscore Plud \&ftware and its built-in ICDD
(International Centre for Diffraction Data) refecenpatterns [15]. The experimental procedure

and details of the reference patterns are givdfigare 3.9. Samples were X-rays scanned with
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a voltage of 35 kV and a current of 50 mA, the tipee step was 1 s and the step size was 0.02°.
When a sample is irradiated by X-rays, not all Xsravill escape from the sample surface. The
intensity of X-rays emitted from the sample is adtion of the information depth, which is usually
quoted as the penetration depth at which the einXteay intensity is around 37% (1/e) of the

incident X-ray intensity [16], as shown kigure 3.10. This topic is discussed Appendix 3.1.

3.4.8 Surface topography profiling

A Veeco Dektak 6M stylus profiler was used to geothe surface topography and indicate the
surface roughness of oxidized samples. The sudeafder has a resolution in nanometers. The
principle of this technique is illustrated Higure 3.11: the surface profiler takes measurements
by moving a diamond-tipped stylus over the sampitéase and records the vertical movement of
stylus due to surface variations. Before the expent, the bottom surface of a sample was

polished down to im diamond suspension and the sample was placedlainstage.

3.5 Oxide extraction

It has been shown that intermetallic phases caxtracted from an Al alloy by dissolving away
thea-Al matrix using anhydrous 1-butanol in an argoxigmnment and our group has reported a
number papers on using this technique to extréetnretallic phases of interest from different Al
alloys [17, 18]. Recently, our group has extenderluse of this technique to extract the oxide
particles from oxidized samples. The 1-butanolalisss away the Al matrixofAl) through the
following chemical reaction:

2 Al + 6 GH9OH — 2 Al(C4HoO): + 3 Hb
This is a redox reaction,s890H serves as the oxidant and Al serves as the ta&uucSince
oxides cannot be furthesxidized (3 moles of electrons have been transferred #bmo H for
each mole of Al), oxide products will therefore mmunaffected during the reaction. For each

extraction, no more than 0.42 g of material wasluBefore the extraction, some filings of pure
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Al were added to the 1-butanol before it was regllikor 3 hours to ensure it was anhydrous. An
autoclave was used to facilitate the process, trisctsire is shown irFigure 3.12. All the
components were cleaned ultrasonically in deionwater and then dried in an oven at 175°C. A
filter paper with a pore size of Oi@n was placed inside the autoclave to collect theaeted
oxides. The autoclave was then evacuated, filled angon and 80 ml of the anhydrous 1-butanol
added. The autoclave was sealed and held at 185%2dund 5 hours to allow complete reaction
between then-Al matrix and the anhydrous 1-butanol. Once conegle the autoclave was

dismantled and the filter paper containing the extiases was removed.

This novel extraction approach could potentiallydnéwo advantages over any existing oxide
extraction approaches mentioned in the literafline. use of HgCGI[1], iodine solution [2], and

even bromide solution [3] have been reported, Butfahem have safety issues. For example,
HgCl. decomposes to produce poisonous Hg, while ioding imeiused in an absolutely dry pure

methanol to react with Al, in order to avoid expios

3.6 E-beam sampleinteraction

During the SEM/EDX analysis, the high energy elattbeam interacts with the sample to
produce a number of signals emitted from the sasyntace and create an excitation volume [6].
Theinteraction volumer excitation volumes a hemispherical to jug-shaped region with tbekn

of the jug at the sample surface, as illustratdeigure 3.13.

Understanding the interaction volume during the $HNK analysis is very important as it offers
an indication of which depth the characteristicays come from and a scientifically reasonable
interpretation of the measured EDX spectrum, asctiemistry within the excitation volume
would all potentially contribute to the EDX spectrult has been shown that the depth of electron
beam penetration into the sample or the volume-loéam-sample interaction depends on the
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acceleration voltage (i.e. electron beam energg)dence angle, the atomic number and density
of the solid sample [19]. Recently, the developnadr@omputer technology has made it possible
to simulate a large number of the electron trajgeso(10,000 to 100,000) within the sample and

visualize the interaction volume using a statistMante Carlo method.

In the present work, simulations of the interactawslume for different materials used or
encountered during the SEM/EDX analysis were paréal with the aid of Casino V 2.4.8.1
software [9]. The physics models used during theukition are illustrated in [9, 20-22], which
will not be discussed in detail here. In the préseork, the accelerating voltage used on either
JEOL 6300 or JSM 840A was in the range of 0-20TK\¢ interaction volume values for different

interesting materials were simulated accordingngodctual experimental conditions.

According to the results of simulations showrFigures 3.14-3.16, first of all, taking Al as an
example, the depth of the interaction volume ineesaas the accelerating voltage increases, the
depth is 3.7 um with a 20 kV accelerating voltagecondly, the detector take-off angle has an
effect on the measured characteristic X-ray intgnshe EDX detectors in the JEOL 6300 SEM
and JEOL 840A SEM have a 40° take-off angle tostimaple surface. Frofigure 3.15 we can
calculate the intensity of Al & X-rays detected by the detector (at 40° take-offl@) is 72.7%

of the total intensity of generated X-rays, whilbem the detector is normal to the sample surface
(at 90° take-off angle), the detected X-ray intgnisi approximately 81.2% of the total intensity.
Thirdly, the total generated AldX-ray intensity may not depend on the beam diamageshown

in Figure 3.16. The scale of the interaction volume in termsha penetration depth (um) for

different materials is summarizedfingure 3.17.

3.7 XPS peak fitting methodology

This section discusses the issue of peak fittinthenXPS analysis. A method of assessing the
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goodness of fit was developed in the present wgrkding a combination of different statistics.
Whether a fit is good or not can be usually indidaby the coefficient of determination (COD),
reduced R-square, or some similar statistics [28.suggested from the present work that great
care must be taken when dealing with data consdbsely overlaying peaks and the analysis of
the Durbin-Watson statistic [24, 25] should be nmpowated. The following content describes an

example of O 1s core level fitting to illustratetissue.

First of all, it should be noted that a peak fumectis usually a Gaussian function or a Lorentzian
function, or even a certain combination of bothpataling on the background under the curve
[26, 27]. Normally, the C 1s, O 1s, and Al 2p cleneels have a flat linear background so Gaussian
functions were used throughout the fitting analy&ipeak function can be expressed by the sum

of several Gaussian functions after subtractingottekground [28] and this is given by

207

2
X—GQ
y=2.3 @Xp{-( ) J (3.3)
whereg; is the position of the peak centegjs the parameter describing the intensity of thakp
andoi is the parameter related to the FMHW (full widthhalf maximum) of a peak. For an XPS
spectrum, taking an O 1s core level scan as an@eathe measured result has about 100 pairs
of data pointgx, y), but the total number of independent parametershi® above equations is

usually less than 15 (suppose the curve consisdspafaks, then there are 12 parameters to be

determined). In this case, the degree of freedoguite high [29].

In order to illustrate the peak fitting issue menad earlier in this section, two different methods
(a) single peak fitting and (b) double peak fittim§ O 1s core level acquired on an oxidized Al
sample, were comparedfingure 3.18. The fitting parameters are summarized ables 3.4 and
3.5. Each method of fitting was performed 5 times bao the error (deviation) of the fitted

parameters.
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Providing both methods give the values of COD tanloee than 0.99, it is mathematically implied
that both of the two fittings are acceptable. TH@DCof method (a) is even larger than that of
method (b) which could possibly suggest that metf@djives a better fit. However, at second
glance, this may not be true. In order to furtlueige the goodness of fit, residual analysis is then

used. The residual value for each point on theecig\defined as
R=(¥) =(Yh (3.4)

Where ): is the fitted value andijm is the measured value. Firstly, as shown at thet&igure
3.19, residual plots suggests that the method (b) neag lbetter fit than method (a). Secondly, as
shown at the bottom dfigure 3.19, lag plots (which are constructed by a normaliRed R.-1
relationship, are used to check the randomnes$weafdta [30]) clearly indicate that there is a non-
random structure of residuals using method (a))endimore random structure of residuals is
achieved using method (b). Random data shouldxiobi any identifiable structure in the lag
plot while non-random structure in the lag ploteofindicates that the underlying data are not

random [30].

Similar to lag plots, the Durbin-Watson test is tlwieo method to assess the independence of

residuals from the regression analysis. The Duvidatison statistic D is defined as:

> (R-R.)

D =':2n—2 (3.5)
2R
The Durbin-Watson statistid is always between 0 and 4 [30]: a value of 2 méhere is no
autocorrelation in the residuals from the regrassinalysis; values approaching zero indicate
positive autocorrelation; values approaching 4daté negative autocorrelation. It is suggested
that autocorrelations should be near-zero for remdss and if randomness is not checked then

the validity of the fitting becomes suspect [31heTcalculated values for (a) and (b) a2 =

0.08123 andD = 1.67345, suggesting fitting (b) is more reastmeho the O 1s core level is better
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fitted by two peak functions. This is scientifigateasonable because the surface oxide layer may
always pick up water molecules to form aluminiundifoxide which would also contribute to the
O 1s core level curve. Therefore, in the presentkwthe Durbin-Watson statistic is always
incorporated to have a comprehensive assessméimé ®PS peak fitting data (in particular to

identify overlapping peaks) and to check the validi the underlying physical model.
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CHAPTER 4

PROCESSING STUDIES: STACKING APPROACH

4.1 Introduction

In this chapter, the experimental results of theegtigation of the Al alloys bonded through a

stacking approach are reported. In the stackingoagh, two slugs of metals were stacked
together and then isothermally held at a given taipire for a certain period of time in an

atmosphere. The intention of this study is, firstitlygenerate a preliminary understanding of the
effect of oxide layers formation on bonding of Albgs, and secondly, to answer the question of
whether the deliberately creatédfilm' defect (two oxide layers were in contact withleather

by stacking together) would only thickening itsetfbe somehow disrupted during the bonding
process. The quality of bonding in terms of the dbarterface morphology and the degree of

metallic mixing as a function of holding time wexgsessed microscopically.

This chapter starts with the characterization atls¢éd Al/AI-5Cu samples to understand the
degree of metallic bonding as a function of timalgatively. The possible bonding mechanism
for the Al/AI-5Cu system is further discussed irtaile Later in this chapter, the results of the
stacked Al/AlI-2Mg system are presented as a compario the stacked Al/AlI-5Cu system to
preliminarily examine the effects of different aliog elements on bonding from the perspective

of oxidation.

4.2 Experimental

The stacking approach refers to the design ofradiallic bond formed by stacking two pieces of
metals up and down and then holding the stackesothlly at a given temperature for a certain
period of time. The geometric size of a stacklissttated inFigure 4.1 The sample details for

the stacked Al/AI-5Cu system are summarizedable 4.1 The symbol / is used to describe
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this stacking design.

In order to minimize the influence of the pre-fodrsirface oxide layer of each disc-shape sample
at the bond interface, surfaces of each sample grexend down to 4000 grit SiC paper before
stacking. This sample preparation is used througti@ustudy, allowing inter-comparability and
reproducibility of results. The stacking approagpeximental procedure is illustratedkigure

4.2 a stacked sample was first placed in a fitteéhdyical alumina crucible (inner diameter 26
mm; outer diameter 30 mm; height 40 mm; boronaetispray coated) and then introduced into
the preheated electric furnace (preheated up tdebiged holding temperature); A relatively low
flush speed of air (50 cc mth from a gas cylinder was used throughout the eémxsatt to
maintain the atmosphere pressure in the furnacalolia A K-type thermocouple with a 1.5 mm
tip diameter was used to monitor the temperatutbettacked sample. Before the experiments,
the relative humidity (RH) in the furnace room wasasured to be around 5% (presumably the
humidity meter functioned well). However, the lewdl relative humidity inside the furnace
chamber at high temperatures (e.g. 750°C) will bmesvhat different from that at room
temperature. The air from the cylinder may alsa@onsome moisture. It has to be noted that the

“air” term used in this chapter does not necessaréan an absolutely humidity-free atmosphere.

It has been shown in the literature that the oxabehaviour of Al may be slightly different
with the presence of a certain level of humidiiys#of all, the most recognized effect of humidity
on oxidation of Al (especially liquid Al) is the Hyogen pickup [1]. a liquid Al could react with
water vapour to produce hydrogen which is readilylsle in Al through the reaction 2Al (g) +
3H20 (g) = AkOs (s) + 6H (g in 1) [2]. Interestingly, it was fourny Weigel and Fromm [3] that
the initial unbroken and uniform surface oxide filptesumably amorphous) formed on Al could
retard the diffusion of H into and out of the meltice the oxide film was disturbed or broken, the

transport of H would be significantly enhanced. i&nobservation was reported by Griffiths and
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Raiszadeh [4]. The solubility of H in Al increaseish temperature [2, 5]. Therefore, the dissolved
hydrogen tends to come out of the solution as th& solidifies, resulting in the formation of
hydrogen pores [1]. According to the work by Foxl @ampbell [6, 7], it is indicated that oxide
films can act as preferential nucleation siteshigairogen pores. The hydrogen pores around the

oxide scale may in turn disrupt the oxide morphgltlgan unknown extent.

As inferred from the literature, another effecthoimidity on oxidation of Al is the formation of
aluminium hydroxide (i.e. ADs + H20 = Al(OH)s) on top of an aluminium oxide layer. Morize
and Lacombe [8] found that the oxide films formédamm temperature (amorphous aluminium
oxide) in humid air (unknown relative humidity) veathicker than those formed in dry air and the
oxidation rate increased with increasing humidsiynilar result was reported by Hart [9]. It was
then shown by Nylund and Olefjord [10, 11] thatmalmium hydroxide (confirmed by XPS)
formed on top of aluminium oxide during exposura toumid atmosphere (80% relative humidity)
and they also proposed that the increased oxidedterobserved was probably due to the limited

protection property of the hydrated layer [10, 11].

Interestingly, Impeyet al [12, 13] reported that the amorphous-to-crystallaluminium oxide
transformation was kinetically slower in the preseof water vapour (unknown relative humidity)
than in dry environments. The precise scientifichamnism is still unknown. But it was suggested
by the author that the presence of hydroxyl iongrotons may increase the degree of disorder in

the amorphous structure and reduce the numberobdation sites for crystalline oxides.

Identifying the exact effects of humidity on oxiett of Al is undoubtedly necessary as there are

always some sources of moisture in foundry pra¢lic&4] and it is almost impossible to achieve

an absolute dry condition in reality.
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4.3 Results and discussion — Stacked Al/AI-5Cu

4.3.1 Cross section — Macrographs

Figures 4.3 (a)-(d)show both the un-etched and etched cross sedtiartiges of the Al/AlI-5Cu
stacks. It is noted that Al-5Cu is more vulnerébléhe acid solution than Al. This is because that
the 8-CuAl2 phase usually forms along the grain boundaries}4BuAlz phase renders the grain
boundaries anodic to the grain centre, causinglrggin boundary corrosion [15]. Empirically,

it only takes around 15 seconds to reveal the dsnsiructure of Al-5Cu while the grain structure
of Al is still not fully revealed in such a shoine. This opens up a qualitative way of assessing

the degree of bonding between Al and Al-5Cu basethe extent of etching.

If the degree of bonding (i.e., metallic mixing)defined by the percentage of the Cu-rich (dark)
across the total cross-sectional area of the A, didsed on image analysis, the values are 9.4%,
12.1%, 100% and 100% for sampl®.5 S-1, S-6 and S-24 respectively. If the degree of
bonding is defined by the width of metallic mixingne, the values are 1.5 mm, 3.2 mm, 14 mm
and 14 mm respectively. As shown Bigure 4.3 (d) Al and Al-5Cu seem to be fully mixed and

the interface of the stacked Al/AI-5Cu is almostcnoscopically invisible.

From the observations, longer holding time leads goeater extent of bonding. As inferred from
Figures 4.3 (a)and(b), the oxide layers may protect each melt from ngpduring initial stages
of holding, resulting in a limited degree of borglirt is hypothesized here that, as the holding
time increases, thearrier layer (in other words., thei-film layer) become less protective and it
could eventually allow a complete metallic mixingflween Al and Al-5Cu, as shown Bigures

4.3 (c)and(d). Further experiments were then carried out totteshypothesis.
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4.3.2 Cross section — OM studies

Microscopically, as shown iRigure 4.4, the local grain structures, in terms of grairesand
morphology, are different on the two sides of theeiface of samplé&-0.5 suggesting no
significant bonding is achieved in this region #md may be further evidenced by the highlighted
grain which looks like it is being intersected I tinterface. It was found in the present study
that the bond of sampl8-0.5was relatively weak and the interface might alyebd cracked
through during the sample preparation stage (aytpolishing, etc), as revealed by the large

interfacial gap between Al and Al-5Cu.

Figures 4.5(a) and(b) show more similar grain structures on both sidébestacked Al/Al-5Cu
sampleS-1, suggesting some degree of metallic mixing oftéin@ melts at this region. However,
Figures 4.5(c) and(d) show obviously two different grain structures oa &l side and Al-5Cu
side, suggesting little mixing of the two meltgtas regionFigure 4.6is a composite panoramic
overview of the cross-section of the samptd The image is generated by stitching more than
300 OM micrographs using a Microsoft Image Compogéiditor (ICE) software [16]. The
composite image is particularly useful as it revibed overall structure without losing detail.
According toFigure 4.6, a possible mixing mechanism is graphically iltatd: the cracking of

oxide scales could lead to the flow of the Al-5Celinnto the Al side.

Figures 4.7(a)-(c) show the bond interface microstructure of theksd@l/Al-5Cu samples-6
similar grain and dendritic features on the Al &iebCu sides confirm the mixing of the two
melts during the isothermal holding procdsgure 4.7 (c)shows two individual grains across
the interface and grains are intercepted by therfantial gap. Similar to the results from the
sampleS-1, it is indicated byFigure 4.8that the fracture of oxide layer could lead torthetallic

mixing of Al and Al-5Cu.
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For sampleS-24 it can be seen fronfrigure 4.3 (d) that the bond interface is almost

macroscopically invisible, but still microscopigallisible, as suggested Bygure 4.9

To sum up, it can be seen from previous resultsthafracture of théi-film layer could allow
the metallic mixing in a stacked Al/AlI-5Cu sampladahe extent of mixing is hypothesized to be

somewhat a function of holding time.

4.3.3 SEM/EDX studies

The intention of the work described in this secigrirstly, to understand how cracks are formed

in the oxide scale, and secondly, to identify othessible bonding mechanisms.

Figure 4.10is a pair of SE and BE images showing the boreffiate structure of stacked Al/Al-
5Cu samples-6 The interface position is highlighted by yellowaws. It is noted in this figure
that metallic mixing is achieved in this samplesaggested by the similar microstructure feature
and the observation that Cu-rich intermetallic gisaare present on the Al side, as highlighted by

red arrows.

Figure 4.11shows a pair of SE and BE images suggesting ttiemment of metal with a width

of around 4Gum between the Al and Al-5Cu, the entrapped metailgklighted by yellow arrows.
Quantified EDX results are summarizedHRigures 4.12 (a)-(c) It is possible that melt could
move through the cracks in the oxide layer angtlsence of entrapped metal between the oxide
layers not only facilitates the wetting of the tewide layers but may also becomelaidge’
connecting Al and AI-5Cu and providing an indiregay of metallic mixing, as shown
schematically irFigure 4.13 In addition, as shown iRigure 4.14 some crystalline-like oxide
phases with the size of around 142 are observed at the bond interface. Oxide phasesly

appear bright in SE imaging mode because of the-paaductivity causing electrons charging
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and they usually appear dark in BE imaging modebee of the low atomic number of oxygen
[17]. The combination of SEM and EDX analysis hes/gn to be very useful for identifying any
oxide phases [18]. The EDX results are summariz&tures 4.15 (b)and(c), clearly suggesting

they are aluminium oxides.

Figures 4.16-4.1%how the results of SEM/EDX studies from the sangp@4 Similar to the
observations in the sam@geg Figure 4.16shows that crystalline-like oxide phases have &m
locally at the bond interface, as highlighted bg yellow circles. EDX results (in particular P4
and P7 inFigure 4.17) suggest that they are aluminium oxides. As shiowifigures 4.18and
4.19 the crystalline-like aluminium oxides formed oatlb sides at the interface have a total
thickness of around pm. Interestingly, as highlighted by the red arrovrigure 4.2Q a region

of thebi-film layer seems to be completely healed without tkegice of any crack-like feature.
EDX results are given iRigure 4.21, consistent with previous observations. It hassewn

by Griffiths et al [19-21] that the entrapped air within a doubledexfilm pocket could be
gradually consumed by reaction with the surroundngdt and the oxide films may bond together
to some degree. The observed result in this stlsdyovides direct evidence showing that the

healing of oxide films is possible.

Another interesting phenomenon observed in theeptesork is the local fracture of the-film
layer at the edge of a crystalline-like oxide, Beven inFigures 4.22and 4.23 (EDX results).
During the bonding process, the rigid crystallik@loxide in the continuous bi-film layer is
unlikely to deform in the same way and at the same as the rest of the layer, this could lead to
a significant build-up of local stress, in parteuat the peripheries of the oxide crystals. Cragki
provides a route to release the stresses [22] astdllim mixing could be further facilitated

through these easy channels during the bondingepsoc
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4.3.4 Effect of gravity

If Al-5Cu was stacked on the top of Al, it is callastacked Al-5Cu/Al. (Al/AI-5Cu when Al is
on top of Al-5Cu). It can be seen frdfigure 4.24that, for the stacked Al-5Cu/Al sample which
was held at 750°C for 1 h, there is almost a cotapteixing of Al and Al-5Cu and the grain
structures on both sides are similar. This obseEmanay be explained by the effect gfvity

segregatiorof the Cu-rich melt.

The density of Al melts depends significantly oa tensity of alloying elements [1]. The density
of Cu is approximately three times more than thi#tl $23]. In the present work, for the stacked
Al-5Cu/Al sample, the Cu-rich melt on the Al-5Cdsiwould easily sink down to the Al side and
mix with the Al melt due to gravity, providing ches (easy channels) are present withinlihe
film layer. Instead, as for the stacked Al/Al-5Cu sampl is difficult for the Cu-rich melt to
overcome the gravity force and climb upwards, sorttetallic mixing proceeds slower than that
in the stacked AI-5Cu/Al sample. The gravity segtean of Cu in Al melts has also been
recognized in other studies. Recently, Liettal [24, 25] have used synchrotron X-ray and optical
in situmeasurement to analyse some solidification phenomesuch as dendrites fragmentation
in an Al-15Cu alloy under a Pulsed Electro Magn€&ield (PEMF) and the gravity segregation
of Cu was directly observed. Similarly, Rer&bal [26] has studied how the gravity segregation

of Cu affects the grain structure of Al-Cu alloygidg solidification.

4.3.5 Bonding mechanism

To understand the bonding mechanism, first oftadhould be noted that each stacked Al/AI-5Cu
sample will undergo three distinctive stages duthgstacking experiment: melting, isothermal

holding, and solidification. How would each stadfeets the bonding specifically?
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4.3.5.1 Melting stage

Let us first consider the physical phenomenon dtingea single piece of Al sludgzigure 4.25
shows the appearance of an Al sample before @eft)after (right) melting and re-solidifying.
The sample was initially placed in an alumina bwoatible, melted and held at 750°C for 1 h,
then air-cooled down to room temperature. It isfi@sting to note that the slug still holds its ghap
after the process, indicating that the oxide lagtethe surface of the melt has some degree of
strength and can actually hold the melt in plaaeiiy the melting stage, the oxide layer is subject
to significant topographical reconstruction andes$r accumulation due to different thermal
expansion coefficients and elasticity [22]. It ietefore not surprising that microcracks always
exist within the oxide layer formed on a metal [28]. These cracks could become easy channels
for metallic mixing due to the capillarity effec29], which may cause the Al-5Cu melt flow
upwards in this case. Although how much the melsitage contributes to the degree of bonding
cannot be quantified, it is certainly not a domimgfactor. If it were, as each stacked Al/Al-5Cu
sample would go through the same melting stage, ¢aeh stack would have the similar degree

of bonding, regardless of how long it is held quid state.
4.3.5.2 Holding stage

It is obvious from previous results that the isoth@ holding time plays a significant role in

determining the degree of metallic bonding during stacking process. As we know, liquid is
mixed more quickly through thermal convection ttfamough thermal diffusion [30]. In this case,

as the temperature shall be constant throughoutntbken stack and the condition was
deliberately maintained to be isothermal, so tleerttal convection within the molten stack may
be somewhat limited. Meanwhile, how fast would @hediffusion profile reach 7 mm (thickness
of the Al disc)? The diffusivity of Cu in a liquil is quoted from the work by Det al [31] as

- 24000) (Unit: 18 ) 4.1)

D =1.06x 10’ ex;ﬁ —_—
RT
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Taking T = 1023 K (750°C), the diffusivity is calculatedlte D =6.31x 10° m? s*. Assuming
a one directional diffusion model (only up and dp\y8?2], the diffusion distance is approximated
as

X=+/2Dt (4.2)
Takingx = 7 mm (thickness of the Al disc), the timeavhich is the time for Cu diffusion profile
to reach 7 mm, is calculated to be around 3800tHesbit more than 1 h. This value is reasonable
As we can see fromigure 4.3that for theS-1sample, although there is around 12.1% of Al side
being occupied by the Cu-rich melt, the upward flwwCu must overcome the gravity force and
the actual time required to allow the Cu diffusfmofile to reach 7 mm by thermal diffusion is
therefore longer than the calculated value. Howea¥&i-5Cu is on top of the Al, according to
previous discussions, the time to reach the comphéting is greatly affected by the gravitational
flow of Cu-rich melt instead of thermal diffusioAs discussed previously in section 4.3.3 and
also summarized iRigure 4.26 another feature of the time effect is that, dyitine holding stage,
as the holding time increases, the breaking ofbiH@m layer occurs due to the formation of

crystalline-like oxides, generating more cracksyezhannels).
4.3.5.3 Solidification stage

The thermal mismatch (different thermal expansioefficients between metal and oxide) during
solidification can be estimated using the followetgation [33]

o=EAT(a,-a,) (4.3)
Here a is the linear thermal expansion coefficient foridex or metal, AT is the degree of
supercooling and is the elastic modulus of the oxide, and the internal stress arising from
the discrepancy imo andom. As oo is usually less thanm, so a compressive stress is always
present within the oxide scale during cooling. Fiequation 4.3 it can be inferred that the faster
the cooling, the more internal thermal stress gapdr Cracking of the oxide scale is an effective

way to release the stress [22].
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Although the solidification time is relatively shidgempirically around 5 minutes), the possibility
of having some degree of metallic mixing in thiagge cannot be ruled out. For example, in the
case of the stacked Al-5Cu/Al (Al-5Cu is on topAd¥, when Al solidifies the Al-5Cu melt could
flow through cracks generated by thermal mismatass and shrinkage during solidification of
Al. But the amount of the Al-5Cu melt that can gmuugh these channels in this stage is extremely

difficult to quantify.

On the other hand, in the case of the stacked A@U system, the AI-5Cu melt would
preferentially remain at the Al-5Cu side, so eviethé bi-film layer is disrupted to have more
cracks in this stage, the metallic mixing has tablkieved mainly through thermal diffusion of
Cu, as the up flow of the Cu-rich melt needs toroome the gravity force. But again, it has to be
admitted that it is very difficult to determine exig how solidification could affect the degree of
bonding in this stacking approach. During solidifion, the release of latent heat could
potentially bring in thermal convection within teack which may facilitate the flow of melt to
an unknown extent. There is a lack of direct evideto substantiate the described hypothesis,

perhaps am situ observation or tracer element marking experimeay bre helpful.

4.4 Results and discussion — Stacked Al/Al-2Mg

This section presents the results and discussitireaftacked Al/Al-2Mg system, in particular the
oxidation issues involved in bonding of Al and AWg8. Several interesting findings from the
present work will be introduced here, but a mogenbus analysis of the mechanism behind all
these phenomena will be given in Chapter 6, wHeexkidation studies of the Al-Mg=Q@ystem
are described in detail. The results and discusaitinbe correlated back to here again. The

sample details in this section are giveable 4.2
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4.4.1 SEM/EDX studies

As can be seen frorkigure 4.27 the interface is microscopically rough with sometal
entrapment (highlighted by yellow arrows) with widtup to 2Qum between Al and Al-2Mg. As
highlighted by red arrows, some oxide-like phaseseHormed at the bond interface, in particular
along the Al-2Mg side of the interface. Similar tig@s are shown ifigure 4.28 EDX point
analysis of interested areas was performed anguhetified results are presentedrigure 4.29
The compositions in weight percentage are caladifiteP1 and P2. The results suggest that Mg
has migrated to the Al side and there is a cedagree of metallic mixing. It is also noted that
the matrix composition of Mg on the Al-2Mg side skghtly less than the original bulk Mg
composition (Al-2wt% Mg). As revealed by P3 and iR4igure 4.29 Mg-rich oxides have
formed at the interface. The atomic ratio for Md,ahd O was calculated with respect to Mg
(which is 1). Although the quantified results sugfghat the Mg-rich oxides may be Mg@k, it

is still so far unclear and hard to tell exactlyawthese Mg-rich oxides comprise of. This question

will be addressed further in the following discassand also in Chapter 6.

Figures 4.30-4.32are pairs of SE and BE images showing a bondfagemorphology of the
stacked Al/Al-2Mg sampl®&1-6 similar to that observed M-1. However, as indicated tigure
4.3Q the Mg-rich oxide layer on the Al-2Mg side is ra@ontinuous with a thickness of around
2 um. In addition, as highlighted figure 4.31, the interface has actually healed at this locatio
with the presence of some scattered oxide partwidsan average size of 1p@n, suggesting a
possible oxidation mechanism: the formation of Miproxides by reducing the pre-formed
aluminium oxide layers, the original aluminium oithyer serves as a substrate and Mg-rich
oxides form at the expense of it. The detailed atxah mechanism will be discussed in Chapter
6. Figure 4.32also shows a scattered distribution of oxide plagiat the interface zone. Some
of these oxides particles are well embedded witténmatrix and facetted. The EDX results are

shown inFigure 4.33and the quantified results in terms of the atoraim are listed. It is noted
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that the composition of these facetted oxides @seclto the stoichiometric oxide M@&l.
Meanwhile, as shown ifigure 4.34 there is a possible metallic mixing mechanism for t
stacked Al/Al-2Mg system: the fracture of thiefilm layer causing the metallic mixing through

the generated channel.

Figure 4.35comprises pairs of SE and BE images showing ttexfate microstructure of the
stacked Al/Al-2Mg samplé&1-24. 1t is observed that thei-film layer is healed in some regions
and oxide particles are present there. This mayestganother possible metallic mixing
mechanism: melts could flow through the space betwiese oxide particles as a result of
capillarity [29]. Meanwhile, it is noted that thgide layer formed on the Al-2Mg side (around 2-
4 um) is thicker than that in sampM-6, suggesting the effect of time on the oxide growth
Interestingly, as can be seen fréigure 4.36 there are many facetted oxide particles withssize
of around 1-5um assembling into a continuous oxide layer and etsbedded elsewhere in the
matrix. EDX analysis has been performed on thestifes and the results are showifrigures

4.37and4.38 suggesting these facetted oxide particles atdyhldkely to be MgAbOa.

First of all, as we recall from Chapter 3, the tatdion volume for MgAIO4, calculated using the
experimental conditions in the present work, isiacb3um. Secondly, as the surface of the SEM
sample is flat, there should be little topographgticed effects on the intensity of X-rays counted
by the EDX detector installed on the microscopetdify according td=igures 4.37and4.38 the
average size of the facetted oxide particle siz@asnd 4um, larger than the interaction volume
for MgAl204. Therefore, the chemistry of the oxide particlakuwlated from the EDX spectra
should be very close to the actual chemistry. Adicay to the above EDX results, we can see
good consistency and the facetted oxide partialeshaghly likely to be MgAIO4 and the Mg-
rich oxide layer formed on the Al-2Mg side mainynsists of MgA#Oa4. As indicated byrigure

4.38 the MgAbO4 shows a typical {111}-like faceting interface withe matrix. This is because
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that MgARLO4 anda-Al have the same crystal structure (fcc) and anligttice misfit of 1.4% [34],
it is easy to obtain a cube-on-cube orientatioati@hship between MgAD4 anda-Al on the
close-packed planes. Similar observation has begorted by Wanegt al [34], who also found

a common epitaxial relationship (111) [110] Mg®4 // (111) [110]a-Al.

4.4.2 Bonding mechanism

According to previous results and discussion, tlaeeeat least two possible bonding mechanisms
occurring in the stacked Al/Al-2Mg samples: firgtadl, the formation of Mg-rich oxides at the
bond interface disrupts the-film layer and leads to both melt entrapment and fracitithebi-

film layer, melts mix through the generated cracksprsgécin the stacked Al/Al-2Mg samples
which had been held for a longer time (up to 24t bi-film layer could be healed locally and

the space between the crystalline-like oxide plagiserve as microchannels for metallic mixing.

4.5 Concluding remarks

According to the current investigation, it has edumitted that the stacking approach may have
some limitations, as it does not help get a cleardbnterface, and the process requires a complete
melting of the parent materials, which could taketaf energy. Precaution must also be taken to
avoid complete mixing of two melts during the prezeDespite its exploratory nature, the study
has still gone some way towards enhancing our staleding of the bonding of Al alloys and the
results show the central importance of oxide foromaat the bond interface and its subsequent
behaviour during the bonding process. This studyatso thrown up some aspects which may be
in need of further investigation, such as the fiesctmntrolling the oxide growth, etc. The issue of

oxidation itself is an intriguing topic.
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CHAPTER 5

OXIDATION STUDIES: THE Al-Cu-O > SYSTEM

5.1 Introduction

Based on the observations described in Chapteredknow that the oxidéi-film layer is a
physical barrier to prevent metallic bonding andeviblves microscopically with increasing
holding time. It is felt that a more in-depth ungtanding of the oxide formation itself is needed.
A few questions then arise: How does the oxide @radow will the oxide layer behave
microscopically during melting and solidificatiof® it possible to create a universal oxidation
model for Al alloys? Only through a detailed invgation to gain adequate knowledge of
oxidation shall we be able to tailor the oxide darection of temperature and time and to better
design the proper processing conditions for bondingl alloys. So this chapter gives details of
the work investigating the oxidation mechanismsditute Al-Cu binary alloys, using an Al-5Cu

alloy as the model system and pure Al as the cbntro

It should be noted that the results shown in thspter only focus on metal-oxygen reactions.
Theoretically, some highly reactive metals, suchAleend Mg, may also react with other gases in
the environment. For example, as discussed in @ha&ptAl could react with nitrogen to form
AIN. Mg can also react with nitrogen to produce dMg [1, 2]. In the present work, as the
atmosphere condition is maintained during the arpants (no depletion of oxygen), the oxides
will always form preferentially than nitrides froeperspective of thermodynamics, as briefly
discussed ippendix 5.1 It is also indicated that the nitrides may onhgeege in an oxygen-
depleted environment. The results in Chapters Saaldo indicate that AIN and Myg2 were not

present in the surface oxide scales, which is stersi with the thermodynamic prediction.

In this chapter, Section 5.2.1 addresses the isduexidation from a perspective of
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thermodynamics by considering the Gibbs free enehgynge associated with different oxidation
reactions. Section 5.2.2 describes some prelimiagpgrimental results of the study of the Al-
5Cu alloy in terms of its typical as-cast microstuwe and phase transformation behaviours.
Sections 5.2.3 and 5.2.4 describe the study afdh#re of the oxide scale in terms of its roughness
composition and morphology and some particulpatterning features. Section 5.2.5 then
presents the results of SEM/EDX studies which stienstructure and morphology of the oxide
scale at a microscopic level. Section 5.2.6 focuseshe XPS studies and section 5.2.7 gives
details of results of oxidation kinetics studiegctton 5.3 presents further discussion of the
oxidation mechanisms occurring through a comprekheranalysis of the oxide scale evolution

during different oxidation stages.

5.2 Results and discussion

5.2.1 Thermodynamics calculations

Oxidation of metals is a thermodynamically and kicedly complex process, and the presence of
oxide-forming alloying elements in a metal may #igantly modify its oxide growth mechanism
[3]. As shown in Chapter 2, the favourability ofparticular oxidation reaction at any given

temperature depends on its amount of reductionbbs3ree energy.

For comparison of different oxidation reactiong time which lowers the total Gibbs free energy
most could proceed preferentially [4]. This secfiocuses on the thermodynamic analysis of the
Al-Cu-O2 system carried out in the present work, speclfidal two aspects: (1) the calculation
of Gibbs free energy change for each possible tinpspheric oxidation reaction as a function of
alloy composition and oxidizing temperature; (2 tonstruction of stability diagrams [4] which

show the conditions under which an oxide will béused to its metal.
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It has to be noted that the thermodynamics analgsiscribed in this section is only
thermodynamic in nature and it ignores reactioe#as: the oxidation reaction which is predicted
to be favourable may actually proceed very slo@lyidation is a far more complex process and

how it is treated depends on different situations.

5.2.1.1 Gibbs free energy functions

For the Al-Cu-Q system, metal oxides can be produced througholfening reactions. For the

ease of comparison, the stoichiometric coefficar®: is normalized to one in each reaction.

A. 4/3Al + Oz = 2/3AkLOs (Reactidn
B. 4Cu+ O =2CuO (ReantB)
C. 2Cu+Q=2Cu0O (Reaction C)

The standard free energy change for each readiarfanction of temperature is estimated in the

form of AG’ (T) = a+ bT+ cTin Tusing the method describedAppendix 5.2 as follows:

A. AG (T)=-109962% 148.60+ 7.8R [ (Unit: J mot) (5.1)
B. AG’(T)=-345590+ 223.9Z- 10.06 M (Unit: J mot) (5.2)
C. AG'(T)=-318006+ 302.4Z- 16.97 [ (Unit: J mot) (5.3)

According to section 2.2.1, the Gibbs free enefggnge for a reaction which occurs at a non-
standard state is affected by the chemical aasvitif reacting species [5], as showrBgyation
2.5 in Chapter 2. The non-standard Gibbs free enel@nge for reactions A, B and C are

expressed as

A. AG(T)=-109962% 148.60+ 7.82 Ifi- RT |n—=2_— (5.4)

B. AG(T)=-345590+ 223.92- 10.06 IM- RT |n—2— (5.5)

C. AG(T)=-318006+ 302.4Z- 16.97 [fi- RT o S (5.6)
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In the present work, the chemical activities of 8, @ and metal oxides are estimated under
three assumptions: it is assumed that oxygen das/ks ideally and its activity equals to the ratio

between the oxygen partial pressure and the stamaassure 1 atm [6]. (NotBo2.is used as an

expression foao2 throughout further discussion); it is assumed thatbinary Al-Cu alloy forms

an ideal solution and the activities of Al and Cre a&qual to their mole fractions (i.e.

a, = Xy =1- X, anda., = X,); the activities of metal oxides are assumed tdlpas it is

suggested that these oxides are nearly immiscilile @ach other in the temperature range

relevant to the present work (which is 20-1100°) [

These assumptions are made for two reasons: @afaotperimentally measured thermodynamic
data for the Al-Cu system in the literature andeeakmathematical manipulation. Therefore,
Equations 5.4-5.6can be further simplified as a function of oxygastivity Po2 and Cu mole

fraction Xcu:

A. AG(T)=-109962% 148.60+ 7.82 M- RT (ng;[q 4 >gu)‘“3) (5.7)
B. AG(T)=-345590+ 223.9Z- 10.06 M- RT (np0X%,) (5.8)
C. AG(T)=-318006+ 302.4Z- 16.97 M- RT (npOX,) (5.9)

5.2.1.2AG(T) plots

AG(T) plots are used to assess the favourability oh eagdation at different temperatures by
fixing Po2 and Xcu. Figure 5.11is a 2D plot showing thaG versusT relationship in a dry air
condition (withPo2 = 0.21, andXcu is around 0.0215 for the Al-5Cu alloyjigure 5.2is a 3D
plot showingAG profile as a function of botkcu andT (with Poz = 0.21). It can be inferred from
these plots that ADs is the most thermodynamically favourable metatlexin the Al-5Cu alloy,
or any standard commercial Al alloys (at most 10\@e(4.4mol%) in 2xxx series alloys [8]), or

even the CuAl intermetallic (32.9mol% Cu), as the reduction rieef energy for reaction A is
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around one order of magnitude more than for therathactions at the interested rangeXf

andT.

These predications are in keeping with observatinrike literature. According to the work by
Sonet al [9], a CuAkb thin film will only undergo oxidation to ADs at 580°C; it has been shown
by Garcia-Vergarat al [10] that no CuO or GO has been observed in the anodic oxide film
formed on an Al-4.14wt%Cu (Al-1.77mol%Cu alloy) tZu has an influence on the morphology
of the oxide film [10, 11]. On the other hand, acitog to the work by Wit al.[12], Al2Os was
found in an oxidized Cu alloy containing ~2wt% Ahtol% Al) in the temperature range 800-
1000°C and similarly, Soleimanpoet al [13] reported the presence of28k in a Cu alloy
containing Al as low as 0.37wt% (0.88mol% Al) at096, suggesting the preferred growth of

Al203 over copper oxides even at such low levels of Al.

It can be seen that adding Cu into Al would notibiththe preferential oxidation of Al
thermodynamically. The oxidation behaviour of pAteand the Al-5Cu binary alloy in terms of
the oxidation products are highly likely to be tbeme, purely based on the thermodynamic

analysis in the present work as well as the impboa from the literature.

5.2.1.3 Stability diagram 1: IfPo2 versusT

The InPo2 versusr plot is used to give the conditions under whiah dixides (A1Os, CwO, and
CuO) dissociate into metdtigure 5.3is a stability diagram constructed basedegnations 5.7-

5.9 (let AG(T) = 0 andXcu = 0.0215). The plot shows the oxygen dissociafoessure as a
function of temperature. It indicates that the esidbecome less stable at higher temperatures
(higher oxygen dissociation pressure). Interesfinble oxygen dissociation pressure of@d is
estimated to be around 5 x#9Pa at 25°C, as a similar value of 1.5 X%Pa is deduced from

the results shown by Wat al [12]. This implies that Al will always pick up ggen to form AtO3
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and the oxide will remain stable, given that iilngossible to have an environment with such a

low oxygen partial pressure in practice.

5.2.1.4 Stability diagram 2: IrPo2 versusXcy

Figure 5.4is a stability diagram constructed by lett@(T) = 0 andT = 1023 K inEquations
5.7-5.9 It shows the oxygen dissociation pressure asétifun of Cu mole fractioXcu at a fixed
temperature of 750°C. It is inferred that for Al-@lloys with a Cu composition below 0.1mol%
(around 0.24wt%), the formation of & or CuO is almost impossible in dry air, becaumse t
oxygen dissociation pressure of either@wr CuO is higher than 0.21 atm. Meanwhile,@u
and CuO are predicted to be stable in dry air 88C5suggesting the likely formation of £
and CuO in the AI-5Cu alloy. In fact, this is catsnt with the implication frorrigure 5.1that
the reactions B and C are also thermodynamicabfiptsmeous (free energy reduction). But again,
as discussed previously, because the amount oefresy reduction for reaction A is far more
than those of reactions B and C, the formationle®Ais more likely.

To sum up, although the thermodynamic analysisrdestin section 5.2 is subject to the accuracy
and credibility of Gibbs free energy values quofeain various databases as well as the
assumptions made, at least it allows us to asoetttai conditions under which given oxidation

products are feasible.

5.2.2 Microstructure of Al-5Cu

This section presents results on the investigatiohe Al-5Cu alloy in terms of its microstructure,
solidification and phase transformation behavidime composition of Cu in this alloy is very
close to commercial 2xxx wrought Al alloys [14], wh are widely used in the aerospace and
automotive industries [15]. The addition of Cu tbldwers the melting point of the Al solid
solution and leads to the precipitationfeCuAl2 phase at room temperature [16]. TREUAI

phase has high optical contrast with the Al madnx is readily visible in microscopes [17, 18].
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The equilibrium phase diagram of Al-5Cu was calmdausing MTDATA software, as shown in
Figure 3.1 The equilibrium phases for an Al-5Cu binary alfrga-Al and 6-CuAl2 precipitates.
The eutectic phase{Al + 0-CuAl2) is also often observed in as-cast hypoeutecti€é\halloys
[16]. Differential Scanning Calorimetry (DSC) waarged out to confirm the presence of this
transformation behaviour on melting. In this stutig difference in heat flow between the sample
and a reference was observed to determine any piaasgtion stage.The results are shown in
Figure 5.5 It is noted that Al-5Cu starts to melt at aro&d@°C (eutectic temperature) and the

curve is featured by a small endothermic peak edrdat 550°C and a broad peak centred at 660°C.

Figure 5.6is a pair of SE and BE images showing the fracturéace topography of an as-cast
Al-5Cu alloy. First of all, it can be seen that tinécrostructure of the Al-5Cu consists of cored
dendrites otr-Al with 6-CuAl2 at grain boundaries or in interdendritic regiohs.illustrated by
Figure 5.7, the presence of brittle-CuAl> at boundaries makes the alloy very susceptible to
intergranular corrosion and intergranular crackjibg, 20]. The equilibriund-CuAl2 phase is
incoherent with then-Al matrix and they have significantly differentifstess and thermal
expansion coefficients, etc [21], which make therface betweetCuAl2 anda-Al a favourable
crack initiation site and propagation path [20].8s0 observed iRigure 5.6 it is interesting to
note that junctions between three grains tend tintaia an approximate 120°/120°/120°
relationship, this is a result of an equilibriumadrece of grain boundary tensions at a three grain
junction [22, 23]. Meanwhile, it is found in theggent work that there is a good interconnectivity
of the®-CuAlz network in the as-cast Al-5Cu, as showfrigure 5.8 further suggesting the cored
dendritic structure ofi-Al. The intermetallic phases were extracted usimgmethods described

in Chapter 3.
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5.2.3 Surface oxide film — dendritic patterning

From earlier discussion, it was noted that as-8&5Cu usually has a cored dendritic structure
with CuAlz phases at the grain boundaries. One of the topbgrdeatures of the oxide layer
formed on Al-5Cu samples observed in the presenit wwddendritic patterning” . During casting,
fresh AI-5Cu melt is exposed to the air and an ex#tin quickly develops on the surface.
Normally, in the early stages, the thickness ofakiele layer is unlikely to grow enough to make
the oxide layer become mechanically rigid [24].slich a case, the oxide layer is very thin in
nature and it is easily bent and deformed andfibilemvs the topography of the dendrites. It was
suggested by Bubar and Vermilyear [25] that thumahium oxide films less than 10 nm in

thickness exhibit good ductility.

In the present work, as shownhkigure 5.9 the surface topography of the as-cast Al-5Cu samp
follows its dendritic structure and varies with tog rate during solidification: a cooling rate of
40 K min! leads to the formation of dendrites with aroungi@®secondary arm spacing and 100

K min! leads to the formation of dendrites with aroungn® secondary arm spacing.

In addition, a DEKTAK surface profiler was useduaher investigate thisdendritic patterning”
feature. Al samples and Al-5Cu samples were oxdliae750°C for 1 h and 6 h to study the
influence of oxidizing time on surface roughnessfo heat treatment, samples were polished
down to 1um diamond suspension and a flat and uimijorough surface is achieved, $agure
5.10 (a) Figure 5.10 (b)shows that both Al and Al-5Cu have similar levelsoughness after
polishing.Figure 5.10 (c)presents the different surface roughness condifmmal and Al-5Cu
after being oxidized in air for 1 h: this is becaukat the relatively thin and ductile oxide layer
formed on AI-5Cu (1 h oxidation) tends to copy thesttern of the dendritic structure during
solidification and the dendritic structure of Al-BContributes significantly to the larger height

change during the DEKTAK analysis. Interestinglyc@rding toFigure 5.10 (d) Al and Al-5Cu
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samples have similar surface roughness: this @susecthe oxide layer can become thick and rigid
after a longer period of holding time and it issldiely to deform during solidification. So
dendritic patterning may only exist when the oxialger is thin and ductileFigure 5.11 shows
OM micrographs clearly showing such effect, as nggted by red circle, a piece of fragmented
rectangular oxide film with a size of around 1.5 royn0.6 mm floats on the Al-5Cu melt and it
does not copy the dendritic structure, as compargdits surrounding area. By implication, this

piece of oxide must be thicker than the surroundixige.

5.2.4 Hot-stage OM studies

As discussed in Chapter 4, the stacked Al/Al-5CGupda will undergo three distinct stages during
the stacking approach: melting, holding, and sfidiion. In the present work, hot-stage OM
studies were performed to directly observe the ositucture development of the surface oxide
layer formed on Al or AlI-5Cu during ee-melting process. The experimental procedure was
described in Chapter 3. For Al, the resultsxadituobservation of the surface oxide film evolution
during the re-melting process are showfigure 5.12 The evolution of surface topography can
be represented by five successive sta@age 1 — highlighted by black boxes: sample
temperature rises, grain boundary region startmelt at 600°C Stage 2 — highlighted by red
boxes: the oxide layer thickens and becomes iniciggsrough and wrinkled;Stage 3 —
highlighted by blue boxes: the sample is compléiglyid and the oxide layer keeps thickening;
Stage 4 — highlighted by yellovwboxes: during cooling, the oxide layer deformsd¢ocemmodate
the formation of grain structur&age 5 — highlighted by green boxes: the oxide layer esphe
new grain structure of Al. It can be seen from ¢hesages that grain boundaries melt first and
thus grooves form. Similar features were also oleskby Allen et al. [26]. This is because the
grain boundaries of Al were often enriched with urmty elements, such as Fe, Si, Zn, Mg, etc,
and these alloying elements lower the melting poinAl [27]. Thermodynamically, impurity

elements segregate to grain boundaries as an attemgauce the total free energy of the system
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[28]. Kinetically, the grain boundaries serve asersitircuit diffusion paths for impurity atoms
[29], they prefer to move along grain boundaried provide a drag force on grain boundaries

motion [30]. The topic of segregation will be dissad again in Chapter 6.

For Al-5Cu, the surface oxide film evolution is d&n to that observed for Al, as shownRigure
5.13 It is also noted in the present work that CuAtermetallics are in different locations before

melting compared to after solidification, as highlied by purple (before) and red lines (after).

During the experiment, it was found that the terapee calibration of the hot stage was not very
accurate and the temperature measured from theotamit is somewhat overvalued and the
deviation from the actual temperature of the sam@at least 10°C, as suggested by the image
labelled 670°C irFigure 5.12 where the Al seemed not to be as completely ohalseit should

be.

5.2.5 SEM/EDX studies

In this section, the SEM/EDX studies of differentlyidized Al and Al-5Cu samples are described,

in terms of oxide morphology and chemistry.

5.2.5.1 750°C

Figure 5.14presents two pairs of SE and BE images showing@xide layer morphology of an
Al-5Cu sample which was oxidized at 750°C for 1liiyp air. The oxide layer exhibits a wrinkled
morphology suggesting its ductile nature. It lotde$ that the oxide layematts” independently
from the melt underneath, as contrasted by a regueed microstructure from BE images.
Interestingly, as highlighted by yellow arrows kigure 5.14 (b) two rigid oxide island-like
pieces with the diameters of around |88 become pinning points from which the oxide film

deforms during solidification. The observed resdems consistent with the results from hot-
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stage OM studies described in section 5.2.4.

Figures 5.15 — 5.1presents the results of Al samples which wereip&atifor longer periods
(12h, 24h and 48h). First of all, it can be noteat the number of crystalline-like oxides increases
as the oxidation time is extended. In the presemkwprior to oxidation experiments, the surfaces
of samples were deliberately ground with 800 gee SiC paper to study whether the oxides
would preferentially nucleate and grow along theawhes to form “straight lines”-like oxide
morphologies. Accord to the current results, indtegrowing along scratches, the crystalline-
like oxides tend to nucleate and grow locally toviemall circular-shaped islands around 10-100
um. Similar oxide morphology was observed by Dohartyg Davis [31] and Eldridget al.[32].
Meanwhile, as suggested Bigure 5.18 secondary crystals can grow on existing islamdsthe
primary oxide island consists of small faceted &ljise particles and they grow throughledgé€
mechanism so as to reduce surface energy [33]:[€dge growth mechanism will be discussed
in detail in section 5.2.5.3. EDX analysis was parfed on the island-like oxides and the result
is given inFigure 5.19 They are identified as aluminium oxide. The lowtrmic ratio between
Al and O from the matrix position is probably dodhe interaction volume issue, as characteristic
Al Ka X-rays may also come from the metal beneath tisedayer. XRD analysis of the oxidized
sample was tried but not successful. This is priybdbe to the low volume fraction of the
crystalline oxides compared to the bulk. Hinton &rdfiths have recently used glancing XRD
to successfully identify the oxide formed on higlrify Al at 750°C after 3h of oxidation as
consisting of crystalling-Al 203 [34]. This suggests that the crystalline-like @xa@bserved in the
present work may bgAl20s as well.Figure 5.20shows the cross sectional view of the oxidized
Al sample (750°C 12 h). Faceted crystalline-likedes, with the thickness of aroungurb,
penetrating into the metal were observed. Accorthnig/anget al. [35], the crystalliney-Al20z3)
oxides formed at 750°C after 4h of oxidation inva@re also morphologically faceted. Similar

observations were also reported by Doherty and Df@é] who studied the solid state oxidation
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of Al and found that the crystalline oxides growvardly and epitaxially into the metal with a

preferential relationship (110) [11§]Al20s // (111) [110] Al

Figures 5.21-24show the oxide layer morphology developed on Ai:s2mples oxidized at

750°C for a series of times and the observed oxadessimilar to those on Al: the number of
island-like oxides increases with oxidizing timégetcrystalline oxides grow locally at the
beginning and then agglomerate to eventually ctheewhole surface; the crystalline oxide grows

by aledgemechanism.

Interestingly,Figure 5.25shows an oxide island can be as large as5as highlighted by the
red circle. In addition, the lower-right BE image Rigure 5.25 provides evidence for Al-Cu
intermetallic (bright contrast) trapped within tteystalline oxide-island. This might be a result
of a possible oxide-island growth mechanism: irdlnal oxide crystals agglomerate to form oxide
islands and there are gaps between them, the raglflow and get trapped in the gaps, and the
continuous consumption of Al to form A&bs increases the Cu composition in the trapped melt
locally and the Al-Cu intermetallic is thus formeBigure 5.26 shows the EDX analysis
performed on an oxidized Al-5Cu sample, the featuaee similar to those observed on the

oxidized Al sample.

5.2.5.2 950°C

Figures 5.27and5.28 show the powdery morphology of the oxide scalenfmat on Al-5Cu at
950°C for 48h. During the experiments, it was fothrat oxides could be easily scraped from the
samples (powdery morphology, the oxides were lgoatthched to the metal). Therefore, some
of the scraped oxides were collected and mountethdron adhesive tabs. As notedrigures
5.27and5.28 the oxides have two different morphologies, whitdy refer to thedry” side and

the ‘wet side of a surface oxide film. By definition, théry” side refers to the oxide/air interface,
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while the ‘wet’ side is used to describe the melt-wetted metalfinterface which may consist
of different microstructural features (e.g. oxidgstals, intermetallics) [37-40]. As shown in
Figures 5.27 (a) and (b), the oxide layer shows a macroscopically smootd aniform
topography (scratches from polishing are observedhich is similar to a typicalry side
morphology [38, 39]. Macrocracks are also obsenmd,they may have formed during the
scraping process (the issue associated with tlapisgr technique is that it may destroy the oxide
film mechanically to an unknown extent, Chapter i8 present a novel extraction method to
obtain a view of the wetted side of a surface okideand details will be given there). Meanwhile,
according tdrigures 5.27 (c) and (d)the oxides show a blossom-like morphology ancsise

of fine oxide-like particles, implying a view ofahwetted sideFigures 5.27 (c)and(d) were
deliberately taken at different focal lengthsslhoted that some areas are out of focus, probably
suggesting different penetration depths of thesgesxinto the melts. Frofigure 5.28 it can be
seen that voids around 1:#h were observed at the crystalline-like oxide lagaggesting a non-
protective feature. Oxygen may readily flow throupbse voids and react with the melt at the

metal/oxide interface.

Figure 5.29is a collection of images showing the scraped oxilem an oxidized Al sample
(950°C, 48 h), the morphology is similar to thaddbCu: faceted steps and ledges were found
on the oxide/air interface; the layer thickens bledge mechanism while at the metal/oxide

interface individual oxide-islands grow inwardly.

As shown inFigure 5.3Q analysis of théedgegrow mechanism observed in the present work
suggests the crystalline-like oxides, at leastttiernal part of the oxide scale, has an fcc sirect
as doeg-Al20s. Specifically, 2D growth ledges are identified tbe growth of an fcc crystalline

phase and the crystal planes and directions aefiédb The 2D nucleation energy barrier on a flat

surface [41] is quoted aAG",, = 7&° / Au, whereAp is the driving force for nucleation ands
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the edge free energy, which is zero for an atoyicaligh surface and positive for an atomically
smooth surface. In addition, twin plane reentralggeemechanism of growth was also observed.

Reentrant edges are formed as an easy site fortlgr@@]. The nucleation barrier in this

5 _TE® (e—sinecosﬁ

mechanism [41] is given bAG | = A j 6 was observed here to be 141.06°,
m

which is consistent with an fcc structure (eyghl203) when the twin plane is (111), in this case
AGtprre = 0.63AG2p’, suggesting the edges in the particular reentranghs are more favoured

growth sites.

Figure 5.31shows the XRD traces of the scraped oxides celieftbom the oxidized Al and Al-
5Cu samples. Diffraction references are taken ffé&45]. Oxides scraped from 4 identical
samples were initially placed in an Agate morténaBol was added into the mortar and the oxides
were then ground. The solution was then transfetoed flat based beaker with a filter paper
placed in the middle. After drying, the oxides wareunted on a silicon chip to be examined by
XRD. In the present work, the analysis indicated the oxides developed on Al and Al-5Cu at
950°C for 48 h consisted of botkAl2Os-like (there is a humps-like shape in the backgdoun
around 2 = 45.5°, which may indicate a structure intermedisetween the amorphous state and
completely crystalling-Al20s, as suggested by the work from Vernon [46]) arl 203 oxides
(also identified using TEM analysis, results areveh in section 5.3.4). This is consistent with
the work by Trunowet al [47, 48] and Venugopalaet al [49-51], who found traces ofAl203
forming in the temperature range 850-1100°C. Aitketaiscussion of this topic and the oxidation

mechanism will be given in section 5.3.
5.2.6 XPS studies
5.2.6.1 Wide scan

Samples analysed by XPS in this study are sumnuhniz&ble 5.1 A typical XPS sample is a
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cylindrical-shaped sample with diameter 8 mm by thick. Wide scans were used to determine
the chemistry of the surface oxide qualitativéligure 5.32shows the wide scan spectra from
Al-AP, A1-R1, A1-R6 and Al-R24. All peaks are labelled according to reference].[2%
discussed in section 3.4.6, a wide XPS spectrumistsnof XPS peaks characteristic of binding
energies, induced Auger peaks (such as C KLL atd. and a stepped background. First of
all, carbon is observed in all spectra. This isdose that an adventitious carbon film is usually
present on any air-exposed sample, even small axpds air could generate such a thin
carbonaceous film [53]. This film is usually congad of a variety of hydrocarbon species (C-C,
C-H, etc), and sometimes with both singly and dgudadnded oxygen atoms (C-OH, C=0, etc)
[52]. Detailed scans of C 1s core level confirms pinesence of such species, the results will be
shown in section 5.2.6.2. Secondly, it is notedti@aluminium oxide forms on top of all samples,
as indicated by the strong peaks of O 1s and O iKldll spectra. FoAl-R1, Al-R6, andA1-R24
samples which were oxidized in air for certain pdsof time, it is expected that a relatively thick
aluminium oxide layer has formed on the surface asepolishedI-AP, once exposed to oxygen-
containing environment, a natural amorphous oxagler would rapidly form with a thickness of
a few nanometers [54, 55]. In the present study,ishfurther confirmed by the detailed scan of

Al 2p core level on sampl&l-AP, the result will be shown in section 5.2.6.2.

XPS is a very surface sensitive technique with rdarmation depth around 10 nm [53]. As
suggested byrigure 5.32 small amounts of chloride-like impurities (Na®(Cl, etc) were
identified. During the XPS sample preparation stdger identical Al cylinder-shaped samples
were initially polished down to 1um diamond suspamsnd cleaned in distilled water (not able
to remove all chlorides and surface contaminationfree out of the four samples were then
oxidized for different periods of time. The firsP% analysis was performed ARAP. Since the
sample was not cleaned thoroughly, chloride-likdag@ contamination was deposited on the

surface, which made the interpretation of the Xp&wa very difficult, especially for the sake of
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quantitative analysis. Thereforé&|-AP was then thoroughly re-cleaned using acetone and
methanol and immediately introduced into the XP&naher to minimize surface contamination,
but still it was not possible to avoid the carbamntamination (everywhere! air, vacuum

chamber ...).

These chloride-like impurities remain on the tophaf aluminium oxide layer, as indicated by the
results fromAI-R1, Al-R6 and Al-R24. Because of this limitation, the results from wES
spectra are only used to show which elements @%ept in the oxide layer and not to quantify

the oxides, as originally intended.

Meanwhile, depth profiling was attempted to analysecomposition profile across the surface
oxide layer. There are two ways of performing cosifonal depth profiling in XPS analysis.
One is non-destructive analysis using angle resoblectron spectroscopy [53]. In this case,
samples are irradiated by X-rays at different taKeangles. The principle is based on the Beer-
Lambert law [56]. The change of take-off angle demthe sampling depth so the top layer
(oxide)/underlying matrix (metal) signal ratio wsiaccording to take-off angle as a result [53].
Another destructive approach is to use ion bombardnio sputter the sample surface at a certain
current for a period of time and then analyse thenustry (XPS spectrum) after each
bombardment [53]. The efficiency of this techniqiepends on the condition of the vacuum

chamber, stability of the ion beam source, andtspyield of the sample [53, 57].

This study reports an attempt at using the destigon beam bombardment to study the
chemistry depth profile of the oxidized Al sampl&airing the study, argon ion bombardment
experiments were performed oN-AP, Al-R1, and Al-R6 for two purposes. Firstly, ion

bombardment with a current of 300 nA was usedvestigate whether contamination (chloride-

like impurities, carbon, etc) was just externalstahces depositing on the surface or whether they
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had been incorporated within the oxide layers dudridation. As shown ifrigures 5.33-5.35
carbonaceous contaminations were significantly redoafter bombardment foAl-AP (2
minutes),Al-R1 (2 minutes) andhl-R6 (4 minutes in total). It is noted that the bomivaett
resulted in argon being implanted in the surface2@\and Ar 2s peaks are observed accordingly.
For theAl-R1 sample, peak areas under Na 1s and Cl 2s wergeasoed significantly after
being bombarded for only 4 minutes. Therefore, ¢chiride-like species found were highly

unlikely to be part of the aluminum oxide layer.

However, the depth profiling experiment was evelhfuansuccessful. It can be seen that the
oxygen peaks (O 1s, O KLL, etc) do not changelalt ahay be the case that the vacuum condition
in the analysing chamber is not good enough antaoena certain level of air and hence the
bombardment not only implanted argon, but also eryigto the surface. Meanwhile, even at an
extremely low oxygen pressure condition (e.¢f%®@tm, as shown in previous thermodynamics
calculations in section 5.2), Al would pick up amygen to form aluminium oxide: it is absolutely

IMPOSSIBLE to prevent the formation of aluminiumaein practice.

Similarly, three Al-5Cu samples were oxidized ad%G for 1h, 6h and 24h respectively. One Al-
5Cu sample (sample codat-5Cu-AP) was used as a referenéggure 5.36 shows their XPS
wide scan spectra. Al peaks (Al 2p, Al 2s) and @ygeaks (O 1s, O 2s, and O KLL) are present
in all four samples, confirming the formation ofiainium oxide. Cu 2p peaks gradually diminish
as oxidation time increases, indicating that Cuas part of the surface oxide. The result is
consistent with the prediction from thermodynanuakulations, previous SEM/EDX results and

XRD analysis.

5.2.6.2 Core levels

(@) C 1s
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As shown inFigure 5.37, the C 1s core levels peaks were fitted using &8angunctions. The
centre of C 1s elemental peak (C-C, C-H) was fax®@84.8 eV and peak positions of other core
levels XPS spectra were then shifted with respethis value. The fittings indicate the presence
of other carbon species containing oxygen in theeatitious film and also suggest that carbon
bonding with each oxygen atom causes a shift ofeqmately 1.5 eV to higher binding energy

[58].

(b) O 1s

As shown inFigure 5.38 the O 1s core levels were fitted with Gaussiarcfions. According to
the database [52], the fittings indicate the O i#0A contributes to the O 1s peak, together with
a small amount of O from absorbed water. It has lbeend that the absorbed water usually react
with Al20s to form AI(OH), once the oxide layer is exposed to a humid enuient [59]. First

of all, for Al-AP, Al-R1, Al-R6, andAl-R24, the O 1s (AdOz3) peak positions are 532.62 eV, 532.65
eV, 532.61 eV and 532.60 eV respectively, and gleshow a well-resolved spectral line located
at 532.65 £ 0.05 eV binding energy. The O 1s pa@altss range are attributed to the@ lattice
oxygen [60-62]. The broad featured O 1s peaksenréimge of 534-534.5 eV are assigned as a
mixture of hydrated oxygen and these types of oryggecies are usually associated with the
absorbed Q OH, H20, etc or from the hydrated lattice (hydroxyl ioms)d the contamination
layer [60, 63-65]. The Durbin-Watson statisticgtad O 1s core level fitting iAl-AP, Al-R1, Al-

R6 andAl-R24 are 1.763, 1.834, 1.812 and 1.645 respectivefjgesting a good randomness for
the residual values of fitting. Secondly, the figts of O 1s core level for the samphds5Cu-AP,
Al-5Cu-R1, Al-5Cu-R6, Al-5Cu-R24 show similar patterns to those of oxidized Al sspFor
Al-5Cu-AP, Al-5Cu-R1, Al-5Cu-R6 andAl-5Cu-R24, the fitted O 1s peak positions are 532.65
eV, 532.65 eV, 532.63 eV and 532. 69 eV respectiaat they all show a well-resolved spectral
line located at 532.65 + 0.05 eV binding energggasting the same type of oxide formed as that

on oxidized Al samples. The Durbin-Watson statsstitthe O 1s core level fitting WI-5Cu-AP,
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Al-5Cu-R1, Al-5Cu-R6 and Al-5Cu-R24 is 1.892, 1.794, 1.937 and 1.745 respectivelyjnaga

suggesting a good randomness for the residual yaiugtting.

(c) Al 2p

The Al 2p peak from un-reacted elemental Al usulallg a spectra line of approximately 72.8 eV
and the Al 2p peak would be shifted to higher bigd@nergy around 75.8 eV due to the oxidation
of Al which causes the transfer of electrons frdomanium to oxygen [60]. As the information
depth during the XPS is approximately 10 nm, Alghtoelectrons emitted from elemental Al
beneath any oxide layer less than 10 nm would berded [66]. When the oxide is thicker than
10 nm, only the Al 2p photoelectrons emitted frolnG% would appear on the spectra, as shown
by Figure 5.39 ForAl, Al-R1, Al-R6 andAl-R24, the fitted Al 2p peaks are all located at a well-
defined spectral line of 75.80 + 0.05 eV. They ar&5.83 eV, 75.81 eV, 75.79 eV and 75.81 eV
with Durbin-Watson statistic values of 1.854, 1.92868 and 1.813 respectively. The®d-x-

like Al 2p peak represents the deviation from tt@chiometric AbOs due to the incomplete
oxidation of Al, suggesting a low coordination nwueniof Al in the oxide structure close to the
metal/oxide interface [67]. The intermediate peaileslocated at a spectral line of 73.50 + 0.12
eV. Because the aluminium suboxides@bknd AIO exist only in the gaseous states andadhe
state oxides would decompose into Al and®lbelow 1050°C (AO) and 1600°C (AIO) [68-
70]. So the broad intermediate peak is attribubeti¢ transition region between the elemental Al
and the aluminium oxide layer instead of the existeof any suboxides. The peak area under the
lower binding energy Al 2p elemental peak and tighér binding energy Al 2p oxide peak can

be used to quantify the thickness of the oxiderlalfee calculation is given in section 5.3.1.

Similarly, for Al-5Cu, Al-5Cu-R1, Al-5Cu-R6 and Al-5Cu-R24, the fitted Al 2p peaks are all
located at a well-defined spectral line of 75.80.@5 eV. They are 75.83 eV, 75.84 eV, 75.82 eV

and 75.82 eV with Durbin-Watson statistic valued %63, 1.912, 1.871 and 1.773 respectively.
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From all of the XPS results discussed above,iitfesred that Cu does not affect the chemistry of
the oxide formed on Al-5Cu and the oxide chemigrsimilar to the oxide formed on Al, at least
the oxide chemistry within the top 10 nm regioritifg results from wide scan, O 1s core levels
and Al 2p core levels suggest the oxide is alunmmaxide. This conclusion is consistent with
previous results in this study and is also in ages® with previous observations from the

literature [71-73].
5.2.7 Kinetics of oxidation

According to previous experimental results, itiewn that Al and Al-5Cu have similar oxidation
progression paths. The goal of this study was itinén compare the oxidation of Al and Al-5Cu
kinetically using thermogravemetric analysis (TGR)r all TGA experiments, the oxidation time
scale used was 1h. The weight gam versus time curves (TGA curves) are useful in two
aspects: first, TGA curves can be used to showlendhe oxide growth kinetics obey some rate

laws (linear [74], parabolic [75], etc); secondhié TGA curves can be described by rate equations

such asAm= At and (Am)° = At, as the rate coefficiemd usually obeys an Arrhenius
relationship A= A)Exp(—Q/RT) [76, 77], then the oxidation activation ener@ycan be

estimated using the TGA data.
5.2.7.1Al

Figure 5.40shows the kinetics curves for Al in the temperatange 450-950°C. It can be seen

that the oxidation rate is a strong function of pemature.
(a) 450-650°C

In the temperature range 450-650°C, the Al sokdesbxidation kinetics exhibit parabolic-like

progression and this may suggest a protective daykr forming [78, 79]. This behaviour was
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also reported by Gulbransen and Wysong [80] whadahat Al exhibits a parabolic growth law
in the temperature range 350-450°C, and by SmdBi¢mho found that the oxide growth rate

of Al was best fitted with a parabolic law in thertperature range 400-600°C.

Parabolic equations have been used to fit theseswand an adjustdtisquare method [82] was
used to assess the quality of fit (the closer tiid better quality). The results are summarized in
Table 5.2 From the table, it is mathematically implied thhé kinetics curves can be well
described by parabolic laws. In addition, as showkFigure 5.41, the oxidation activation energy
is estimated to be 62 + 3 kJ raind the Al oxidation rate coefficient in the tematare range

450-650°C is therefore approximately given by

R, =2.3x 10’ ex{—%)j (Unit: mg cn? st (5.10)

The value calculated in the present work is smahan the value of 95.4 kJ moteported by
Gulbransen and Wysong [80] as well as the valug56t6 kJ mot reported by Smeltzer [81].
Although the actual reason is unknown, the disarepas probably due to different experimental
conditions: Gulbransen and Wysong [80] performeit tivork using oxygen of unspecified purity,
Smeltzer [81] used dry oxygen, while dry air isdigethe present work. This implies that oxygen

partial pressure might affect the oxide growth kogeof Al.
(b) 750-950°C

In the temperature range 750-950°C, it can be g&#rihe oxidation kinetics are best described
by linear rate equations. Similar results were adpomrted by Akagwet al [83]. As Al is in the
liquid state in this temperature range, the lineainaviour could result from a non-protective
oxidation mechanism [3]. Linear equations have hessd to fit these curves and the results are
summarized iMable 5.3 In addition, as shown iRigure 5.42 the oxidation activation energy

is estimated to be 178 + 42 kJ maind the oxidation rate coefficient is approximatgien by
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—17800()) (Unit: mg cn? s (5.11)

R, =45.2 ex;f

There are no significant results available in ttegdture, particularly on the oxide growth kinstic
of Al (matching the 1h oxidation time scale in tetady). Therefore, it is not possible to compare

this activation energy to those found by other aeswers.
5.2.7.2 Al-5Cu
(a) 450-650°C

For Al-5Cu, the weight gain curves as a functiortimle and temperature are showrFigure
5.43 It can be seen that Al-5Cu exhibits similar oxiola kinetics to Al, suggesting that the
addition of Cu may not introduce new oxidation maabms. In the temperature range 450-650°C,
the oxidation kinetics of Al-5Cu are faster thaogé of Al during an oxidation period of 1h. The
curves are not well represented by simple paralegli@tions, as indicated by the lower adjusted
R-square values shown Trable 5.4 The Arrhenius plot is shown Figure 5.44 The oxidation
activation energy is estimated to be 71.6 + 25.&b and the rate equation (based on parabolic
fittings) is given by

Rysc, =3%10° ex —%GTOOJ (Unit: mg cn? s (5.12)

It is recalled from the literature that the solidte oxidation of Al is controlled either the inwlar
diffusion of oxygen or outward diffusion of Al, wth can be described by classic parabolic rate
equations [84-89]. In the case of Al-5Cu, it is lreg from the work by Brock and Pryor [71, 72]
that doping of Cu to the aluminium oxide could imite defects structure and potentially result in
a change in the oxidation kinetics and so the didddinetics of AI-5Cu may not exhibit typical
parabolic behaviour, as suggested by the preserit. Wiiis topic will be discussed again in

section 5.3.2.

(b) 750-950°C
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In the temperature range 750-950°C, it is notettti@liquid state oxidation kinetics of Al-5Cu
are also well described by linear rate equatiohg. flited parameters are summarizedable
5.5 The Arrhenius plot in this temperature rangehsven inFigure 5.45 The activation energy
is estimated to be 152.5 + 10.7 kJ rhahd the overall rate equation is approximately gjivg

—152_?_00j (Unit: mg cn? sY) (5.13)

Rysey = 28.2 ex;{

To sum up, it can be seen from previous resultsdggaission that Al and Al-5Cu show similar
oxidation kinetics in the temperature range 4502@5@ithin a time scale of 1h. In particular, the
solid state oxidation kinetics for Al and Al-5Cundae described by parabolic rate equations while
liquid state oxidation kinetics for Al and Al-5Cueafeatured by linear rate laws. Besides,
breakaway oxidation was not observed in the presenk. According to the results shown by
Impey et al [90], the breakaway oxidation of Al occurs prithardue to the mechanical
breakdown caused by theAl 203 to a-Al 203 phase transformation which is associated with%a 24
reduction in oxide volume. Impegt al [90, 91] also found that the incubation period of
breakaway oxidation at 750°C to be around 5h. &nhgjl Hinton et al [34, 92] found that
breakaway oxidation did not occur until after 3loridation at 750°C and reAl 203 was present

after 1h of oxidation. The current result is therefconsistent with the literature.
5.3 Oxidation mechanism

This section is an attempt to establish a moredmmehtal understanding of the oxidation process
for the Al-Cu-Q system by bringing together results from the preseork and some existing

findings from the literature.
5.3.1 Amorphous oxide

It is generally agreed in the literature that atcwous amorphous aluminium oxide layer would

firstly form on fresh surfaces of Al or dilute Allays [54, 55, 87, 93, 94]. The amorphous structure
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probably derives from the less ordered atomic gearent in the surface region than in the bulk
(amorphous melt in the case of liquid oxidationj][3n which the oxide nucleates and grows.
Alternatively, the amorphous nature of the inigakface oxide layer may be explained from a
perspective of thermodynamics: Jeurgeéml [94, 95] proposed that the amorphous aluminium
oxide is more thermodynamically stable than crisely-Al20s below a critical thickness of a

few nanometers and this is mainly due to the lanterfacial energy at the metal/oxide interface
which could compensate for the excess bulk freeggra the amorphous structure. In the present
work, an XPS technique was used to determine thkrtbss of such amorphous layers on Al and

Al-5Cu.

The Al 2p core level XPS spectra from Al and Al-5&he shown irFigure 5.46 To calculate the

thickness, the following equation proposed by Streter [61] is used

d = A sind |n(':m—"mg'_o+ 1} (5.14)

o”'o m

Herelo andim are the intensity (in terms of peak area, theesalas calculated using the software
Origin 8.0) under the Al 2p oxide peak and the pin2etallic peak respectively. For Al-AR,and

Im are 7601.76 and 1568.07 respectively. For Al-5@4A andIm are 6670.46 and 1260.42
respectivelyNm andNo are the volume densities of Al atoms in the matad the AlOs oxide
respectively, anéli/No = 1.5 [53, 61, 96] im andlo are the inelastic mean free path (IMFPs) of
the metal and the oxide [97, 98]. The IMFP valuesenobtained using a set of predictive
equations (designated TPP-2M) proposed by Tareinad [99]. The values are calculated with
the help of the NIST Standard reference databa$87{1The database is based on the TPP-2M
equations. As Mg K X-rays (1253.6 eV) were used in this experimdm, IMFP values for Al
and AbOs are calculated to ben = 2.22 nm ando = 2.71 nm, using the TPP-2M equations. The
6 in Equation 5.14is the takeoff angle (sind = 1 in this experiment). Therefore, taking the

numbers described above, Equation 5.14 can beifigdpo
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d :2.71In[1.233:£+ } (5.15)

So the thicknesses of the oxide layers calculasgagiEquation 5.15are 5.26 nmAl-AP) and

5.46 nm Al-5Cu-AP) respectively.

It should be noted that there are various sourdesrror in these calculations. Firstly, the
stoichiometry of the aluminum oxide layer is assdmsach thatNm/No = 1.5, in fact, the real
Nm/No value is slightly less than 1.5 as the averagedioation number of Al in amorphous
alumina is lower than that in the stoichiometrigstalline AkOs [100, 101]. Secondly, the
plasmon losses from Al 2p core level peaks havebeen considered. Electrons lose certain
amounts of energy during transit through the matal oxide as part of the emission process [62].
The plasmon losses could influence the ratio okpetensities to an unknown extent. These
features are recommended to be characterized hpctieh electron energy-loss spectroscopy
[102, 103]. Thirdly, according to the TTP-2M eqoais, the IMFP value of a material is related
to its density [98]. The theoretical density of the stoichiometriAl 203 (3.67 g/cm) is used in
this analysis. Actually, it has been shown thatdéesity of the amorphous oxide is less than that

of the stoichiometric crystalline oxide [93, 1001].
5.3.2 Effect of doping with Cu
(a) Amorphous oxide growth stage

Dignam [86, 87, 104] reported that compared toahl,addition of 1.51wt% Cu would increase
the growth rate of amorphous oxide in the tempeeatange 250-450°C. Brock and Pryor [71, 72]
reported an increase in Cu content resulted imerease in the amorphous oxide thickening rate
in the temperature range 475-575°C. Meanwhile Xie8 analysis in the present work indicates
s a thicker oxide layer formed on Al-5Cu. (though sufficiently persuasive as only one test was

carried out...). In order to understand the undegyihysics, a defects reaction model is proposed
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in the present work.

First of all, the amorphous aluminium oxide lacksd-range order but do have short-range order
[54, 94, 105-107] and point defects (vacanciegrstitials, etc) also exist in this structure [108,
109]. It has been suggested that the amorphousdralumoxide is best described by a distorted
fcc packing of O atoms while partially bonded Ahsooccupy the octahedral and tetrahedral
interstitial sites [67]. This structure is closetie y-Al 203 crystal structure [67, 110]. The only
difference in crystallography is that the amorphaisicture has a lower averaging Al
coordination number (CN) than that in tihé\l203 crystal structure [100], in other words, the
amorphous structure is featured by the metal exaed®xygen deficiency (ADs3-x). It has been
shown that Al has different coordination numbershi@ amorphous structure and they areAlO
(MAl), AlOs (BIAl) and AlOs (11Al) [111]. The fraction of five coordinated Al issually used to
describe the magnitude of disorder in amorphougttre [111]. According to the NMR results
reported by Leeet al [101], amorphous to crystalline transformatioraccompanied by the

ordering of AIQ and AlQs network through the reactiofPlAl=FAI+BIA]

Secondly, as shown byigure 5.47, two possible doping mechanisms are proposed baised
Kroger-Vink defects reaction theories [112]: a Cu atan occupy an Al vacancy site through
the Reactions 5.16and5.17 a Cu atom can substitute an Al lattice site (exidnd eject an Al

interstitial atom through thReactions 5.18nd5.19

Cu+V, - Cuy, + 2¢ (5.16)
Cu+V, - Cy, + é (5.17)
Cu+ Al - Cu,, + Al +2¢€ (5.18)
Cu+ Al - Cu, +Al™ +€ (5.19)

Which reactions are likely to occur? It has beeswshin the literature [87, 95, 105, 113-115] that
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the growth of the amorphous aluminium oxide laykehigh temperatures is controlled by the
outward diffusion of Al ions, and the vacanciessignis a lot smaller than that in the crystalline
structure, due to the excess of partially bondedbAs [100, 101]: since Al ions are relatively
easy to move through the amorphous oxide stru¢@&ell4, 116], any vacancies sites will be
quickly occupied by free Al interstitial ions. Stetvacancy-filling mechanism is highly unlikely.
ConsideringReactions 5.18and 5.19 Cu atoms enter onto Al lattice sites as subsstuthis
would lead to the formation of more Al interstiiabns, enhancing the diffusivity of Al ions and
the amorphous oxide layer thickening rate. So tisttution mechanism is more likely to occur
in the amorphous structure. Cu sits substitutigniadlthe amorphous oxide structure and the

doping of Cu leads to an enhanced amorphous oaiage thickening rate.

(b) Crystalline oxide growth

The exact effect of doping with Cu on the crysteloxides growth is actually unknown. Brock
and Pryor [71, 72] reported an increase in dielecwnstant and reduction in ionic conductivity
(reduced number of Al cation vacancies) of the talline y-Al203 formed on Al-Cu alloys,
compared to the oxides formed on Al. This mightelplained usindreactions 5.16and5.17
mentioned earlier in this section: Cu atoms fillllgracancies. But there is a lack of experimental

data in the literature to reach an agreement aeddpic is beyond the scope of this thesis.

5.3.3y-Al203 and a-Al .03

Previous results and discussion have suggestedothboth Al and Al-5Cu alloy, crystalling
Al203 phase forms at a later oxidation stage from tlystallization of an amorphous layer.
Thermodynamically, the energy state of the amorphmude is expected to be slightly higher
than the crystalling-Al203 as the atomic structure pfAl 203 is more organized [54, 94, 117]. So
there always exists a volumetric Gibbs free endrggyng force associated with such a transition.

As shown previously, the crystallineAl2Os grows into oxide islands heterogeneously on the
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surface at ridge-like sites, preferentially witledge mechanism; microscopically, the crystalline
oxides also grow inwardly into the metal at 9508Qd growth rate at this temperature is featured

by a linear rate law, suggesting a non-protectefealviour during oxidation.

It is generally accepted that the cubic spinelcstmey-Al203 would transform into the hexagonal
close-packed structure-Al203 (Rhombohedral structure, hexagonal packing of e»adions
while cations occupying 2/3 of the octahedral istiéal sites [118]) at the temperatures above
850°C when the formation conditions are favourdhble]. a-Al20s is the most stable form of
alumina as it has the lowest Gibbs free energpmhation compared to other transition aluminas
(v, 6, 9, x, etc) [45]. Therefore, there always existing artiedynamic driving force for
transformation ofy-Al20s to a-Al20s. In agreement with the literature [119-121], tpisase
transformation behaviour is also observed in thes@nt work, as indicated by previous XRD

results.

In the present work, TEM analysis was further usedlentify the presence ofAl20s in the
oxide layers developed on Al and Al-5Cu at 950°@imafter 48h. TEM samples were prepared
using the following method: a 10 ml Agate pestlel anortar set supplied by Cole-Parmer
Instrument was used; the mortar was initially @iith 1 ml ethanol, oxides were then scraped
from the samples directly into the mortar, a furthenl ethanol was added and oxides were then
ground for 10 minutes. A glass pipette was usdrhttsfer the prepared solution into a 10 ml glass
vial. An ultrasonic process was adopted to disprsexides uniformly in the solution. Another
glass pipette was used to transfer two drops o$dheion onto a 300 mesh Cu grid which had a
carbon film attached (supplied by Agar scientifimduct no. S147-3). The TEM sample was then
examined using a JEOL 2000F at an acceleratinggelbf 100 k\Figures 5.48and5.49display

the TEM micrographs of plate-like-Al20s oxides and their diffraction patterns. Howeveg th

stripped oxides were severely ground and crushedglthe sample preparation stage and the

-03 -



Chapter 5 The Al-Cu-©system

original morphology of an individual oxide crystaltherefore not maintained.

The phase transformation p#Al 203 to a-Al203 can be expressed using the following reaction

v-AlLO, - a-Al O, (5.20)
The change of Gibbs free energy associated withréaction is calculated using the method
shown inAppendix 5.2as

AG(T)=-17037.3+ 35.54+ 5.4B I (J mot') (5.23)

It can be seen that the change of Gibbs free engEgig negative in the temperature range 25-
1000°C. A kinetic model is proposed to explain whig phase transformation is so difficult at
low temperatures, as shownAppendix 5.3as a reference (this is beyond the scope of sfusty,

for my personal interest).
5.3.4 Implications for bonding

In the present work, it is found that the degreenetallic bonding between Al and Al-5Cu is a
function of holding time. Similar behaviour wasatsbserved by Bakhtiarani and Raiszadeh [122]
who found the extent of bonding between two idexittommercial pure Al blocks (Al/Al bond)
increased gradually with holding time. From theutessin Chapter 4, it is known that cracks
formed on the oxide layers provide necessary paththe melt to diffuse through and cracks
develop preferentially at the peripheries of thestalline oxides. From the results in Chapter 5, it
is further implied that the oxide layer formed anA melt or Al-5Cu is not protective and the
oxide layer becomes powdery (porous) after a pngdd period due to the formation of
crystalline oxideg-Al203 anda-Al20s3, resulting in generation of more channels to aloetallic
mixing. As suggested by Impest al [90], they-Al20s to a-Al20s phase transformation is
accompanied by a 24% reduction in volume of the@l@xso the induced tensile stresses could
further facilitate the fracture of the oxide. Catesing the stacking approach described in Chapter

4, the use of a long holding time could increase degree of metallic mixing but may also
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introduce a detrimental effect (mechanically) bg thrmation of crystalline oxides at the bond
interface. This needs to be taken into account ewentrying to design proper processing

conditions for bonding of Al alloys.

5.4 Concluding remarks

The current results have added to our understargfititge oxidation mechanism of pure Al and
Al-Cu alloys, in particular liquid state oxidationechanism. Generally speaking, the oxidation
behaviour of Al-5Cu is similar to that of Al, inrtes of oxide morphology, chemistry, growth
kinetics and overall oxidation progression pathee methodology of investigation learned from
this work can be applied to study other systemsthadknowledge generated is hoped to form a
basis for future studies of bonding and add toawgrg body of literature on oxidation of Al

alloys.
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CHAPTER 6

OXIDATION STUDIES: THE Al-Mg-O 2 SYSTEM

6.1 Introduction

6.1.1 Objectives

Mg is the main alloying element in commercial 5»eties wrought Al alloys, Al-Mg alloys have
excellent corrosion resistance and Mg improvesrieehanical properties of Al [1]. However, Mg
can be readily selectively oxidized during meltorgcasting due to its higher affinity for oxygen
than Al [2]. The formation of magnesium rich oxidasd the loss of Mg may cause undesirable
effects during downstream processing. The intentiothis work is to understand the oxidation
mechanisms of Al-Mg alloys, particularly of molted-Mg alloys, in terms of oxidation

thermodynamics, growth kinetics and oxide micrasgtrtes.

6.1.2 Scope of this chapter

Section 6.2.1 discusses the Gibbs free energy ehaingach oxidation reaction in the Al-Mg-O
system as a function of temperature and Mg comipasind the Mg vapour pressure as a function
of temperature. Section 6.2.2 describes the eftdctMg composition on the order of
thermodynamic favourability for different oxides@ion 6.2.3 presents the results of SEM/EDX
studies of oxidized Al-Mg samples. Section 6.2\vegidetails of the XPS studies and section 6.2.5
addresses the oxidation kinetics. Section 6.3 bratighe current results and the literature togeth

to discuss the oxidation mechanisms in Al-Mg alloydetalil.

6.2 Results and discussion

6.2.1 Thermodynamics calculations

The following is a list of all possible chemicabations in the Al-Mg-@system [3, 4]. In can be
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seen that MgO may form from eithedimect reactionbetween Mg and £or through aeduction
reaction between Mg and ADs, and MgO to MgAIO4 transformation can take place with the

presence of Al or ADs.

2Mg(s,1,9)* G, (9) -~ 2MgO(s) (6.1a)
413AI(s, 1)+ O, (g) — 2/3AL,0,(S) (6.2a)
1/2Mg(s,1,9)+ Al(s )+ O, (g) - 1/2MgAL O, (9) (6.3a)
3Mg(s,1,9)+ ALO,(S) — 3MgO(9+ 2AI(S ) (6.4a)
MgO(s) + 2AI(s ) +3/2Q, (g) » MgALO, (9 (6.5a)
MgO(s)+ALO,(9 — MgAl O ( 3 (6.6a)

6.2.1.1 Gibbs free energy functions

The standard free energy change associated withreaction as a function of temperature (unit:
J molY) is calculated using the method describedippendix 5.2 The temperature is in the range

300-1300 K (27-1027°C).

AG’(T)=-1193268+ 95.68+ 16.2B I (6.1b)
AG’(T)=-1099621 148.60+ 7.8 M (6.2b)
AG’(T)=-1142545- 110.10+ 12.98 (6.3b)
AG’(T)=-123433- 43.82+ 7.25 I (6.4b)
AG’ (T)=-1688560+ 172.35+ 17.88 M (6.5b)
AG’(T)=-22086- 15.0T+ 0.66 I (6.6b)

In practice, the reactants are not always at stdnsi@ate and they are normally dissolved in
solutions, so the chemical activities of differgsttases must be taken into consideration.

Equations 6.1b-6.6bare therefore modified to
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2
AG(T)=AG(T)+ RTIn agMgF‘: (6.1c)
g 0,
0 afdlso
AG(T)=AG(T)+ RTIn Y (6.2c)
Al 'O,
a'uz
AG(T)=AG(T)+ RTIn| 2 .
G(T)=AG(T)+ n{a“lﬂlsaAl%z (6.3c)
o
AG(T)=AG(T)+ Rﬂn( DA (6.4c)
3
aMgaAIZO3
AG(T)=ACG Tin| oo,
( )_A (T)+R n a, aipa/z (6.5¢)
g0 ~Al "0,
AG _ aMgAIZO4
(T)=AG(T)+ RTIn| —52 (6.6c)
aMgO AlL,O,

First of all, assuming the oxygen gas behaves ligehle partial pressure of oxygen in air is

therefore proportional to its fraction, which i®and 0.21 atm (Notd2o2 is used as an expression

for ao2 throughout further discussion). In fact, the AIMg would theoretically react with all gas

phases present, e.g. reacting with nitrogen to fortnides [5], but the amount of reduction in
Gibbs free energy of these metal-gas reactionagweoximately one order of magnitude smaller
than that of the metal-oxygen reactions, makingnthbermodynamically less favourable and

negligible when oxygen is readily available [6, 7].

Secondly, as it has been suggested by Adpei [8] , Salaset al. [9] and Valdezt al [10] that
Al>03, MgO and MgA$O4 are nearly immiscible in each other in the temjpeearange 25-1000°C,

the chemical activities of these oxides are theeedssumed equal to 1 throughout the analysis.

Thirdly, according to the classical principles lsétmodynamics [11-14] , the chemical activity of
Mg is given by

aMg = yD<Mg (67)
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Wherey is the activity coefficient andvg is the Mg mole fraction in the system. In the prés
work, the chemical activity of Mg has been calcedbtlifferently in two situationgsolid Al-Mg
alloys and liquid Al-Mg alloys). First of all, atnperatures above 650°C (normally liquid Al-Mg),
the activity coefficienty as a function of Mg mole fractioXug and temperature is quoted from

Salaset al [9] as

In Yy == 22?'52(1— X,y ) + 0.401{ r 10:3'13 6.8)

Figure 6.1is a plot based okquations 6.7and 6.8, showing the Mg chemical activity as a
function of Mg mole fraction in the temperaturegar25-950°C. It can be seen tEajfuation 6.8

is only suitable for liquid Al-Mg alloys, becausal&set al [9] derived the equation using the
thermodynamic data from the work by Tiwari [15] wlomly reported the thermodynamic
properties of liquid Al-Mg alloys (0.027-95.50 atm¥ Mg). Figure 6.1 also indicates a slight
negative deviation from ideal behaviour (especialhenXwg < 0.5) in the case of liquid Al-Mg
alloys, similar result was reported by Saunder$. [¥@anwhile, it is also noted frigure 6.1that
when Xvg is equal to 1, the chemical activity of Mg is majual to 1, suggestingquation 6.8
may not be applicable for Al-Mg systems with extetynhigh Mg mole fractions (above 0.96).
But it seems that the difference in Gibbs free gynés negligible wherXvg is higher than 0.96
(approximately 0.3 kJ/mol deviation from ideal bebar). SoEquation 6.8 is used for the

calculation of Mg chemical activity at temperatuad®ve 650°C in the present work.

Second, at temperatures not higher than 650°C @brsolid Al-Mg), the chemical activity of

Mg is assumed equal ¥ug (ideal solution), due to the lack of thermodynadata in the literature.

Meanwhile, the results from Murray [17], Bhatt &&drg [18], and Saunders [16] have suggested
that the Al chemical activity in the Al-Mg systemarcbe approximated as ideal and it can be

calculated using Raoult’s law [14].
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Ay = Xy =1= Xy, (6.9)
Bringing Equations 6.1c-6.6@nd6.7-6.9together, it is inferred thaiG is a function of Mg mole
fraction and temperature which can be represented b

AG =AG( Xyq. T) (6.10)
In the present work, theG plots are used to understand which oxide has tst thermodynamic

favourability at different combinations of Mg mofeaction and temperature. Results will be

discussed in section 6.2.2.
6.2.1.2 Mg vapour pressure

It has been shown by Bloaott al [19] that Mg can vaporize into individual Mg atenat
temperatures above 200°C. The presence of the M@lgase could enhance the Mg chemical
activity and change the thermodynamics locallis therefore necessary to know the Mg vapour
pressure at different temperatures. The vapouspresof Mg can be calculated using the Gibbs
free energy change function of the following reacti

Mg(s, 1) — Mg(9) (6.11a)
The Gibbs free energy change function (unit: J¥fur this reaction is calculated as

AG’(T)=155860- 253.4T+ 19.2D I (6.11b)
PM
AG(T)=AG (T)+ RTn ?f (6.12)
WhenAG = 0,Reaction 6.11aeaches an equilibrium afajuation 6.12is modified to

P
In [%)z—lg%w—Z.sllnT+ 30.4¢ (6.13)

wherePyq is the Mg vapour pressure aRélis the reference pressure (atmospheric presstinesin
case) Figure 6.2is a plot constructed usirkgguation 6.13 showing the Mg vapour pressure as a
function of temperature in the range 300-1300 k1R27°C). In the present work, using the above

method, it is estimated that Mg has a high vapasassure up to more than 2.14 kPa at 750°C
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while the vapour pressure of Al is only around OkP&. So it is reasonable to assume that the
influence of Al gas phase is negligible in suchteys Similar suggestion was also given by

Damoabet al [20].

6.2.2 Effect of Mg composition

Previously in the literature, Haginoya and FukusgXd, and Ritchieet al [22] have attempted
to explain their observations of MgO and Mg&l} in the oxide scales from a perspective of
thermodynamics. But they did not take the chenactVities of Mg, Al and @into consideration
and simply used the standard Gibbs free energy gehaof each reaction to compare
thermodynamic tendencies, which is a little inajppiatte. In the present workquations 6.1c-
6.3c are therefore plotted to understand which oxidéhés most thermodynamically stable at
different combinations of Mg mole fraction and tesrgture.Figures 6.3-6.12show the Gibbs
free energy change profiles of the oxides@| MgAl>Os and MgO as a function ofvg at a

specific temperature.

First of all, it can be seen that MgO becomes tbstrfavourable once in excess of a critical Mg
mole fraction (defined aSmg) and MgAbO4 becomes the most favourable below this critical Mg
composition (highlighted by the green dash lin&$)Os becomes the most favourable when the
Mg mole fraction is below at least 0.0002 (hightiggh by the purple dash lines). The critical Mg
mole percentage (0-100%) is approximately 0.0001268C, 0.01% at 150°C, 0.08% at 250°C,
0.15% at 350°C, 0.6% at 450°C, 1.2% at 550°C, 210850°C, 4.0% at 750°C, 6.0% at 850°C and
7.5% at 950°C. It is noted th@kg increases with temperature, as showfigure 6.13 Below
400°C,Cwmg does not vary very much with increasing tempeeatund it is less than 1%. Above
400°C, Cvg increases approximately linearly with temperatuseiggesting an increased

thermodynamic favourability of MgADs at high temperatures.
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The results also suggest that MgO is the most fialde oxide when the Mg mole fraction is more
than 0.1 in the temperature range 25-950°C. Thismsistent with the observations reported by
Wakefield and Sharp [23] that oxide formed at 43®iGn Al-10Mg alloy consists of almost
entirely MgO. In fact, according to the summarywhaon Table 6.2at the end of this Chapter, the
results of thermodynamics calculations in the preserk are somewhat reasonably predictive

and are in agreement with most of the experimertallts reported in the literature.

6.2.3 SEM/EDX studies

SEM and EDX have been combined to study the oxadkes formed on Al-Mg alloys in terms of

oxide morphology and chemistry. As discussed ingBdrab, the surface of an oxidized sample is
usually microscopically rough, the interpretatidnE@X results is therefore always associated
with the specific conditions (such as local toppina interaction volume size, etc) in which the

spectrum was obtained. For the SEM/EDX studie£Mbg and Al-0.2Mg were used.

6.2.3.1 Al-2Mg — wrinkled morphology

Figure 6.14shows the surface oxide layer morphology of a2Mlg sample which was oxidized
at 750°C in air for 1 h. It can be seen that thiéase oxide layer has a wrinkled morphology with
shake-like ridgedrigure 6.15is an overview of such an oxide layer morphol@g/highlighted

by the white arrows, cauliflower-like bulges wiikes of around 10m are observed. FroRigure
6.16 it can be seen that these cauliflower-like bulyesagglomerates of spherical-like crystalline
oxides less than m in diameter, which protrude out of the oxide layEDX analysis was
performed on these features. As showRigure 6.16 (b) EDX spectra of these features (P1-P3)

suggests they are richer in both Mg and O, compardae main oxide chemistry (P4).

EDX analysis has been used widely to identify Mg@ 8MgAl-O4 oxides [24, 25], which are two

of the important oxides in the Al-Mgs3ystem. Ideally, the stoichiometric weight ratfdvy to
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O in MgO and MgAlO4 is 1.5 and 0.375 respectively. It has been sugdebat if the Mg/O ratio
is less than 0.4, the oxide is highly likely toNMdgAl-O4-rich oxide, if the Mg/O ratio is more than
1, the oxide consists of a high percentage of plg® [25]. But again, the conditions of the EDX
analysis must be taken into account, includingdpegraphy, interaction volume, etc, in order to

avoid misinterpretation of the results.

From Figure 6.16 (b) the Mg/O weight ratio for spectra P1-P3 are 1.B@1, and 1.36
respectively, suggesting the cauliflower-like bwgare highly likely to contain MgO. The
chemistry of the main oxide, as indicated by P#ase certainly an average chemistry from both
the oxide layer and the metal underneath: for M@4\|the Mg/Al weight ratio is around 0.44, in
this case, the Mg/Al ratio is only 0.34, implyingat X-ray signals are also coming from the
metallic Al beneath the oxide layer. Similar resudte shown ifrigure 6.17, demonstrating the

consistency of the chemistry in different struckdeatures.

Figure 6.18shows the cross section of the oxidized Al-2MgalFirstly, it can be seen that the

surface oxide layer is actually a composite lagensisting of pores, Mg-rich oxide, metals, etc.
Secondly, it is noted that each pore is coated aitloxide layer with a thickness of around 100
nm, as indicated by yellow arrows. Protruding balgee also identified, as highlighted by the blue

arrows.

Figure 6.18 indicates that this composite oxide layer is atb@mum in thickness. From the
SEM/EDX results of the stacked Al/Al-2Mg sampe24 (24h oxidation) in Chapter 4, there is
an MgALOg4-like layer covering the Al-2Mg alloy with a similghickness of around 34om, as
shown inFigure 4.35 It is likely that this spinel layer is transforchéom the composite oxide
layer structure shown iRigure 6.18 The MgO to MgA#O, transformation has been suggested
by Haginoya and Fukusako [21], Impetyal [26] and Venugopalagt al [27]. In the present work,
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as discussed in sections 6.2.1 and 6.2.2, afamgperiod of oxidation time, the consumption of
Mg to form MgO may lower the surface Mg compositiora level where spinel becomes the most
favourable oxide to form. It is therefore hypotlzesi here that the oxidation of the Al-Mg alloys

may proceed in the MgO - to - MgA4 order.

6.2.3.2 Al-0.2Mg — nodule morphology

Figures 6.19 (a)-(cXSE images) an#ligure 6.19 (d)(BE image) show the surface oxide layer
morphology of an Al-0.2Mg sample which was alsodizeéd at 750°C for 1 h. The oxide layer
consists of 1-2um crystalline particles, exhibiting an overatiddulé morphology and powdery
topography. Frontigure 6.2Q these loosely packed particles containing Mg @navith an

average weight ratio of around 0.52, indicatingsgible combination of both MgO and MgAk.

Figure 6.21shows the surface topography of the oxidized MYy sample. Cracks even as wide
as up to 40@um were observed in this powdery layer and the megblw was exposed. This is
not surprising as during solidification, signifitahermal stress builds up in the oxide scale [6],
cracking is an effective way to release the striegsrestingly, as can be seen fréingure 6.22

the fresh exposed metal is quickly covered by a defermable and ductile thin oxide layer. As
highlighted by yellow arrows, it can be inferredthduring solidification, the metal contracts and
the oxide layer gets wrinkled and folded, this doldad to the entrainment of surface solid
substances (e.g. oxide particles) between theskhs and folds. This may provide an evidence
for Campbell’s entrainment theory [28]. Frdfigure 6.23 the chemistry at the exposed metal
indicates an average Mg weight concentration dd%.9which is higher than the initial bulk Mg
composition (0.2wt%), suggesting the preferentgregation of Mg to the surface region during
oxidation. The topic of segregation will be disat@ section 6.3.2.1. As suggested by the EDX
results inFigures 6.23and 6.24 these 1-2um nodule-like oxide particles mainly comprise
MgAl 0.

-110 -



Chapter 6 The Al-Mg-@system

Figures 6.25and 6.26 show the effect of surface treatments on oxidatibime surface was
deliberately coarsely ground with 120 grit SiC paf@de morphology of the powdery layer is
similar but the layer is rougher microscopicallisigis probably due to the increased surface area
and oxides are easier to nucleate and grow ongidgginctions with the aid of local stress energy

[7, 29]. The mechanism is shown by the sketchigure 6.27.

6.2.3.3 Extracted oxides

In the present work, a novel method is introduceditectly observe the morphology of theét”

side of an oxide layer (the metal/oxide interfeamagd the “dry” side of an oxide layer (the oxide/air
interface) by using the extraction method descrinedhapter 3. The intention of this work is to
capture the structure of the surface oxide scabbeatvery beginning stage (a few minutes) of

oxidation.

During the experiment, an Al-2Mg or Al-0.2Mg samplere initially heated to 750°C and the
surface oxide was then carefully skimmed away using-type thermocouple probe with tip
diameter of 1 mm. This would allow the oxidatiomgress to be set back to the start and expose
fresh melt to the atmosphere. As confirmed expertally by Impeyet al [26, 30], the mechanical
skimming would not introduce any new oxide formati@ only resets the oxidation progress

starting with a freshly exposed melt.

In the present work, we were not able to quanhig/preferential segregation and oxidation of Mg
during the heating up stage and thus it is difficmlknow what is happening at the initial stage of
oxidation using only the previous results. So timming was used to reset the oxidation back to
the very start. The oxidation proceeds firstly bg formation of an amorphous aluminium oxide
layer on the melt [31]. The skimmed sample was ikethermally held at 750°C for around 10
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minutes. After extraction, electronically conduetidisc-shaped carbon adhesive tabs were pressed
on to cylindrical stubs with a 12.5 mm diameter and0 mm height. Extracted oxides were
scrapped from the dried filter onto these tabstard coated with a platinum film of thickness ~

2 nm before SEM examination.

Figure 6.28is an SE image showing they side (the oxide/air interface) morphology of thxé&de
layer formed on an Al-0.2Mg sample. It is very nmef&ting to notice the formation of spherical
nanoparticles averaging between 30-600 nm in diemmBbe growth of these nanoparticles causes
microcracks around the particles averagingiitx3long within the continuous oxide layérgure
6.28also suggests that nanoparticles may initiallyleate at the metal/oxide interface and within
the initial amorphous oxide layer, and then growauals the oxide/air interface. This is consistent
with the model proposed by Shimietial [32] and Zayan [33] that MgO forms and cracks the
initial formed aluminium oxide layer in the earliage of oxidation (usually in a time less than 5
minutes). This mechanism is further supported lByXPS results described in section 6.2.4. A

detailed description of the mechanism will be givesection 6.3.3.

Figure 6.29 (a)is an SE image showing thwetside morphology of the oxide layer formed on the
same sample, which is featured by a complex miarogtre consisting of both oxides and
intermetallic-like substances). It is noted that tet side of the oxide layer also consists of
spherical nanopatrticles: at the area where Plakas i the averaging particle size is aroupd]
where P2 was taken, the averaging particle silssthan 400 nm. This suggests that the oxides
grow preferentially in local regions instead of \gneg uniformly everywhere. The chemistry of
these particles indicates that the oxides mainhssh of MgO, as suggested qualitatively by the
EDX spectra inFigure 6.29 (b) As also can be seen froffigure 6.3Q these MgO-like

nanoparticles can form clusters of diameter up jin8
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Figure 6.31shows the morphology of both sides of the oxigeddormed on Al-0.2Mg which
was held for only 5 minutes after skimming. It Isdike thedry side of the oxide layer is mostly
intact while oxide-like particles have already mated and grown on theet side. Similarly,
Figure 6.32shows the distinctive features of tiry side and thavetside of an oxide layer formed
on an Al-2Mg sample. It can be seen that oxide® Harmed at the metal/oxide interface with a
flower-like wavy morphology and 100-200 nm oxidetjmdes have grown within the oxide layer

towards thelry side.

6.2.4 XPS studies

The intention of XPS studies is, firstly, to undargl what type of oxide forms naturally on fresh
surfaces of Al-Mg alloys, and secondly, to confitra transformation of aluminium oxide to MgO
within the oxide scale, as suggested by the SEM/EE3XIts. XPS analysis was performedidn
AP (as polished pure Al sampl&l-2Mg-AP (as polished Al-2Mg samplel-2Mg-R1 (Al-2Mg
sample oxidized at 750°C in air for 1h) ahld2Mg-R6 (Al-2Mg sample oxidized at 750°C in air
for 6h). Two different X-ray sources (Aldkand Mg ku) were used during the experiments. All

XPS peaks were labelled according to references3aé

6.2.4.1 Wide scan

Figure 6.33shows that the surface oxide formedAlrAP andAl-2Mg-AP is aluminium oxide,
as indicated by the presence of Al 2p & Al 2s peakd the absence of Mg 2p & Mg 2s peaks.
While the surface oxide formed é&i-2Mg-R1 andAl-2Mg-R6 is magnesium oxide, as confirmed
by the presence of Mg 2p & Mg 2s peaks and theredesef Al 2p & Al 2s peaks. The results
imply that aluminium oxide is the first oxide nadlly formed on free surfaces of dilute Al-Mg
alloys. This is further confirmed by XPS result®wh in section 6.2.4.2. A possible qualitative
explanation for this finding may be establishedsolasn Cabrera-Mott theory [36]: when the oxide

layer is thinner than 5 nm, an electric field opagximately 1 or 2 volts is established across the
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oxide layer and the kinetics of oxide growth aratoolled by the outward transport of metal ions
[36]: the trivalent Al ions (A1) simply move faster to the oxide/air interfacétmd with oxygen

than divalent Mg ions (Mg) under the same electric field.

Figure 6.34shows the wide scan XPS spectra acquired withcdAKKay, whose energy (1486.6
eV) is higher than that of Mg &X-ray (1253.6 eV). It has been shown that Mg KkLvery
sensitive to Al Kt [34]. In the present work, Mg Auger peaks (Mg Klare not observed in the
spectra ofAl-AP andAl-2Mg-AP, suggesting a near complete absence of Mg inutiace oxide
layer; while Mg KLL peaks are clearly identified the spectra oAl-2Mg-R1 andAl-2Mg-R6,
suggesting the formation of Mg-rich oxide layertbe top surface. Given the fact that the depth
of information of XPS analysis is around 10 nm [37tan be concluded that magnesium oxide
is the main oxide formed oAl-2Mg-R1 andAl-2Mg-R6, at least the external part of the oxide

layer; while the top surface oxide Af-AP andAI2Mg-AP is aluminium oxide.

Interestingly, the O 1gfhost” peak is observed in the spectraAbMg-R1 andAl-2Mg-R6. This
type of peak is identified as a magnesium induggwst” peak [38]. When a sample containing
Mg is irradiated with Al ki X-rays, photoelectrons interact with the samplermduce Mg K.

Mg Ka can cause further emission of photoelectronshénpresent work, the binding energy of
these Mg Kt induced O 1s photoelectrons is observed at apmatbely 766 eV, as highlighted in
Figure 6.34 This is because the kinetic energy of the indu€edls photoelectrons is
approximately 1253.6 eV — 532.5 eV (O 1s bindingrgg) = 721.1 eV so they would appear at

around 1486.6 eV - 721.1 eV = 765.5 eV in the spett

6.2.4.2 Core levels

(@) Al 2p

A detailed scan of the Al 2p core level was therfggeed to calculate the thickness of the
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aluminium oxide layer formed on ti#d-2Mg-AP sample. The results are showrFigure 6.35
Both curves were fitted with Gaussian functionsthle present work, the elemental Al 2p peaks
are located at a binding energy of 72.82 eV for Kig irradiation and 72.81 eV for Al K
irradiation. The oxide Al 2p peaks are locatediatling energies of 75.86 eV (Mg and 75.88
eV (Al Ka). The ratio of the areas under the fitted elemexitap peak and the oxide Al 2p peak
is 1:6.45 (using Mg K) and 1:5.57 (using Al &), respectively. It is noted that the ratio is tlyg
higher in the Al Kr irradiated sample. This is due to the higher Xeagrgy (Al ku - 1453.6 eV),
causing more emission of photoelectrons from théamenderneath. The feature is further
identified during the analysis of O 1s core levals,will be shown irFigure 6.36 Based on
Equation 5.15described in Chapter 5, the thickness of the alium oxide layer formed oAl-

2Mg-AP is calculated to be 5.9 nm (using Mg)kand 5.6 nm (using Al &).

(b) O 1s

The O 1s peaks were fitted with Gaussian functibnghe present work, as shownFigure 6.36
the O 1s peaks at 530.01 eXl-2Mg-R1, Mg Ka) and 529.98 eVAI-2Mg-R6, Mg Ka) are
attributed to the O from MgO, while the O 1s peakbigher binding energies of 532.18 &\-(
2Mg-R1, Mg Ka) and 532.20 eVAI-2Mg-R6, Mg Ka) are attributed to the O from the hydroxide
species, Mg(OH) It has been shown that Mg(OHprms naturally on the MgO layer once the
sample is exposed to a humid environment and eftenshort periods of exposure to a humid
atmosphere, the sample surfaces could form an eppte level of Mg(OHy [39]. Similarly, the
O 1s core levels XPS spectra under Al ikkadiation were fitted with Gaussian functions.the
present work, the MgO O 1s peaks are at 530.02A¢\2§1g-R1) and 530.01 eVAI-2Mg-R1)
and the Mg(OH) O 1s peaks are at 532.16 eM-Mg-R6) and 532.15 eVAI-2Mg-R6). It can
be seen that fitted MgO O 1s peaks are all locatea spectral line of 530.00 £ 0.02 eV and
Mg(OH). O 1s peaks are all located at a spectral lin@2fZ) + 0.05 eV. The results clearly prove

the presence of only MgO at the top surface (adtléest 10 nm range) oAl-2Mg-R1 andAl-
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2Mg-R6. Whilst, only AbOs is identified in theAl-2Mg-AP sample with the O 1s peak located in
the range 532.65 £ 0.05 eV, suggesting the firsirally formed oxide layer on Al-2Mg alloy is
aluminium oxide. At the same time, since the en&ifghl Ka X-rays is higher than Mg &X-
rays, Al Ko X-rays generates information from a greater sardpfeh than Mg K X-rays, the
ratio of MgO/Mg(OH» quantified from the spectra varies with the ene@f)X-ray used. From the
data inFigure 6.36 the intensity ratio for MgO and Mg(OKg¢hanges from 1:2.01 to 1:1.78 for

sampleAl-2Mg-R1. Similarly, the ratio changes from 1:1.98 to 15lfdr sampleAl-2Mg-R6.

It can be seen from the above results that alummoxide transforms to MgO in the external part
of the oxide scale after the Al-2Mg was oxidizedmifarly, Lea and Ball [40] found that
aluminium oxide initially formed on an Al-2.5Mg alf and MgO entirely covered the surface after

1 h oxidation at 600°C.

(c) Mg 2p

Mg 2p core levels were also analysed to confirnptiesence of MgO oAl-2Mg-R1 andAl-2Mg-
R6. As shown inFigure 6.37, Mg 2p peaks are all located within the range 31(®2 eV and
broad peaks at higher binding energies of 53.51eW¥. are attributed to Mg(OH)The width of,
and intensities under, the Mg(OHYlg 2p peaks may be related to the levels of hyamafhe
absence of Mg 2p peaks fat-2Mg-AP is due to the formation of aluminium oxide instesHd
MgO, this is consistent with previous results alsb ahe work by Pandet al [31, 41, 42] who
found the absence of the Mg 2p signal from an AMg sample which was oxidized in pure
oxygen at 400 K for 6000 s. Paretaal [31] proposed a complex thermodynamics modehtms
that amorphousy-Al20O3 is more thermodynamically favourable than amorghddgO or
amorphous MgAIO4 on the Al-Mg substrate (at least 0-50% Mg) for pematures below 610 K
due to its lower interfacial energy with the Al-Mygetal substrate, further suggesting the

preferential formation of aluminium oxide at theglmning stage of oxidation.
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To sum up, based on previous results and discyssioray be reasonably concluded that (1) the
as-polished Al-2Mg alloy is naturally covered wéh aluminium oxide layer with a thickness of
around 5 nm at room temperature; (2) MgO is esalynpresent in the external part of the oxide

film thermally grown on Al-2Mg samples and it isope to hydration.

6.2.5 Kinetics of oxidation

The goal of this section of the work was to asskesoxidation (1h oxidation time) kinetically
using thermogravemetric analysis (TGA). Sampleswelished according to the standard surface
preparation described in Chapter 3. In the presanmk, the results indicate that the oxidation

kinetics of Al-Mg alloys is affected by both oxithig temperature and alloy composition.

Figure 6.38shows the oxidation kinetics curves of Al-2Mg &leD.2Mg. It can be seen that there
is a linear-like behaviour in the temperature raofyé50-950°C, particularly in the later stage of
oxidation (approximately after 600 seconds). Tha&/suggest that there are some non-protective
characteristics of the oxide scale. In this temijpeearange, the alloys are in the liquid statehin
temperature range of 450-650°C, the oxidation gnaaiso shows linear progression in the later
stage (approximately after 2400 seconds). Howdaethoth alloys, parabolic-like behaviour is
observed during the earlier stage of oxidationqlee600s), probably indicating some degree of

protectiveness of the initially formed oxide sturet

Breakaway oxidation [43] is not observed in thigdst (in the case of 1h oxidation time), the
overall oxidation kinetics of Al-Mg alloys may bedt described byara-linear growth law: the
initial stage shows a parabolic-like progressiod @ren the oxidation gradually progresses linearly.
Similar behaviour was observed by Lea and Ball {#08p found that an Al-2.5Mg alloy exhibited

a para-linear growth rate (1h time, dry air) at ®0Meanwhile, Tenorio and Espinosa [44]
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reported para-linear oxide growth behaviour (1letiary air) for an AA5182 alloy (around 4.5wt%

Mg) in the temperature range 400-800°C. The pressaings are consistent with their results.

According to previous results and discussion, tieégpential oxidation of Mg causes development
of cracks within the scale and the oxide scale&ured by either a wrinkled morphology with
localised protruding cauliflower-like oxide islan@l-2Mg) or nodule morphology with loosely
packed oxide particles (Al-0.2Mg): the oxide saaleot a continuously protective layer. As shown
by TGA results, in the later stage of oxidatiortgaf400s), the weight gain curves for Al-0.2Mg
and Al-2Mg are almost linear, indicating the ratavrolling process may be the reaction between
Mg and Q, rather than the diffusion of any species [7haih Mg and @may easily flow through

the porously structured oxide scale.

The weight gain curves as a function of time betw2400s and 3600s were fitted linearly and
plotted using Arrhenius equations to estimate tkiglation activation energy. The results are
summarized inFigure 6.39 and Table 6.1 For Al-2Mg, the oxidation rate equations in the

temperature range of 450-650°C and 750-950°C decaleted as

Ruaug =0-53exp -

85400j (Linear stage, 450-650°C, mg €ns")  (6.14)

Ryawg =1.3x10° ex —%)j (Linear stage, 750-950°C, mg éns?) (6.15)

For Al-0.2Mg, the oxidation rate equations in tamperature range of 450-650°C and 750-950°C
are given by

Ruiozug = 3.6x10° ex —%)j (Linear stage, 450-650°C, mg ¢éns?) (6.16)

Ruo2mg =1.2¢10° ex;{—%)j (Linear stage, 750-950°C, mg ¢éns?) (6.17)

According toFigure 6.39 the oxidation rate for Al-2Mg is faster than tiiat Al-0.2Mg at all
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temperatures, suggesting the accelerating effetgbn the oxidation of Al. Meanwhile, it is
noted that the Arrhenius plots for both Al-2Mg akldd.2Mg (not obvious) consist of two parts,
having two different activation energies: for Al-glVbne of them refers to an oxidation activation
energy of 85.4 kJ mdlfor the solid state Al-2Mg and the other refersatdower oxidation
activation energy of 37.2 kJ mbfor the liquid state Al-2Mg; for Al-0.2Mg, the acation energy

is calculated to be 63.9 kJ rroln the temperature of 450-650°C and 53.5 kJmial the
temperature range of 750-950°C. This clearly suggaskinetic advantage for liquid state
oxidation. Similar results were reported by Ten@mal Espinosa [44], and Jbal [45] who also

estimated the activation energy to be around 50kI0fot* using a modified Chou model [46].

To sum up, the actual reason for the observed bvyeaea-linear growth law is unknown, as
discussed later in section 6.3.1, it may be a tesfuinward diffusion of oxygen, possibly the
inward diffusion of @ molecules through a porously structured oxide escihe proposed

mathematical model of the para-linear growth lashiewn inAppendix 6.1

6.3 Oxidation mechanism

According to previous results and discussion, tidagion mechanism of molten Al-Mg alloys is
suggested as follows: the Al-Mg melt is initiallgpvered by an amorphous aluminium oxide skin;
MgO particles then form throughdirect reaction mechanism between inwardly diffused oryge
molecules and Mg gas, as well ageductionreaction mechanism between the dissolved Mg in
the amorphous structure and the oxygen from thigliyiformed aluminium oxide; the depletion

of Mg favours the growth of MgAD;, at later stages of oxidation.

6.3.1 Inward diffusion of oxygen

Unlike Cu, Mg, which has a higher oxygen affinityay simply react with oxygen to form the

MgO crystal structure instead of undergoing a seoé defect reactions in the pre-formed
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aluminium oxide layer. It is recognized from theyipus SEM/EDX results that MgO patrticles
nucleate at the metal/oxide interface and grow tde/adhe oxide/air interface, a possible
consequence of an inward ionic diffusion of oxygmross the amorphous oxide layer, as
suggested by various researchers [22, 33, 47 )f48]s is the case, the oxidation rate should be
directly related to the number of oxygen vacanaiethe aluminium oxide scale. Mg may dope
the aluminium oxide through the following reaction

Mg+V, - Mg, +2€ (6.18)
The electrons and oxygen vacancies annihilatecattfde/air interface, as describedRyaction
6.19 This reaction also indicates the effect of oxygegssure on defects within the oxide scale.

Vs +2e'+% 0O, - O (6.19)
Overall,Reactions 6.18nd6.19result in a decrease in both Al vacancies and exygcancies.
Therefore, as suggested by Olefjord and Karlss8h [e oxidation rate should be lowered due
to the doping of Mg. However, as indicated by thespnt work, and the results from Hinetral
[50], Field et al [51], Impeyet al [26], and Lea and Ball [40], Al-Mg alloys usualghow
increased oxidation rates. This is probably bectheseoping effect is insignificant, compared to
the preferential formation of MgO which contributeshe overall weight gain of the scale. In fact,

it is suggested here that oxygen in the MgO comestignfrom inwardly diffusednolecular Oz.

TEM results from Shimizet al [52], and Doherty and Davis [53] have proven phesence of
micro-cracks developed in the amorphous layemap&atures above 450°C. This is highly likely
as during the heating-up period, tensile or congivesstress could accumulate due to the different
thermal expansion coefficients of the amorphougrnand metal matrix. Cracking is a way of
stress relief. At high temperatures, as it getigricthe amorphous layer becomes more brittle and
it is easier to develop cracks within the oxiddesdslolecular Q@ may directly diffuse through the
cracks in the amorphous layer to react with freghaitmat the metal/oxide interface. According to

the kinetic theory of gases [54], the mean freéh gt oxygen molecules (the average inter-
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molecule distance) can be estimated using thewallp equation.

1= RT
JV2md?N, P

(6.20)
whereR is the gas constanl,is the temperaturd is the mean diameter of an oxygen molecule
(around 0.3 nm [54])Na is the Avogadro constant amis the pressure, which is 1 atm in this
case. For example, takifig= 1023 K (750°C)4 is calculated to be around 0.@&. As shown in
Figure 6.28 some cracks observed are even upitmlwhich could act as easy diffusion channels
for O2 molecules. The ©molecules could easily flow through these chanrtgidridgeet al [29]
also reported the oxygen inward transport througlrorchannels and porosity to the metal/oxide

interface at temperatures above 450°C by uSi@¢SIMS technique, clearly supporting the above

mechanism.
6.3.2 Mg segregation and evaporation

From my point of view, oxidation studies of the Mg-O. system are more complicated than other
systems. First of all, Mg atoms readily segregatéha surface through rapid grain boundary
diffusion especially at temperatures above 200%]. [ has been shown that the level of Mg at
the surface could be increased to 35 at% for ab.805Mg alloy at 800°C [56]. Secondly, Mg has
a high vapour pressure. The evaporation of Mg ctadd to the loss of Mg and the direct reaction
between Mg gas phase and oxygen. This causes ideptétMg and may influence the surface
Mg content to an unknown extent. The following sedi®ns will address each kinetic process
separately and attempt to understand how theytatfiecoverall oxidation behaviour of Al-Mg

alloys.
6.3.2.1 Segregation

Thermodynamically, it has been shown that Mg atmegregate to free surfaces or grain

boundaries as an attempt to reduce the free eéthg system [57-59]. Meanwhile, the presence
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of large solute atoms (Mg atom 12% larger thantAh® sets up a strain field in the bulk and it
can be relieved by preferentially sitting at a feeeface, where the coordination number is low
and there is excess free volume [60, 61]. So theeeffect provides another driving force for Mg
to segregate to the surface in Al-Mg alloys. Kioallly, some researchers believe that the surface
segregation of Mg is mainly due to the fast diffityi of Mg along the grain boundaries @fAl

and Mg atoms are rapidly delivered to the freeas@ivia these paths [55, 58, 62, 63].

It has been shown by the Langmuir-McLean theorytft the segregation kinetics can be

described by an Arrhenius type equation in terms $fgregation energy

Xo _ X G 6.21
1-Xx 1—xbeXp(RTj ( )

S

wherexs refers to the equilibrium solute composition ie gurface region (a few atomic layers)
and x, refers to the equilibrium solute composition ire thulk, andG is the free energy of
segregation. If the segregation energy is posithen solute atoms segregate at the free surface to
reduce the total Gibbs free energy, and vice vig4j The exponential term is usually regarded
as an enrichment ratio, which is predicted to loeiad 1-10 in the case of Al-Mg alloys [40, 55].
However, this equation may only be applied to setamte segregation and there is currently no
widely accepted segregation theory for liquid medad it could be far more complicated than a
simple equation can explain. EverEfuation 6.21is correct, the segregation free energy still
needs to be determined, which is expected to beozjppately 20-50 kJ mai[19, 58, 63, 65].

But it is likely that there is already some degoédlg segregation occurring during the heating

up period when the Al-Mgq is still in the solid sat

6.3.2.2 Evaporation

Because Mg has high vapour pressure at elevategetatares and the evaporation of Mg is a
characteristic phenomenon of Al-Mg alloys and Mg [27, 66, 67]. The effect has been treated

numerically by Venugopalaet al [27, 66, 67] and Det al [68] and it has been shown that the
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evaporation kinetics can play a dominant role itedrining the overall oxide growth kinetics.

In particular for Al-Mg alloys with Mg compositiorsbove 20wt%, the evaporation of Mg has
been readily detected with the walls of the cruelting found to be coated with MgO as a result
of direct reaction between Mg vapour and oxygen{8P This is further confirmed in the present
work, as shown ifrigure 6.4Q A pure Mg slug of around 40 mg was oxidized @°5and it can

be seen that the cylindrical alumina crucible wasngually coated with white MgO powder,
clearly suggesting the evaporation of Mg occurm@ndpigh temperatures. Usirfigguation 6.2Q

the mean free path of Mg atoms is aroundi®3 implying that the Mg vapour could also easily

flow through the porously structured oxide scale.

According to the work by Wet al [73], the evaporation kinetics may not be dominfdilute
Al-Mg alloys are oxidized in air. It has been sugfge that a local equilibrium may be established
between the evaporation and recondensing kinefiddgoduring the oxidation. Loss of Mg
through reaction with oxygen will reduce the Mgtipressure in the environment, evaporation
of 'new Mg atoms into the environment occurs in ordemtmntain this equilibrium. The time to
reach equilibrium may depend on the temperaturethedenvironment (open or closed). The
degree of loss of Mg through evaporation may bétdithin a closed environment. In fact, the
formation of a continuous amorphou#\l O3 layer at the early stage of oxidation may offenso
degree of protectiveness and prevent the loss ofEMgn at later stages when other oxide scale
starts to form, the composite oxide scale stillld@erve as a barrier saturated with Mg vapour,
and the Mg partial pressure could be maintainedquilibrium with the melt solution locally
around the oxide scale. This argument is similah&d suggested by Lea and Molinari [55]: i.e.
that the evaporation and segregation kinetics ofakdgthe dominant kinetic processes in vacuum

while segregation and oxidation kinetics are thenihant kinetic processes in air.
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6.3.3 Formation of MgO and MgAkOa4

This section mainly focuses on the growth mechasiefMigO and MgAO4 in the Al-Mg-O

system.
6.3.3.1 MgO

The growth of MgO during the early stages of oxmlais possible via two chemical reactions
Mg +%o2 . MgO (6.22)

Mg +%y-A| L0 ;(amorphous)- MgG% A (6.23)

Reaction 6.22is a direct reaction where Mg reacts with oxygeproduce MgOReaction 6.23

Is a reduction reaction where Mg reacts with thisteag amorphous aluminium oxide structure to

produce MgO and Al. In order to compare which rieaicis more thermodynamically favourable,

the change in Gibbs free enety$ for each reaction is compared via the paranreier AGs 22 -

AGe 23 If Ad is less than zero, it means tRaaction 6.22has a larger reduction in free energy per

mole of Mg consumed, and vice versa. As showRigure 6.41, the direct reaction between Mg

and Q is always the most favourable in the temperatange 300-1300 K (27-1027°C) in air.

However, the oxygen in MgO may also come from tm@m@ohous aluminium oxide, particularly
in oxygen-deficient conditions. First of aReaction 6.23is still thermodynamically feasible due
to the reduction in free energy, and as showkignire 6.41, it becomes more thermodynamically
favourable as the oxygen content decreases. Toamsstent with the work reported by Goldstein
and Dresner [74], who used Auger Electron SpectimsAES) to study the growth of MgO while
heating an Al-1Mg sample at 450°C for 5 minute&0n torr Gz. They found that the oxide-state
Mg (the Mg from MgO) started to appear and increaghin the naturally formed ADs layer
and there was also a decreased oxide-state AllgitpeaAl from Al,Oz) and an increased metal-

state Al, clearly suggesting the occurrence ofrdtiction mechanism at low oxygen pressures.
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Secondly, as can be seen frBigure 6.28 there are some regions where MgO nanopartictas gr
without the presence of microcracks around, amabits like these MgO nanoparticles nucleate
and grow within the amorphous structure, as themg be some degree of oxygen deficiency at
the very beginning of oxidation. Thirdly, as expeentally proven by Guillogt al [75], Mg could
diffuse into the amorphous structure to form Mg-@ds. The result from Nyluret al [76] also
shows the presence of [fgn the interior region of amorphoysAl .03 layer which may suggests
the diffusion of M@* from the metal/oxide interface into the amorphpugOs layer. Meanwhile,
the results reported by Scamagtsal [51, 77] also suggest the formation of MgO thioulge

reaction between the dissolved Mg and the amorpbiusture.

From previous discussion, the MgO growth mechaniiserved in the present work can be
illustrated inFigure 6.42 During the early stages of oxidation, MgO paescgrow beneath (Mg
directly reacts with inwardly diffused oxygen a¢ tilmetal/oxide interface) or within the amorphous
layer (reduction reaction). The difference in tiigerBtios of MgO (0.81) and AD3 (1.28) different
[78] leads to the generation of interface eladtiais [79]. As the particles further coarsen, the
stress builds up and eventually cracks are gertetateelease the strain energy [80]. Once the
protective amorphous layer starts to fail, morenblecules can enter through the cracks to
facilitate the formation of MgO particles. MgO pales form preferentially around channels, holes
and pores, as these paths are rich in the flowp @@ Mg vapour. Due to the increased availability
of oxygen and Mg vapour, the oxidation process gragually be dominated by the direct reaction
between Mg vapour and>Oand the effect of the reduction mechanism is gty minimized.

This could eventually result in a porously struetlipxide scale.

6.3.3.2 MgAbO4

It is known from previous results and discussiaat figAl,O4 is the main oxidation product for
oxidation over longer periods and for alloys wibtkvIMg composition. From previous discussion,
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it is known that the surface segregation and eajmor of Mg lead to the preferential formation
of MgO during the initial stages of oxidation, evéthe bulk Mg composition may favour the
growth of MgAkOs thermodynamically. As MgO patrticles grow, theinrrsundings become
depleted of Mg and MgAD4 may start to nucleate and grow through the folf@mieactions, as

discussed in section 6.2.1.

Mg +2Al+20, - MgALO, (6.24)
MgO+ 2AI+§O2 - MgAlL,O, (6.25)
MgO+AlLO, - MgAl O, (6)26

According to the work by Haginoya and Fukusako [@hp studied the oxidation behaviour of a
series of Al-Mg alloys at 750°C, they found anialiincrease in MgO quantity and then a gradual
decrease after reaching a maximum, and eventladhgtis a steady accumulation of Mg®J.
This clearly shows the formation of Mg&lh at the expense of MgO. A similar effect was
identified by Impeyet al [26, 30]. Shimizuet al [32] also found there was a thinning of the
amorphous layer to compensate for the formatidvighhl .O4 during the oxidation of an Al-0.5Mg
alloy, this indicates the possibility &eaction 6.26 In the present work, similar to the results in
Chapter 4 and previous SEM/EDX resuligjure 6.43shows the presence of MgO and Mg®d

in both Al-2Mg and Al-0.2Mg after oxidation for 1As can be seen froffable 6.2 which is a
summary of some representative similar studiesrtegon the literature, the oxide products are
usually a mixture of MgO and Mg#QD,, especially for Al-Mg alloys with Mg bulk composin

below 4wt% (around 4.5 mol% Mg).
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Table 6.2 — Selected studies of Al-Mg alloys oxidah available in literature.

T (°C) | Alloy (wt. %) Po2 (ao2) | Time scale| Oxides detected Reference
400 Al-1%Mg - film | P=1 1h MgO [22]
400 Al-4.2%Mg P=0.21 1h MgO [51]
400 Al-0.8%Mg P=0.21 1h MgO [81]
400 Al-2.5%Mg P=0.21 1h MgO [81]
430 Al-10%Mg P=0.21 1lh MgO [23]
475 Al-5%Mg - film | P=10% 30 min MgO + MgA$O4 [77]
480 Al-4.2%Mg P=0.21 15 min MgO [51]
500 Al-1%Mg - film | P=1 30 min MgO + MgAIO, [22]
520 Al-4.2%Mg P=0.21 1h MgO [51]
550 Al-3%Mg P=1 55 h MgO + MgAD, [82]
550 Al-0.4%Mg P=0.21 90 h MgO + Mg#&Da [48]
550 Al-2%Mg P=0.21 90 h MgO + MgADa [48]
550 Al-5%Mg P=0.21 90 h MgO [33]
577 Al-0.05%Mg P=0.21 30 min MgO + Mg, [83]
577 Al-0.1%Mg P=0.21 30 min MgO + Mg#&Da [83]
600 Al-0.8%Mg P=0.21 1h MgO [81]
600 Al-2.5%Mg P=0.21 1h MgO [81]
655 Al-0.03%Mg Unknown | Unknown| MgO [84]
700 Al-0.7%Mg P=1 3h MgAD, [85]
700 Al-5%Mg P=1 30 min MgO [86]
730 Al-7Si+0.35Mg | P=0.21 3h MgO + ADs [87]
750 Al-10%Mg P=0.21 3h MgO + MgADa [21]
750 Al-4%Mg P=0.21 70 h MgO + MgéDa [88]
750 Al-2%Mg P=0.21 1lh MgO + MgAO4 Current work
750 Al-0.5%Mg P=0.21 48 h MgO + Mg#&Da [81]
750 Al-0.2%Mg P=0.21 1h MgO + MgAIO, Current work
800 Al-3%Mg P=0.21 1h MgO +Al.0s3 [89]
850 Al-0.005%Mg P=1 20 h MgO &-Al20s [88]
950 Al-0.005%Mg P=1 20 h a-Al203 [88]
1118 | Al-5%Mg P=0.035 10 min MgO [27, 66, 67]
1118 | Al-5%Mg P=0.42 10 min MgO [27, 66, 67]
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6.3.4 Implications for bonding

Afew implications for bonding may be inferred frahe oxidation studies of the Al-Mg-Qystem.
First of all, the preferential formation of Mg-riatxides on Al-Mg alloys leads to a porously
structured oxide scale. These hard and brittle Mg-oxide particles could potentially jeopardize
the integrity of the bond interface and reducetitied durability. Secondly, even if thefilm like
bond interface were healed completely using thekstg approach and the interface were
microscopically continuous without the presencermaick-like defects, the bond would still be
weak due to humidity attack and cannot subsequéetlysed in humid environments, as MgO is
prone to hydration. Generally speaking, for theesaksuccessful bonding, Al alloys containing

high Mg are not recommended as parent materials.

6.4 Concluding remarks

The oxidation of Al-Mg alloys shows strong preferahoxidation of Mg into MgO and MgAO4

in the oxide scale. The addition of Mg to Al wiltgwent the formation of aluminium oxide
thermodynamically. Following the initially formedn@rphous aluminium oxide layer, MgO is
usually the second oxide appearing in the scalegh&uoxidation causes the depletion of Mg and
the formation of MgAIO4 dominates over MgO. Kinetically, the oxidatiorrasionalized by para-
linear laws. Microscopically, in particular duritige initial stage of oxidation, the morphology of
the oxide layer develops from an early compact amdective uniform amorphous layer to a
loosely structured oxide scale with agglomeratedigfO particles. The outer surface of the

atmospherically oxidized Al-2Mg alloy is coverediegly by MgO as confirmed by XPS studies.
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CHAPTER 7

PROCESSING STUDIES: DOUBL E-POURING APPROACH

7.1 Introduction

The oxidation behaviour of Al-Cu and Al-Mg alloys a function of alloy composition,
temperature and time has been discussed in prevlmers. Al and Al-5Cu were used again
here. In the present work,dauble-pouring approach was developed to produce an Al/Al-5Cu
bimetallic composite. The interface microstructofea double-poured Al/AlI-5Cu sample was
compared with that of the stacked Al/AlI-5Cu sampéegain an understanding of how external
agitation affects the bonding between Al and Al-5&u the evolution of oxide films during

processing.

There are two reasons to conduct the study ortdpis. First, bimetallic composites consisting
of two alloys/composites bonded together have draemous attention recently due to the
combination of properties of two base materials 4&fl the versatility to cope with extreme
conditions [2]. As discussed in Chapter 2, thee several approaches for the production of
bonded bimetallic composites, such as transienidigphase bonding [3], brazing [4, 5] and
friction stir welding [6, 7]. However, componentghvcomplex geometries may not be produced
using the above approaches. These methods arsutdple for manufacturing bimetallic plates
[8], rods [9], or other shape-limited products [18% also mentioned in Chapter 2, casting one
metal on to or around the base metal allows toywea near-net shape component with a complex
geometry and the use of casting reduces indusixénses and increases productivity [11-13].
Unfortunately, little work has been reported in likerature. Second, the interface microstructure
between two Al alloys to be bonded during processnscientifically interesting. As discussed
in previous chapters, an amorphous aluminium deger rapidly forms on the surface of Al once
in contact with air. The chemically and thermaltglde oxidebi-film layer acts as a physical
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barrier preventing metallic bonding. Metallic bomglis achieved only when the oxide layers have

either been dissolved or disrupted between two Iseta

Guentner and Sahm [14, 15] firstly studied a mupitisring method to produce graded Al
composites reinforced with SiC particles. In thisthod, slurries with different compositions were
poured into a mould sequentially and the authommdothat the gradation across the interface
strongly depends on the solid fraction of the faast alloy before pouring of the second alloy.
However, they did not recognize the influence & tixide layer formation on the interface
microstructure. In the present work, an approacmeed as touble-pouring” has been used to
attempt casting an Al/AlI-5Cu bimetallic compositedaits interface microstructure has been

characterized to understand the bonding mechanism.

7.2 Results and discussion

7.2.1 Processing details

Slugs of pure Al (~99.99%) and Al-5Cu binary allegre initially melted and isothermally held
inside two cylindrical alumina crucibles separaty50°C in an electric resistance furnace. After
the top solid dross layer had been skimmed, liQaliCu was then poured steadily into a
cylindrical graphite mould (height: 80 mm; diamet mm) which had been preheated to 400°C.
The AI-5Cu was then left to cool and solidify. LiduAl was finally filled gradually on top of the
partially solidified Al-5Cu, as illustrated iRigure 7.1. The casted bimetallic composite was air

cooled to room temperature.

7.2.2 Bond interface

A local region with a well-bonded interface morpt} between Al and Al-5Cu was observed

after macroetching, as shownRigure 7.2. This stitched cross-sectional view from multi@iis

-134 -



Chapter 7 Double-pouring approach

micrographs suggests metallic bonding was achib®etdeen the Al and the Al-5Cu after the
processing. In the present work, it was also faimad the Al-5Cu showed much quicker response
to the etchant than the Al. As discussed in Chaftéinis is probably due to the presenc®-of
CuAl> phase at the grain boundaries, which causes gapid boundary corrosion during the
etching process [16]. The degree of mixing betwienAl and the Al-5Cu could therefore be
assessed qualitatively by the optical contrast eetwthe Cu-rich zone and the Cu-deficient zone.

The width of the bond zone is estimated to be atdld® um according teigure 7.2.

Figure7.3is a BE image showing the well-bonded interfacephology between Al and Al-5Cu.
As indicated byrigure 7.3, the Cu gradation behaviour within e\l matrix across the interface
from the AI-5Cu side to the Al side was assessatjumn EDX line scan analysis. It is noted that
the Cu composition within the-Al matrix decreases from 0.99% to almost 0% acrbss
interface from the Al-5Cu side to the Al side. Tdradation of Cu across the bond interface could

be well fitted by a sigmoid logistic function as

— Yo
y_1+exy{kEﬂx—xc)] (71)

This function has been widely used to describesgfa and the gradient of a&shape" curve
[17]. In this caseyo is the concentration of Cu irAl matrix on the Al-5Cu side far away from
the bond zonek is a factor indicating the width of bond zomds the relative distance to zero
point andx is the relative position of the interface to zpomnt. The fitted results are summarized
in Table7.1. Based on EDX results, the width of the bond zerestimated to be around 120 pm,
similar to the result obtained from the OM imagalgsis. It is expected that the valgeshall not
be equal to 5% due to solute partitioning durindgacation which leads to the preferential
segregation of Cu at cell boundaries [18-20] (Ugualthe form of6-CuAl,). The preferential
segregation of Cu at cell boundaries causes thietttap of Cu at the centre [21]. As shown in

Figure 7.3, the other EDX line scan was performed to assestient of Cu from the centre of a
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cell to an adjacent cell across the boundary. it lma seen that that the Cu composition profile
may be well fitted with a Gauss Function, suggestime diffusive nature of Cu from high

composition regions to low composition regions.

Meanwhile, the bumpy (wavy) non-planar un-bondedriace morphology with the presence of
the "crack-like" defects sandwiched between Al ahéCu was also observed in the double-
poured Al/AlI-5Cu sample, as shown kingure 7.4. It is inferred that a 100% metallic bonding
cannot be achieved using ttheuble-pouring approach. Based on the results and discussion from
previous chapters, it is known that either liquidbAsemi-solid Al-5Cu is coated with a naturally-
formed oxide layer before getting in contact; a ptete metallic bonding may only be achieved

when these oxide layers are disrupted or dissolved.

7.2.3 Fracture surfaces

SEM/EDX study on fracture surfaces confirmed thespnce of oxiddi-film defects at the
interface and these defects provide easy crackagain paths. The crack propagated along the
bond interfaceFigure 7.5 is a pair of butterfly symmetric images showing fracture surfaces

of thedouble-poured Al/AlI-5Cu sample. It is noted thatka-film defect at the interface was split
into two halves on both sides. These defects didhd interface are points of stress concentration
and detrimental to the bond strength. Meanwhilepating toFigure 7.6 (in particular S1), the

presence of Cu (2.49%) suggests the bonding ieeethibetween Al and Al-5Cu in that region.

7.2.4 Bonding mechanism

As shown inFigure 7.7, the bonding mechanism is proposed as followsalhyji, each metal will
be coated with a thin layer of oxide; secondly, lieptid Al will increase the local temperature at
the interface and the liquid (Al)/semi-solid (Al-6¥0nterface is pushed down as a result of partial

melt-back of the solidified Al-5Cu; thirdly, sevettgbulence and thermal convection help disrupt
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and rupture the oxide into small pieces in the fofrbi-film defects which are discontinuously
distributed along the bond interface. Thereforé)%0metallic bond is not possible due to the
presence obi-film defects which prevent any further metallic bondiBgring the fracture
analysis, these defects are subject to stress otaten andbi-film defects are split into two
halves. As suggested by a finite element methodjF&tmulation shown irFigure 7.8, when
the double-poured Al/Al-5Cu is subject to a tensile force, stresswdoaccumulate significantly

around thebi-film defects at the bond interface.

7.2.5 Suggestions for improved bonding

As discussed previously, using tbeuble-pouring approach, the obstacle to achieve a 100%
metallic bonding is the presence of discontinubuBlm defects at bond interface. From the
oxidation studies in Chapter 5, we know that issolutely impossible to prevent the oxide
formation on Al alloys in practice. In the preseavrk, two secondary processing methods are
suggested to be undertaken to minimize the dettamheffect ofbi-film defects at bond interface

and potentially improve the efficiency of tHeuble-pouring approach.

The current author [22] reports a result on howmtolled induction stirring pattern re-distribute
oxidebi-film defects to the top surface due to their buoyamtlye melt. A well-controlled further
induction stirring after theélouble-pouring process is suggested to be used to improve thé bon
structure by relocating tha-film defects from the interface to the surface, astilaied in the

Figure7.9.

In thedouble-pouring approach, the processing time is only a few mmuecording to previous
results and discussion in Chapter 5, the oxidesfiilonmed on molten Al and Al-5Cu may still be
soft in nature and stay amorphous. Applying a presduring the solidification of théouble-

poured Al/AlI-5Cu may help stitch thbi-film defects by introducing adequate plastic deformatio
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within the bi-film pockets and this could increase the total effeatnetallic bonding area. The

idea is illustrated ifrigure 7.10.

7.3 Other approaches

7.3.1 Squeeze casting

As discussed in section 7.2.5, the use of squessteng could potentially improve the bond and
it is an interesting topic worthwhile to explorether. In the present work, a squeeze casting

method was attempted to produce an Al based bilicatamposite.

The set-up of the squeeze casting mould is showigure 7.11. First of all, cylindrical Al billet
with a diameter of 80 mm and a height of 20 mm waslly isothermally placed within the
mould at 350°C and 400 g of Al-5Cu slug was meR=°C in an extra crucible. After the surface
dross was skimmed, liquid Al-5Cu was then pouretb dhe solid Al billet. A pressure of 10
tonnes was applied for 15 minutes during the dadation. This pressure is enough to disrupt any
oxide layer as the strength of an aluminium oxaleet is averaged around 400 MPa [23]. The
experiment was performed with the help of Dr B. lmuthe Advanced Materials Centre for

Aerospace and Aeronautics at Shanghai Jiao Tongelity.

Macroscopically, it can be seen frdrigure 7.12 that a uniform and clean bond interface is
achieved. Microscopically, as shownhkigure 7.13, the bond interface is free from crack-like
defects. However, it was found that the bond iatnetly weak at the positions close to the wall
of the mould, cracks have formed during the sarppdparation, as shown Figure 7.14. It is
inferred that there is no significant interfacecté@n occurring at these regions. As the heat may
be released quickly through the relatively colaekteould, the observed un-bonded morphology

is probably due to the chilling of the Al-5Cu maibund the solid Al together with surface oxide
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layers on both Al and Al-5Cu. Similar observatioasnalso reported by Durragital. [24]. In the
present work, the melt-back of Al did occur, asgagied by the wavy feature of the interface, but
because of the chilling effect (the relatively cdtiserves as a chill), Al and Al-5Cu might
immediately solidify and the metallic mixing wagsificantly prohibited. At the edge of the
interface, there was probably only solid-solid eantbefore the application of pressure. This
could lead to a degradation of bond strength. thésefore proposed that Al could be pre-heated
to a higher temperature than 350°C to minimizecthiéing effect (allow a greater degree of melt-

back), or use die coatings to reduce the mouldrensiterfacial heat-transfer [25].

To summarize, using the squeeze casting apprdaelsuperheated Al-5Cu melt could cause the
melt-back of a limited area of surface region @& slolid Al billet, the applied pressure brings two
materials into close contact and stitcheshih&lm defects at the interface. Although there is a
certain degree of the melt-back of the solid baaternal, this method could reduce the change of
microstructure of the solid to a minimum while ffess a clean bond interface, if the chilling
effect can be kept to a minimum. Meanwhile, thecpssing time is short enough to ensure the
oxidation progress being confined in early stag@sarphous oxide layer). Therefore, the use of
squeeze casting is potentially promising in paléicto obtain metallic bonding between a liquid

Al alloy and a solid Al alloy without altering thicrostructure of the base solid drastically.

7.3.2 Extrusion bonding

In the present work, an extrusion bonded 6082AI-NQXQX: the aberration for Al
nanoquasicrystalline alloy) sample was charactdriseing SEM/EDX. Recently, Galano,
Audebert, and Rounthwaite have successfully pradibaék Al based NQX via an extrusion route
[26-29]. In this method, NQX powders were initigflyt into a 6082 aluminium can with an outer
diameter of 50.5 mm, an inner diameter of 43.5 mohaheight of 100 mm. The whole unit was

then extruded together into a bar with around endiar of 14 mm at an extrusion temperature of
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375°C. The extrusion ratio is around 13:1. The psgis briefly illustrated iRigure 7.15.

An Al-Fe-Cr-Nb NQX alloy extruded bar was charaied in this study, in particular the bond
interface between the NQX alloy and the aluminidiime bar was produced by Rounthwaite and
Galano [26]. Interestingly, it can be seen thatitherface is free from crack-like defects and it
has a diffuse interface like morphology, as showhigures 7.16 and7.17. The wavy feature of
the bond interface clearly suggests good metatitact between 6082 Al and NQX. EDX line
scan was attempted to estimate the width of bondorge. FromFigure 7.18, it may only be
concluded that the bonding zone is less thanpifpdue to the limited resolution of the EDX
composition profile. Since the averaging size & HQX powders used is around 504#8, so
the bonding zone covers approximately one or twerk of NQX particles, suggesting the

microstructure of the extruded NQX alloy is nottdibed to a great extent.

To conclude, although the processing approachesistisd in this thesis have some limitations,
they have all potential for future developmenteast all these studies have offered some insights
on how to design a proper Al alloys bonding appinoiacdifferent situations, and also a greater

scientific understanding of the role of oxidationbionding Al alloys.
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CHAPTER 8

CONCLUSIONSAND FUTURE DEVELOPMENT

8.1 Summary

The project aims to understand the role of oxidaitidoonding of aluminium alloys using casting-
related approaches. As a new project with no presearch to build upon, it started with the
experiments by stacking two pieces of metals tagedl different conditions and then assessed
the bond interface microscopically to reveal thading mechanism might involve. It was found
that metallic bonding is achieved only when thedexiilms become disrupted, either through
external mechanical agitation or intrinsic stressuaulation. The understanding of the oxide
formation is therefore crucial and scientificaliyaresting as the knowledge achieved would help
tailor the oxide in castings and offer suggestimnthe design of bonding approaches. Therefore,
the project moved on to focus more on probing thidaision mechanisms of some typical binary
Al alloys both experimentally and theoretically nggia combination of techniques. A research
methodology is recommended based on the knowleslg@dd during the course of study. As
shown byFigure 8.1, it is suggested that a comprehensive knowledgjgeadxidation mechanism

of a system may be unveiled until all the threeeatp are resolved. This matrix may allow
drawing a complete assessment of the effect oémdifft factors controlling the oxide growth.
Finally, some large scale processing facilitiesevesed to conduct some research on the design

of casting approaches to bond Al alloys.
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8.2 Conclusions

8.2.1 Processing studies

All of these approaches have technical difficultsdsch still need to be overcome and scientific

areas which require further understanding, butale potential. The significant conclusions from

the studies on processing are summarized as fallows

1.

In the stacking approach, thiefilmlayer is a physical barrier which prevents matatiixing.
Specifically, in the stacked Al/AI-5Cu system, miatebonding is achieved by the diffusive
flow of AI-5Cu melt through cracks within the oxideale. Gravity plays a dominate role in
determining the degree of metallic mixing. In thtacked Al/Al-2Mg system, metallic
bonding is achieved by the flow of Al-2Mg melt thigh either cracks or the space between
scattered MgAIO4 crystals.

In the double-pouring approach, metallic bonding is achieved and thedlxmme is around
100 um. The bond interface is featured by the presemda-flm defects. The crack-like
defects align discontinuously at the bond interface

In the squeeze casting approach, metallic bondétgyden a liquid Al-5Cu and a solid Al is
achieved through a certain level of the melt-bdcotid Al at the interface and by the effect
of the applied pressure on stitching oximidilm defects.

In the extrusion bonding approach, metallic bondlmgfween an Al-Fe-Cr-Nb nano-
quasicrystalline alloy and a commercial 6082 Abwlis achieved. The bond interface is
microscopically rough without the presence of crhloi defects. The interface zone is less

than 100um.
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8.2.2 Oxidation studies

1. Thermodynamically, in the case of commercial Al-&loys, the formation of ADs always

dominates over CO and CuO in the temperature range of 25-1000°thdrcase of Al-Mg-
Oz system, the formation of MgO or MgA4 always dominates over ADs when Mg surface
composition is above 0.02mol% in the temperatungeaof 25-1000°C. High Mg content
favours the growth of MgO. Specifically, in the teenature range of 25-450°C, the formation
of MgO dominates over MgADs when Mg is above 0.6mol%; at 550°C, this critical
composition increases up to 1.2mol%, and 4.0mol%@tC, and around 7.5mol% at 950°C;
when Mg mole fraction is above 0.1, MgO dominatesraMilgAlz04 at any temperature

within 25-1000°C.

2. Kinetically, temperature has a strong effect on dkiation kinetics of Al alloys. Higher
temperatures accelerate the oxidation procesdidrcase of the Al-Cu-Osystem: in the
temperature of 450-650°C, the oxidation kinetic&\béxhibit protectiveness and parabolic
progression and Al-5Cu shows a pseudo-parabolidatixin behaviour. The oxidation
activation energies for Al and Al-5Cu are in thega 50-100 kJ mdl In the temperature
range of 750-950°C, the oxidation kinetics of béihand Al-5Cu is well represented by
linear rate equations with calculated oxidationvatton energies in the range 150-200 kJ
molt. The overall oxidation kinetics of Al-0.2Mg and-2Mg are well described by a para-
linear model: the initial stage shows parabolicgpession then gradually proceeds linearly.
The oxidation activation energy is in the range50£100 kJ mol and decreases as

temperature increases.

3. The thickness of the amorphous aluminium oxider&yened on as-polished Al, Al-5Cu or

Al-2Mg at room temperature is around 5 nm.
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4.

In the case of Al-Cu-@system, dry atmospheric oxidation of molten AB&5SCu proceeds
by the sequence: amorphauél 20z to crystalliney-Al 203 to crystallinen-Al203. The doping
of Cu increases the amorphous layer thickeninglmtgenerating more Al interstitials; the
initial amorphous oxide layer is ductile and cooctgy the dendritic structure of Al-5Cu; the
crystalline y-Al203 grows through dedge mechanism; the crystalline-Al203 grows

inwardly into the melt.

In the case of Al-Mg-@system, dry atmospheric oxidation of molten dilateMg alloys
proceeds by the sequence: amorphew20s to MgO to MgAbkOs. The preferential
segregation of Mg and evaporation of Mg favorsgtavth of MgO initially. MgO particles
preferentially nucleate and grow at the metal/oxiderface. The morphology of the oxide
layer develops from early compact and protectivéoum y-Al>2Os amorphous layer to
loosely scaled structure with agglomeration of Mggbticles. MgA¥O4 grows mainly at the

cost of MgO in later stages of oxidation.
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8.3 Implicationsfor bonding

Based on what have been discovered in the pres#gasafar, some implications for bonding of

Al alloys may be proposed:

1. Al alloys containing a high level of Mg and othé@n#ar reactive elements are not suitable
choices for the sake of obtaining well-bonded Ahfe. The Mg would segregate at the bond
surface and the preferential growth of MgO and M@Alcauses the discontinuity at the bond
interface which jeopardizes the bond interface rarcally. The hard magnesium-rich oxide
film is also hygroscopic and prone to hydration d@nsl detrimental if the bond is exposed to
humid atmospheres.

2. Cuwould not affect the overall kinetics thermodymeally. Al alloys containing a small level
of Cu (e.g. <1%) may also exhibit improved mechalnicoperties due to solution hardening
and precipitation hardening. But a high level of(€lg > 4wt%) may cause the formation of
eutectic phases and the segregation of Cu in tineafion of brittled-CuAlz intermetallic at
bond interface. So the cooling condition in terrhsemperature gradient within the bonded
alloys must be carefully controlled.

3. Aluminium oxide films show better adhesion to thetah substrate and the harmless ductile
amorphous layer is only a few nanometres and caasiéy stitched or healed under pressure.
A short processing time is suggested to be addptedsure the oxidation progress does not
proceed far enough to allow any micro-chemical geanithin the oxide layer.

4. The chilling of the melt around/on the target metaly reduce the degree of interface reaction,
resulting in less metallic bonding. It is suggedteat the target metal is superheated to allow
some melt-back, which could further help breakstindace oxide layers to become individual

fragments under applied pressure.
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8.4 Future development

It is impossible to cover every interested areeeséarch exhaustively, but the oxidation studies

and processing studies in the present work hayetelnderstand the role of oxidation in bonding

of Al alloys. Theoretically, the effect of otheld@ling elements on the oxidation mechanism of

Al, such as Si, Fe, Cr, Ti, etc, can be predictaseld on thermodynamics, but the experimental

studies are always immensely significant and istérg to help strengthen our understanding.

Besides, as for the processing studies, all of @pproaches described in this thesis have

limitations, but are potentially useful. From myiqtoof view, | think the following research areas

are scientifically worthwhile for future developmen

1. The development of Al-Fe-Cr based nanoquasicryséalilloys have been shown to exhibit

3.

enhanced mechanical properties at elevated tenopesatThese alloys will be potentially
used as automotive components, such as piston.tgads oxidation behaviour, in particular
high temperature oxidation behaviour is of ultimatportance technologically. The oxidation
studies of Al nanoquasicrystalline alloy could offesights into its high temperature oxidation
and even corrosion behaviour to help design angingrapproach for this material.

The study of effect of humidity on oxidation of Alloys may also be interesting. As it is
expected that the oxidation reactions would be gedthermodynamically with the presence
of humidity, the reactions with 3 must be considered. The products of aqueous tixida
also include hydrogen, which can dissolve readilthe metal. In addition, the incorporation
of hydroxyl ions into the oxide lattice structur@yralso change the defects chemistry of the
oxide, influencing the diffusivity of metal catioasd oxygen anions. In foundry practice, the
knowledge of such topic may help understand thet oh@ss formation mechanism and
potentially how to improve melt cleanliness.

The squeeze casting method shows vast potentifltime development. Further research on
optimizing the processing parameters, interfaceti@a identifying suitable interlayers or

new alloy systems may be needed.
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Appendix 3.1
X-ray penetration depth

According to the Beer-Lambert law [1], the intepsit X-raysl after travelling a distancewithin
a material is given by

| =1,expCulpX) 1)

Wherep (cn? gl) is the linear mass attenuation coefficient ar{@ cm?®) is the density of the
material. For a compound or a solution, the massiaation coefficient is calculated by

H=2 14T ()

WhereC; is the concentration of the element the sample [2, 3]. As shown Kigure 1, the
distancex which X-ray travels in the sample can be expresseithe penetration depth by the
following relationship
onde -y 3)
sind
Assumel = lo/e (the intensity of X-ray decreases to 37%), commgiitquations 1 and 3, it can
be deduced that
= sing )
2Lulp
It can be seen frorkquation 4 that the information depth is also a functionrdfidence angle
and it is a maximum whef = 90°. As Cu Kt X-rays were used in the present work, the linear
mass attenuation coefficient of materials encoedteturing the work are quoted from the
reference [2], maximum penetration depth (wi#en 90°) for 37% emission and that for 1%
emission were calculated and summarized accordingigble 1.

The intention of the above analysis is to undesthr size of the top surface region which would
contribute to the XPS spectrum. As the errors efriass attenuation coefficient and density
values are unknown, the values of penetration dapthonly obtained here as the calculated
results with three decimal places. The deviatiothefvalues are therefore unknown.
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L, = 1o exp(-ppx)

Figure 1 - Diagram showing the X-ray penetrating through a thickness of dp and the

Penetration depth

d

7

intensity of the emitted X-ray isdegraded by a factor 1/e.

Table 1 - Calculated X-ray Penetration depthsfor different materials.

Material | p(cé/g) | p (g/en?) | d (37% emission, um) d (1% emission, um
Al 48.600 2.700 38.104 175.475
Mg 38.600 1.738 74.530 343.225
Cu 53.000 8.960 10.529 48.488

Al-5Cu 48.820 2.796 36.630 168.687

Al-2Mg 48.400 2.670 38.691 178.180

Al-0.2Mg 48.580 2.697 38.162 175.743
CuAl; 50.979 4.360 22.495 103.595
Al203 31.136 3.950 40.655 187.222
MgO 27.842 3.580 50.163 231.011

MgAIl 204 30.203 3.640 45.480 209.442
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Appendix 3.2

Crystallography Open Database (COD)

Besides the references from the COD, Saetak [1] is also referenced.

Al - 2300250

Formula

-Al -

Calculated formula

-Al -

Title of publication

Phase behaviour and thermoelastic properties of
perdeuterated ammonia hydrate and ice polymorphs
from O to 2GPa

Authors of publication

Fortes, A. D.; Wood, I. G.; M@adlo, L.; Knight, K. S.;
Marshall, W. G.; Tucker, M. G.; Fernandez-Alonso, |F

Journal of publication

Journal of Applied Crystallography

Year of publication 2009
Journal volume 42
Journal issue 5
Pages of publication 846 - 866
a 4.03702 + 0.00012 A
b 4.03702 A
C 4.03702 A
a 90°
B 90°
Y 90°
Cell volume 65.793 + 0.002 A
Number of distinct 1
elements
Hermann-M in
symmetry spaiueggroul Fm-3m
Hall sygwrr;]ue;ry space F423
Has coordinates Yes
Has disorder No
Has Fbs No
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Mg - 9008506

Formula

_Mg_

Calculated formula

_Mgz_

Title of publication

Second edition. Interscience Publishers, New Yo
New York Hexagonal closest packed, hcp, struct

rk,
ire

Authors of publication

Wyckoff, R. W. G.

Journal of publication

Crystal Structures

Year of publication 1963
Journal volume 1
Pages of publication 7-83
a 3.20927 A
b 3.20927 A
C 5.21033 A
o 90°
B 90°
Y 120°
Cell volume 46.474 R
Number of distinct 1
elements
s
Hall syr;rr;j;ry space P 6e 2¢
Has coordinates Yes
Has disorder No
Has kbs No
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a—Al203 - 1000017

Chemical name Aluminium oxide
Mineral name Corundum
Formula - Al2 O3 -
Calculated formula - Al2 O3 -
Ruby structure peculiarities derived from X-ray
Title of publication | data. Localization of chromium atoms and electron
deformation density
Authors of publication Tsirelson, V G; Antipin, M Y; Gerr, R G; Ozerov,
R P; Struchkov, Y T
Journal of publication| Physica Status Solidi, Sectio A: Applied Research
Year of publication 1985
Journal volume 87
Pages of publication 425 - 433
a 4.7606 + 0.0005 A
b 4.7606 + 0.0005 A
c 12.994 +0.001 A
o 90°
B 90°
Y 120°
Cell volume 255 A
Number of distinct 5
elements
Hermann-M in
syn?me?ry spaa::ljag;roup R-3c:H
Hall syglr?lje;ry space R 32"
Re5|cir::Iel;a:i<:ot(r)];for all 0.063
Has coordinates Yes
Has disorder No
Has Fbs No
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vy—Al203 - 2015530

Common name

Gamma Alumina

Formula

- Al2.67 O4 -

Calculated formula

- Al2.6653 O4 -

Title of publication

y-Alumina: a single-crystal X-ray
diffraction study

Authors of publication

Lubomir Sméok; Vratislav Langer; Jan

Kreg’an
Journal of publication Acta Crystallographica SawctC
Year of publication 2006
Journal volume 62
Journal issue 9
Pages of publication i83 -84

7.9382 + 0.0001 A

a
b 7.9382 +0.0001 A
c 7.9382 +0.0001 A
a 90°
B 90°
Y 90°
Cell volume 500.226 + 0.011%A
Cell temperature 173+ 2K
Ambient diffraction temperature 173+2K
Number of distinct elements 2
Hermangpl\;l::gl:cl’rlljsymmetry Fd-3m:2
Hall symmetry space group -F 4vw 2vw 3
Has coordinates Yes
Has disorder No
Has kbs Yes
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MgO — 1000054

Chemical name

Magnesium oxide

Mineral name Periclase
Formula -Mg O -
Calculated formula -Mg O -

Title of publication

X-Ray Determination of Electron-Density Distribut®in
Oxides, Mg O, Mn O, Co O, and Ni O, and Atomic
Scattering Factors of their Constituent Atoms

Authors of : . .
» .0 S.O Sasaki, S; Fujino, K; Takeuchi, Y
publication
Journal of .
u_ . Proceedings of the Japan Academy

publication

Year of publication 1979

Journal volume 55
Pages of publicatior 43 - 48

4.217 +0.001 A

a
b 4.217 +0.001 A
C 4.217 +0.001 A
o 90°
B 90°
Y 90°
Cell volume 75 R
Number of distinct 5
elements
Hermann-Mauguin
symmetry space Fm-3m
group
.
Has coordinates Yes
Has disorder No
Has Fbs No
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MgAI 204 - 9001367

Mineral name Spinel
Formula - Al2 Mg O4 -
Calculated formula - Al16 Mg8 032 -

Title of publication

A time-of-flight neutron powder diffraction stud
of MgAI204 at temperatures up to 1273 K
sample UC, T=923 K

y

Authors of publication

Peterson, R. C.; Lager, G. A.; Hitterman, R. L.

Journal of publication

American Mineralogist

Year of publication 1991
Journal volume 76
Pages of publication 1455 - 1458
a 8.12508 A
b 8.12508 A
c 8.12508 A
a 90°
B 90°
Y 90°
Cell volume 536.393 A
o
Number of distinct 3
elements
|
Hall symmetry space F Avw 2vw 3
group
Has coordinates Yes
Has disorder No
Has Fbs No
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CuAl2-9012196

Mineral name Khatyrkite
Formula -Al2 Cu -
Calculated formula - Al8 Cu4 -

Title of publication

Refinement of the crystal structure of
tetragonal AlI2Cu Locality: synthetic

Authors of publication

Meetsma, A.; de Boer, J.Man Smaalen, S.

Journal of publication

Journal of Solid State Chetnyi

Year of publication 1989
Journal volume 83
Pages of publication 370-372
a 6.067 A
b 6.067 A
c 4.877 A
a 90°
B 90°
Y 90°
Cell volume 179.515 A
Number of distinct elements 2
s
Hall symmetry space grouj -14 2c
Has coordinates Yes
Has disorder No
Has Fbs No

References

(1]

P. S. Santos, H. S. Santos, and S. Toledontaia transition aluminas. Electron microscopy istsid
Materials Research, vol. 3, pp. 104-114, 2000.
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Appendix 5.1
Nitrides formation from air: a thermodynamic perspective
(a) AIN formation from air

For a gas mixture containing only Bnd Q with 1 atm pressure

al. Nitride formation: Al +%N2 -~ AIN

In the temperature range 300-1300 K:

AG"(T)=-312144+ 1537+ 12.36 T (J/mol Al) (1)
a
AG(T)=AG" (T)+RT| —2AN_ (2)
(1)=ac (r)srr| S|

If the values of AIN chemical activity and Al cheral activity are assumed equal to 1, and
nitrogen behaves ideally, the above equation caaxpeessed as

AG(T)=AG (T)+RT (%} ®3)

The Gibbs free energy is a function of temperatume nitrogen mole fractioXne.

a2. Oxide formation: Al +:3102 - %AI 0,

In the temperature range 300-1300 K:

AG'(T)=-824716+ 111.46+ 587 T (J/mol Al) (4)
a0
AG(T)=AG" (T)+RT| —2= (5)
(1)=26(T) (ao]

If the values of AlOs chemical activity and Al chemical activity are assed equal to 1, and
oxygen behaves ideally, the above equation caxpessed as

AG(T)=AG (T)+RT (%} (6)

The Gibbs free energy is a function of temperatanel oxygen mole fractioXo2. As

Xy, + Xo, =1 in this case (Dalton’s law and Raoult's law), Etera 3 can be further expressed

as
AG(T)=AG (T)+RT| ——— 7)

Therefore, it can be seen from Equations 6 an@{/Glibbs free energy profiles for both reactions
is a function of temperature and oxygen mole foacti

- 158 -



For example,T = 1023 K (750°C), the Gibbs free energy profiles shown inFigure 1. It is

noted that the formation of AD3 surpass the formation of AIN thermodynamically astfor any
oxygen mole fraction value above ¥0Therefore, by implication from thermodynamicsradp
at 1023 K, the formation of AIN may only occurseafall of the oxygen is consumed.

W77 T T T 7
) AIN }
-2.0x10° |
=
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5 4.0x10" 4 .
o ~4.0x10
o0}
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w
el
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Oxygen mole fraction
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-2.0x10"
=
&n
5
5 s
o -4.0x10°
o0}
&=
w
el
=
O 6.0x10°-
—S.OXIOS MTT T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T TTTTTTTT?
1E-50 1E-40 1E-30 1E-20 1E-10 1

Oxygen mole fraction

Figure 1 — Gibbs free energy (J/mol Al) profiles oAIN formation (red) and Al203 formation
(blue) as a function of oxygen mole fraction at 75C.
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(b) MgsNz formation from air

For a gas mixture containing only Bnd Q with 1 atm pressure
b1. Nitride formation: Mg +%N2 - %MgsN2

In the temperature range 300-1300 K:

AG’(T)=-148156- 10.12+ 10.56 I (J/mol Mg) (8)
a'%f
AG(T)=AG (T)+RT | —aeMe (9)
D=t (M]

If the values of MgN> chemical activity and Mg chemical activity are @s®d equal to 1, and
nitrogen behaves ideally, the above equation caaxpeessed as

AG(T)=AG (T)+RT ( x11/3] (10)

N

The Gibbs free energy is a function of temperagume nitrogen mole fractioXn..

b2. Oxide formation: Mg +%O2 - MgO

In the temperature range 300-1300 K:

AG'(T)=-596634+ 47.8%+ 8.4 N (J/mol Mg) (11)
AG(T)—AG°(T)+RT( o ] 12
= oy 12)

> Mg

If the values of MgO chemical activity and Mg cheatiactivity are assumed equal to 1, and
oxygen behaves ideally, the above equation caxpessed as

12
O,

AG(T):AG°(T)+RT(X1 ] (13)
The Gibbs free energy is a function of temperatanel oxygen mole fractioXo2. As

Xy, + Xo, =1 in this case (Dalton’s law and Raoult’s law), Egera 10 can be further expressed

as

_r
(1_ on )1/3

Therefore, it can be seen from Equations 13 andha#t Gibbs free energy profiles for both
reactions is a function of temperature and oxygeferfraction.

AG(T)=AG (T)+RT (14)

For example,T = 1023 K (750°C), the Gibbs free energy profiles shown inFigure 2. It is
noted that the formation of MgO surpass the foraratf MgN> thermodynamically almost for
any oxygen mole fraction value above>20Therefore, by implication from thermodynamics
alone, at 1023 K, the formation of Mdp may only occurs after all of the oxygen is consdme
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Figure 2 - Gibbs free energy (J/mol Mg) profiles ofMgsN2 formation (red) and MgO
formation (blue) as a function of oxygen mole fragbn at 750°C.
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Appendix 5.2

The Gibbs free energy change of a chemical reacti@s a function of temperature

1. WhyAG®(T)= A+ BT+ CTIn T1?

For a chemical reaction at a constant atmospheggspre

Reactantl + Reactan® + e» + Reactant= Productl + Produc®2 + e+ + Producj

The term AG°(T) defines the Gibbs free energy reduction/incremértemperature T if the

reaction proceeds completely. It can be calculbjed

AG°=>'nG ->'nG (Equation 1)

products reactants

G=u,G =, (Equation 2)

Where Gibbs free energy per mole for a componewjuals to its chemical potentjal (in the
case of pure state), an° equals to the sum of Gibbs free energy of all potsj minus the
sum of Gibbs free energy of all reactantsf AG°<0, the chemical reaction can proceed
spontaneously; IAG°=0, the chemical reaction is at equilibriumAIE°>0, the chemical reaction
can only proceed with external energy inputs. Atgeraturel, the Gibbs free energy of a specie

can be expressed by its definitiG= H — TS[1].

G,=H,-TS, (Equation 3)

Where the enthalpy term is calculated through=H g+ LT%KC dT and the entropy term is

_ C
calculated throug8; =S, +'[2TQBK?" dT[1]. Since the heat capaci@p (at constant pressure) does

not vary too much with respect to temperafttif], it is assumed to be constant in the present

work, so does most of work in the literature [3§juation 3 can be further modified as

GT:|__|298K+C p(T - 298) - T(_SzggK +Cp(ln T-1In 298))
G, =a+bT+cTin 1 (Equation 4)

Wherea, b andc are numerical coefficientBquation 4 is also termed the Gibbs free energy of a

specie to a stable element reference state (SERT¢nbining Equation 1 and Equation 4, the

term AG°(T) can be finally expressed by
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AG°(T)= A+ BT+ CTin T (Equation 5)

The original expression for Gibbs free energy spacie as a function of temperature (which is

derived by statistical thermodynamics) [3] is giverierms of infinite series as
G =a+bT+cTin T+ dT+ ef+  F--. (Equation 5)

Usually only the first two or three terms are nekdes used by many researchers to calculate
phase diagrams (in particular CALPHAD) [3, 5]. Asaindicated byFigure 1, the use of first
three terms is already enough to give a near gggaggested by R-square value) fit for the Gibbs

free energy data quoted from NIST [6].

2. How to getA, B andC?

The first step is to obtain the Gibbs free energyues for each specie using the NIST
thermochemical table [6]. Values of species atdght temperatures are summarizedahle 1,

2, and3. The second step is to calculate @& at each temperatufleusing Equation 1. The third

step is to plot the 11 pairs of dofs AG®) and fit the dots by Equation 5. An example isvann

Figure 1, where the Gibbs free energy function of the ieacdCu+ Q, -~ 2Cy C is obtained

using such method. The quality of fitting is alss@ssed using residual analysis.
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Table 1 — Summary of Gibbs free energy data in thease of Al-Cu-Q system

(Unit kJ mol-?)

T (K) Al 203 CwO CuO v-Al20s |  a-Al20s
300 | -1581.696| -147.745| -128.120  -1563.273-1581.696
400 | -1550.226| -140.092| -118.875  -1532.001-1550.226
500 | -1518.718| -132.484| -109.785  -1500.804-1518.718
600 | -1487.319| -124.944| -100.851  -1469.8151487.319
700 | -1456.059| -117.478|  -92.05§  -1439.054-1456.059
800 | -1424.931| -110.087| -83.387  -1408.5D4-1424.931
900 | -1393.908| -102.767|  -74.830  -1378.128-1393.908
1000 | -1361.437| -95.517 -66.375  -1346.3770-1361.437
1100 | -1328.286|  -88.331 -58.012  -1313.990-1328.286
1200 | -1295.228|  -81.208 -49.730  -1281.757-1295.228
1300 | -1262.264|  -74.144 41520  -1249.668-1262.264
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Table 2 - Summary of Gibbs free energy data in thease of Al-Mg-G system

(Unit kJ mol-?)

T (K) MgO v-Al20s3 MgAI204 a-Al203
300 -568.745 -1563.273 -2175.861 -1581.696
400 -557.898 -1532.001 -2134.626 -1550.226
500 -547.078 -1500.804 -2093.365 -1518.718
600 -536.312 -1469.815 -2052.230 -1487.319
700 -525.600 -1439.054 -2011.255 -1456.059
800 -514.930 -1408.504 -1970.433 -1424.931
900 -504.289 -1378.128 -1929.739 -1393.908
1000 -492.952 -1346.370 -1886.914 -1361.437
1100 -481.399 -1313.990 -1843.219 -1328.286
1200 -469.844 -1281.757 -1799.239 -1295.228
1300 -458.291 -1249.668 -1756.239 -1262.264
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Table 3 - Summary of Gibbs free energy data for AlMg and O

(Unit kJ mol-1)

T (K) | Mg(ref) | Mg(l) Mg(g) Al(ref) Ox(g, ref)
300 0 4.252 112.307 0 0
400 0 3.932 100.780 0 0
500 0 3.403 89.387 0 0
600 0 2.731 78.122 0 0
700 0 1.955 66.981 0 0
800 0 1.107 55.961 0 0
900 0 0 45.062 0 0
1000 0 0 35.000 0 0
1100 0 0 25.283 0 0
1200 0 0 15.690 0 0
1300 0 0 6.209 0 0
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Figure 1 - Fitting report for 4Cu+ Q, - 2Cuy C
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Appendix 5.3
A qualitative model to explain the stability ofy-Al.O3 at low temperatures and whyy-

Al>03 to a-Al 203 occurs usually at temperatures above 850°C

1. They-Al203 to a-Al203 phase transfor mation energy barrier

The kinetics off-Al 203 to a-Al 203 phase transformation have been studied by senes@drchers.
But the results are contradictory. Steireral. [1] reported a linear relationship between the
fraction ofa-Al203 and time of transformation with an activation gyeof 485.3 kJ mol. Clark
and White [2] found the kinetics of the transforimatof the first 50%y-Al 203 to a-Al203 was
best described by a logarithmic law and reporteddivation energy of 331 kJ mbiShelleman

et al. [3] reported an activation energy of 431 kJ tnahile Macedoet al. [4] used quantitative
X-ray diffraction analysis and found the activatiemergy to be 201 kJ mbhnd that the phase
transformation was best described by a sigmoidtkinaw. Mcardle and Messing [5] found a
high activation energy of 578 kJ molThe discrepancies between these results are lyyothae

to different experimental conditions, includingfdient synthesis methods @Al 203, different
conditions of starting materials, different impwrlevels, different mechanical or thermal pre-
treatments, etc. For example, as shown by the Wwonk Okadeet al. [6], extrinsic dopants could
affect the defect chemistry @fAlOz, which may lead to an accelerating effect{CMn?*, etc),

a retarding effect (G4 B&*, etc) or little or no effect on the phase transfation (Mg, Zré*,
Ni2*, Cc**, etc). Based on previous literature results, agrage value o#05.26 kJ mott is
calculated.

2. Amorphous y-Al20s to crystalline y-Al203 phase transformation energy barrier

First of all, it is known from the literature thtte crystallization process is accelerated with
increasing temperature and the growth law at tiaigesis close to a linear relationship [7]. Data
from Snijderset al. [8] were used to calculate the activation eneofythe amorphous-to-
crystalline phase transition using a pure Al samptezording to the work by Snijdet al., the
degree of crystallization in (percentage %), urttiersame oxidation conditions (1>3B0* pa
pure oxygen, oxidation time= 500 s), was different at each temperature itdhgperature range
of 200-500°C, implying the rate kinetics is a fuantof temperature. Therefore, based on their
data, an Arrhenius plot has been constructed apcesented ifrigure 1. The calculated phase
transformation activation energy is arout@7 kJ mot?, this value is surprisingly one order of
magnitude lower than the values reported in tlegdture. According to the literature review in
Chapter 2, the average activation energy of thdatiin at this stage (amorphous-to-crystalline)
is around 200 kJ mdl[9-13]. The crystallization process has been shtwbe limited by the
inward diffusion of oxygen during the formation ofystalline y-Al203 [11]. However, most
researchers obtain this value indirectly from weggin curves of the oxidation processes. In fact,
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the reaction rate obtained from weight gain cusva reflection of multi-kinetics processes. So it
may not be appropriate to directly correlate tHaeabtained from TGA experiments to the actual
crystallization energy barrier. On the other hahe, activation energ$0.7 kJ mol* which is
calculated based on the data from Snijégr@. [8] is more acceptable as the authors use XPS
(surface sensitive) to study the shift in chemlmahding states of Al and O in a ONLY few nm
size oxide layer on a Al substrate.

Gibbs free energy profile (kinetic path) of the apimus toy-Al203 to a-Al20s phase
transformation (the evolution of oxidation prod)dss plotted quantitatively ifrigure 2. It is
indicated that even if there is a reduction in faergy for a particular transition, atoms musb als
gain sufficient thermal energy to overcome thevate energy barrier. So for example, suppose
there is a thick crystalling-Al20s oxide layer existing at room temperature and té&h.0Os to
a-Al203 transition would be thermodynamically favourabiowever, the transition will not
eventually occur due to the big kinetic energy ieamf around 400 kJ md)

500°C 400°C 450°C  300°C 200°C

T T Y T T T

4.5 ™~ Adjusted R-square: 0.98677 -

4.0 4

In(crystalline fraction x 100)

3.5
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Figure 1 - Arrhenius plot indicating the amorphousto-crystalline transition activation
energy.

@ amorphous y-ALO;
v-ALO;

@ «AL0;

405.26 kJ/mol

Free Energy

IOlI)GC‘
250 . 16 kJ/mol
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Figure 2 — Plot showing the kinetic reaction pathdgether with the values of energy barriers
associated with each oxide transition in the Al-Ci®, system
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Appendix 6.1
Derivation of a para-linear kinetic model in the AFMg-O, system

In early theories of metal oxidation, the growthaof oxide film is controlled by the diffusion of
both ionic and electronic charged species acrasslth. It is known from the work that the solid
layer at the top of molten dilute Al-Mg alloys begiwith the formation of a thin oxide layer to
cover the surface of the melt. Oxidation startsh®y absorption of oxygen molecules onto the
metal surface, then the nucleation of oxide islaadd finally the formation of a thin continuous
amorphous oxide layer. As the oxidation procedus kinetics is generally controlled by either
the transport of either oxygen anions or metabeatihrough the oxide film. If the oxide layer is
completely uniform and protective. The thickenirigach layer can be described byaaabolic
rate equation. If the oxide layer is no longer proteetioxygen molecules could directly diffuse
to the metal/oxide interface and the growth kireig well represented by para-linear rate
equation. The underlying mathematics can be itistt by the Deal-Grove Model [1], which is
usually used to describe the thermal oxidationtiiseof Si.

First of all, the oxide layer is relatively thimi$ assumed that there isimear gradient of oxygen
concentration across the oxide layer. Accordingiti’s first law, the diffusion flux of molecular
oxygenJoz is expressed as

J =D Co/a ~ Cm/o (1)

0, X

WhereCoa andCmo are the concentrations of molecular oxygen abttige/air interface and the
metal/oxide interface respectively. Mg is readiaidable at the metal/oxide interface due to the
segregation kinetics, the reaction rate is limligdhe concentration of oxygen. The reaction flux
(growth of oxide) is approximated as

J =K [T, (2)

oxide

Whereki is a reaction rate constant. At steady stateyibdluxes should be the same. Combining
Equations 1 and 2, the concentration of molecutggen at the metal/oxide interface is given by

DC

C - o/a 3
m/o D+ k1 X ( )
As the growth rate of oxide is proportional to teaction flux
dx
— =k, 0], 4
dt k2 oxide ( )

Combining Equation 2, 3, and 4 together, the follmiequations are obtained
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(k,DC,,) it = (k,D +kk x) Cdix (5)

J.(:(leCOIa) Cait :J;(kZD +kJ(2X) [alx (6)

ke 0K +2k,D Gk +( 2k ,Dx,— k k x2)

2k1D(':o/a (7)

Equation 7 can be further simplified into
t=AX*+BX+C (8)
It can be seen from Equation 8 that the growthxadeis represented by a para-linear equation.

oxide/air interface

thickness x l 0, diffusion flux

= (O, reaction flux —— Coto

oxide

metal/oxide interface

metal

Figure 1 — Schematic diagram showing the construath of the para-linear kinetic model
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-172 -



Chapter 2 Literature review

Figure removed due to copyright reasons

Figure 2.1 — Ellingham diagram [1] showing the themodynamic tendency of different metal-
gas reactions as a function of temperature and preare.
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M

@ [ E— Electron
Electron  m— level

< level

(a) (b)

I ¢

Figure 2.2 — Diagrams showing energy levels in thmetal and oxide (a) before and (b) after
the exchange of electrons — Cabrera-Mott theory [2]irst of all, oxygen atoms are absorbed
on the surface of the oxide film and become trap®f electron transferred from the metal by
guantum-mechanical tunnelling or by thermionic emision. It was assumed that before the
transport of electrons from metal to oxygen, the ety electron energy levels of the absorbed
oxygen atoms are below the Fermi level in the metalhe transfer of electrons to oxygen
atoms to form oxygen ions raises the energy levepuo the metal Fermi level. A potential
drop across the oxide film is produced at equilibmim and its value is around one to two volts.
Since the oxide film is very thin (2-20 nm), the ettric field is sufficiently strong to allow the
activated jump of metal ions from the metal/oxidenterface to the outside surface of oxide
film.

oxide nuclei 1sland islands grow laterally oxide layer thickens

Figure 2.3 — Diagram showing the amorphous oxide y&r growth model proposed by
Grgnlund [3].
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Figure 2.4 — Plot showing the high temperatures odation kinetics pattern for pure Al, as

suggested by Aylmoreet al. [4].

ridge

amorphous layer r:dge z
‘\ /

v-Al,O- crystals

Figure 2.5 — Diagram showing the crystalling-Al 203 growth beneath the amorphous layer
and preferentially nucleate at ridge sites, as suggted by Shimizuet al. [5, 6].
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Figure 2.6 — Reconstructed plots showing the weiglgain of amorphousy-Al>O3 on different
Al-Cu alloys Data from Brock and Pryor [7].
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Surface turbulence
Entrained

_—
Oxidijiy'er /—\Do\uble oxide film

Stage 1 Stage 2 Stage 3

Figure 2.7 — Diagram showing the formation mechania of an entrained double oxide film.
(Image reconstructed according to [8, 9])

Figure removed due to copyright reasons

Figure 2.8 — SE images of opposed fracture surface$ an Al-11Si-0.6Fe alloy showing the
oxide bi-film split into its folded halves. Image fom [9, 10].
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rotating tool

T

weld zone

Figure 2.9 — Diagram illustrating the principle ofa friction stir welding process (FSW).

[—=— =

Ti-6AI-AV AI7075

Figure 2.10 — SE image showing the interface morplagy of a TLP bonded Ti-6Al-
4V/AI7075 joint. Image from [11]. (With permission from Elsevier)

-178 -



Chapter 2 Literature review

cold

temperature
gradient

(a) Before TLP (b) During TLP (c) After TLP

Figure 2.11 — Diagram showing a temperature-gradienTLP process.

Figure 2.12 — Diagram showing the typical castingesjuence (from a to d) of a CDC process.
Image from [12]. (With permission from Elsevier)
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Figure removed due to copyright reasons

Figure 2.13 — Diagram showing the squeeze castingppess. Image from [13].

Figure removed due to copyright reasons

Figure 2.14 — Diagram showing the squeeze casted il piston with cast iron ring groove
reinforcement.
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Table 3.1 — Chemical compositions (in weight %) dhe ingots.

Ingots name Mg Si Fe Cu Al
Al - 0.03 £0.01| 0.04 +0.02 - 99.93 £ 0.03
Al-5Cu - 0.04 £0.02 0.05 + 0.02| 4.97 £ 0.03| 94.94 + 0.07
Al-2Mg 2.02 £0.01| 0.02 £0.01| 0.02 +0.02 - 97.94 £ 0.05
Al-0.2Mg | 0.21 £0.02] 0.03 £ 0.01| 0.05 +0.02 - 99.71 £ 0.05

Table 3.2 — Experimental conditions used for the hestage OM analysis.

Material Temperature Heating speed Cooling speed
30°C~750°C 40°C mih o ,
Al 750°C Hold 5min | L00°C/min
30°C~750°C 40°C mih o ,
Al-5Cu 750°C Hold 5 min 100°C/min

Table 3.3 — XPS wide scan experimental conditions.

X-ray | Energy| Step size (eV) Pass energy (eV)Dwell time (s)| BE scale (eV
Mg Ka | 1253.6 1.00122 20 0.1 0-1100
AlKa | 1486.6 1.00122 20 0.1 0-1100
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Table 3.4 — Fitted parameters using a single peakmethod (a).

Peak 1 Centre Area Width
© 15"2 MOs | 52374012 | 7642022 +530.31 2.15+0.03
. Coefficient of determinati .
Height e |C|en(gOD(§ ermination Reduced Chi Square
28312.31 + 201.39 0.998 + 0.002 162232.10 + 1334.845
Table 3.5 — Fitted parameters using double peaksnethod (b).

Peak Centre Area Width
O 1s as AlOs like 532.35+0.09 70170.52 + 462.23 2.01 £ 0,02
O 1s - (HO) like 533.01 £0.13 7513.23 + 109.54 1.94 +£0/03

Height Coefficient of

determination (COD)

Reduced Chi Square

27803.58 + 253.53

3085.69 + 120.39

0.991 +0.003

10968.08 + 267.82
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Al-Cu phase diagram
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Figure 3.1 — Calculated equilibrium phase diagramdr the Al-Cu system.
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Al-Mg phase diagram
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Figure 3.2 — Calculated equilibrium phase diagramdr the Al-Mg system
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)
/

Figure 3.3 — Diagram showing the casting procedurased for producing cylindrical billets
(diameter around 26 mm) in the present work.
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thermocouple
data log R

coil

Figure 3.5 — The mini-CRIM furnace facility used inthe present work and a top view of the
associate induction coil system.
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Figure 3.6 — Photo showing the LINKAM TS1500 hot stge system and Zeiss OM.

lens

R ~ .
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ceramic lid quartz lid
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&
A I argon/air
: M flush
thermocouple T

heating circuits

Figure 3.7 — Diagram showing the cross section viesf the hot-stage system.
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Figure 3.8 — Diagram showing the principle of the RS photoelectron emission and the

Auger electron emission process.
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XRD analysis
Bulk sample Reference code (PDF) Powdery sample
o-Al - 000040787
v-AlO; - 000500741
l 0-ALO; - 000421468 l
MgO - 000040829
Ground d.m\-'tll to MgALO, - 000050672 Mounted on Si
4000 grit 51C 8-CuAl, - 990000006 substrate
paper

Figure 3.9 — XRD analysis sample preparation and XR patterns quoted from the X'Pert

Highscore software database.

Ly, = Ip exp(-ppx)

Penetration depth
d,

7

Figure 3.10 — Diagram showing the X-ray penetratinghrough a thickness of ¢ and the

intensity of the emitted X-ray is degraded by a fator 1/e.
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Distance

Figure 3.11 — Image showing the Dektak surface pribdér working principle.

Autoclave lid

N Pressure relief valve

Pressure gauge
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Closing ring 4’—. ‘ L

Of'il’ig —

Screen support >

——— |+——— Underdrain screen
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1L

Bottom valve - f» j:E
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Figure 3.12 — Diagram showing the set-up of an auttave.
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Augerelectrons
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Secondary electrons
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Backscattered |
electrons i
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(1-3pm)
 —

Characteristic X-rays

Figure 3.13 — Diagram illustrating the concept oflte e-beam ~ sample interaction and how
different signals are generated.
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Figure 3.14 — Plot showing the calculated depth dhe primary excitation volume as a
function of the accelerating voltage for Al (20,00@lectron trajectories simulated, incidence

angle 0°)
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Figure 3.15 — Plot showing the calculated absorbedtensity value of Al Ka X-rays as a

function of EDX detector take off angle (20,000 etgron trajectories simulated, incidence
angle 0°)
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Figure 3.16 — Plot showing the total generated Al & X-ray intensity as a function of
accelerating voltage using different beam diameter0,000 electron trajectories simulated,
incidence angle 0°)

-194 -



Chapter 3 Experimental details

Depth of interaction volume (um)
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Figure 3.17 — Summary of the results of simulationsf the scale of the interaction volume
for different phases encountered in the present wér
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Figure 3.18 — Plots showing Gaussian functions fét curves for the O 1s core level measured
on an oxidized Al sample using two methods.
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Figure 3.19 — Residual plots and lag plots of the ©s core level XPS peak fittings for the two

different methods (a) and (b).
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Table 4.1 — Sample details of the stacked Al/AlI-5Csystem.

Sample code Holding temperature (°Q)  Holding tilme|( Cross section view

S0.5 750 0.5
Al-5Cu

S1 750 1
Al-5Cu

S6 750 6
Al-5Cu

S24 750 24
Al-5Cu

Table 4.2 — Sample details of the stacked Al/Al-2Mgystem.

Sample code

Holding temperature (°C

)

Holding tilme

( Cross section view

M-1

750

1

Al
Al-2Mg

M-6

750

Al
Al-2Mg

M-24

750

24

Al
Al-2Mg

Cross section

Top view

AVAl-5Cu

Al

:¢7 mm
= =

Al-5Cu 7 mm

Figure 4.1 — Diagram showing the geometric size aftypical stacked Al/Al-5Cu sample.
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gas

cylinder

——

air flush

Al

Thermocouple

Figure 4.2 — Diagram briefly showing the typical egerimental procedure in the stacking

approach.
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3mm

Figure 4.3 — Macrographs showing the cross sectiastructure of the stacked Al/Al-5Cu
samples before (left) and after (right) macroetchig (a) S-0.5 (b) S-1 (c) S-6 (d) S-24.
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Figure 4.4 — OM image showing the interface microsticture of the stacked Al/Al-5Cu
sampleS-0.5.
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Figure 4.5 — OM images showing the interface micrasicture of the stacked Al/AI-5Cu
sampleS-1.
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Figure 4.6 — Stitched panoramic view showing the tarface microstructure of the stacked
Al/Al-5Cu sample S-1, revealing the mixing of AlI-5Cu melt to the Al sieé through a crack
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Figure 4.7 — OM images showing the interface micrasicture of the stacked Al/Al-5Cu

sampleS-6.
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Figure 4.8 — Local stitched panoramic view showinghe interface microstructure of the
stacked Al/Al-5Cu sampleS-6 and the yellow arrow indicates the fracture of theoxide scale.

“G‘,’\\'L\, P /{I*”’;ﬁ'
5' ;‘fm'f-“a -?‘

Figure 4.9 — Local stitched panoramic view image slwing the interface microstructure of
the stacked Al/AlI-5Cu sampleS-24.
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SEI
Figure 4.10 — A pair of SE and BE images showing ¢hinterface microstructure of the
stacked sample5-6.

Figure 4.11 — A pair of SE (left) and BE (right) inages showing the entrapment of metal at
the interface of the stacked sampl&-6.
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Figure 4.12 (a) — BE image showing the EDX point atysis performed at the interface region
in the stacked samples-6.
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Ref Cula CuKa CuKpB
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Figure 4.12 (b) — Measured EDX spectra from the pasons shown in Figure 4.12 (a).
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Figure 4.12 (c) — Quantified weight percentage re#ts of the EDX spectra shown in Figure
4.12 (b).
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oxide layer (Al side) 111__&1’5

> “/ indirect

‘ oxide layer (Al-5Cu side)

oxide layer (Al side)
oxide layer (Al-5Cu side)

direct

Figure 4.13 — Diagram illustrating a possible indiect way of metallic mixing in the stacked
Al/Al-5Cu system.
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Figure 4.14 — A pair of SE (left) and BE (right) slowing the oxide crystalline phases observed
at the bond interface in the stacked sampl&-6

Figure 4.15 (a) — SE image showing the EDX analygierformed on the oxide phases at the
bond interface and the matrix.
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Figure 4.15 (b) — Measured EDX spectra from the pasons shown in Figure 4.15 (a).
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Figure 4.15 (c) — Quantified weight percentage re#ts of the EDX spectra shown in Figure
4.15 (b).
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SEI BEI

Figure 4.16 — A pair of SE and BE images showing ¢hoxide crystalline phases observed at
the bond interface in the stacked sampl&-24.

Figure 4.17 (a) — SE image showing the EDX analygierformed on the oxide phases at the
bond interface, Cu-rich intermetallic phase and thematrix in sample S-24. (P3 was not
successful because of some interruption during thexperiments...)
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Figure 4.17 (b) — Measured EDX spectra at the poistshown in Figure 4.17 (a). The
quantified EDX results in terms of atomic ratio areP1 - Algg 24 CUo 67 P2 - Algg 6:CUo.35 P4 -
Al202.04 P5 - CuAlssy;, P6 - CuAlziz P7 - AlO2 s
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Figure 4.18 — Two pairs of SE and BE images showirtlge oxide crystalline phases observed
at the bond interface in the stacked sampl&-24.

Figure 4.19 — Two pairs of SE and BE images showirtlge oxide crystalline phases observed
at the bond interface. Oxides have formed on bothhe Al and Al-5Cu sides of the stacked
sampleS-24.
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Figure 4.20 — A pair of SE and BE showing the presee of crystalline-like oxide phases at
the bond interface, Al and Al-5Cu are bonded throud the healing of the oxide films (sample
S-24).

Figure 4.21 (a) — SE image showing the EDX analysigerformed at the location of
crystalline-like oxide phases and on the Al-5Cu s&laway from the interface (sample&-24).
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Figure 4.21 (b) — Measured EDX spectra at the poistshown in Figure 4.21 (a) and the
quantified EDX results in terms of atomic ratio are P1 - AbO251, P2 - AbO1.3CuUop.04, P3 -
Al202.31, P4 - Abg.1CUo.8s P5 - Abg.74CU1.27.
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BEI

Figure 4.22 — A pair of SE and BE images showing ¢hpresence of crystalline-like oxide
phases at the bond interface and the bi-film layeiractured at the edge of the oxide (sample
S-24)

Figure 4.23 (a) — SE image showing the EDX point atysis performed at the interested
features (sampleS-24)
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Figure 4.23 (b) — Measured EDX spectra at the poistshown in Figure 4.23 (a). The
quantified EDX results in terms of atomic ratio are P1 - AlgggCuUo.15 P2 - AbO2.2¢ P3 -
Al20155 P4 - CuAbeg P5 - CuAb.s7.
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Figure 4.24 — Pairs of macrographs showing the cressection structure of the stacked Al-
5Cu/Al (a) and the stacked Al/AI-5Cu (b). Both of he stacks were held at 750°C for 1h.
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Figure 4.25 — Macrographs showing the outside appence of an Al slug before (left) and
after (right) melting and re-solidifying.

/ Time effect \

- Oxide scale
Diffusion failure
Al5Cy Crystallization

x ~ V2Dt

Figure 4.26 — Diagram showing the two main processeoccurring during the isothermal
holding stage in the stacking approach: diffusion auses the upward flow of Al-5Cu melt
through easy channels and the diffusion distance idime-dependent. Oxide phase
crystallization causes the failure of oxide scalena the protectiveness of théi-film barrier
layer is reduced as time goes by.
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SEI

Figure 4.27 — Two pairs of SE and BE images showirtge bond interface microstructure of
the stacked Al/Al-2Mg sampleM-1.
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Figure 4.28 — BE image at low magnification and agr of SE and BE images taken at high
magnification showing the rough interface morpholog observed in the stacked Al/Al-2Mg
sampleM-1.
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Figure 4.29 (a) — SE image showing the presenceoside-like particles at the bond interface
and EDX point analysis was performed.
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Figure 4.29 (b) — Measured EDX spectra and quantiéd results in terms of atomic ratio (P3
and P4) and weight ratio (P1 and P2).
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Figure 4.30 — A pair of SE and BE images showing ¢hbond interface morphology observed
in the stacked Al/Al-2Mg (sampleM-6).

Figure 4.31 — A pair of SE and BE images showing ¢hhealing of the bi-film layer at the
bond interface (sampleM-6).

Figure 4.32 — A pair of SE and BE images showing ¢hscattered oxide phases along the non-
planar bond interface (sampleM-6).
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Figure 4.33 (a) — SE image showing the scatteredid& phases along the non-planar bond

interface and EDX analysis was performed (sample N&).
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Figure 4.33 (b) — Measured EDX spectra (P1-P6 in ure 4.33 (a)) and the quantified results

in terms of atomic ratio.

-225-



Chapter 4 Stacking approach

Figure 4.34 — SE and BE images showing the fracturef the bi-film layer leading to the
direct metallic bonding between Al and Al-2Mg (samfe M-6).
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Figure 4.35 — Pairs of SE and BE images showing khi¢cker Mg-rich oxide layer on the Al-
2Mg side and the complete healing of the bi-film Mer in some places with the presence of
scattered oxide particles (sampl&1-24).
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Figure 4.36 — Pairs of SE and BE images showing tliacetted oxide particles at the bond
interface. The oxide layer consisting of facettedxide particles has a thickness of 2-gm
(sampleM-24).
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Figure 4.37 (a) — SE image showing the facetted Mip®4-like oxide crystals at the bond
interface and an MgAkOu-like layer on the Al-2Mg side. EDX point analysisvas performed
on these features (sampli-24).
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Figure 4.37 (b) — Measured EDX spectra 1-6 as shovim Figure 4.37 (a) and the quantified
results in terms of the atomic ratio, clearly sugggting the faceting oxide to be MgAIO4
(sampleM-24).
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Figure 4.38 (a) — SE and BE images showing the faieel MgAIl.Os-like oxide crystals at the
bond interface and an MgAbOs-like layer on the Al-2Mg side. The crystal was laélled to
possibly have an {111} low index plane. EDX pointralysis was also performed on these
features (sampleM-24).
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Figure 4.38 (b) — Measured EDX spectra 1-3 as showm Figure 4.38 (a) and the quantified
results in terms of the atomic ratio, clearly sugggting the faceting oxide to be MgAIO4. The
result is consistent (samplé/1-24).
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Figure 5.1 — Plot showing the free energy change asfunction of temperature for
Reactions A (black), B (red) and C (blue), given tt Xcy = 0.0215 (Al-5wt%Cu alloy).
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Figure 5.2 — 3D plot showing the free energy surfacprofile for Reactions A, B, C as a
function of mole fraction Xcy and T.
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Figure 5.3 — Stability diagram of the Al-Cu-Q system showing the dissociation pressure
as a function of temperature for AbO3 (black), CuO (blue) and CuO (red) whenXcy =
0.0215 (In the case of an Al-5Cu alloy). Dry air audition (dash dark yellow line) is
highlighted as a reference.
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Figure 5.4 — Stability diagram showing the dissoctan pressure as a function of Cu
mole fraction at the temperature 750°C. Dry air cowlition (dash dark yellow line) is
highlighted as a reference.
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Figure 5.5 — DSC curves of Al-5Cu and Al obtainedta heating rate of 40 C min™.
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Figure 5.6 — A pair of SE and BE images showing thieacture surface topography of

an as-cast Al-5Cu alloy
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CuAl,

Figure 5.7 — Diagram illustrating the crack prorogaion along the cell boundaries

5kV, 15mm F— 30 pm —

Figure 5.8 — SE Image showing the interconnected tveork of CuAl .. The intermetallic
phase was extracted by dissolving the Al matrix.
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Figure 5.9 — OM images showing the surface topogray of the as-cast Al-5Cu (a) slow
cooling at a rate of 40 K mint (b) fast cooling at a rate of 100 K mirt
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Figure 5.10 — Plots showing the DEKTAK surface rougness profiles on surfaces of
different samples (a) as polished Al (b) as polisdeAl and Al-5Cu (c) oxidized Al and
Al-5Cu — 750°C 1 h (d) oxidized Al and Al-5Cu — 73 6 h.
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Figure 5.11 — OM images showing the dendritic pattaing observed in as-cast Al-5Cu
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Figure 5.12 — OM images showing the surface oxidayler evolution during the hot-
stage OM experiment at different temperatures, purédl sample
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p—
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Figure 5.13 — OM images showing the surface oxidayler evolution during the hot-
stage OM experiment at different temperatures, Al-Eu sample

- 242 -



Chapter 5 The Al-Cu-@system

Pairs of SE and BE images showing tlexide layer morphology of an

Figure 5.14

1 h)

oxidized Al-5Cu sample (750C
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Figure 5.15 — A pair of SE and BE images showing ¢hoxide layer morphology of an
oxidized Al sample 750°C 12 h.

Figure 5.17 — A pair of SE and BE images showing ¢hoxide layer morphology of an
oxidized Al sample 750°C 48 h.
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Figure 5.18 — A pair of SE and BE images showing ¢hoxide layer morphology of an
oxidized Al sample 750°C 12 h
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Figure 5.19 — EDX analysis showing the chemistry dhe island-like crystalline oxide
agglomerates.
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Figure 5.20 — Pairs of SE and BE images showing theoss sectional view of the oxidized
Al sample 750°C 12 h

- 247 -



Chapter 5 The Al-Cu-@system

Figure 5.21 — A pair of SE (left) and BE (right) slewing the oxide layer morphology of
an oxidized Al-5Cu sample 750°C 12 h.

Lo e &
s

Figure 5.22 — A pair of SE (left) and BE (right) slowing the oxide layer morphology of
an oxidized Al-5Cu sample 750°C 24 h.

Figure 5.23 — A pair of SE (left) and BE (right) slowing the oxide layer morphology of
an oxidized AlI-5Cu sample 750°C 48 h.

- 248 -



Chapter 5 The Al-Cu-£system

Figure 5.24 — Pairs of SE and BE images indicating ledge growth mechanism of the
crystalline oxides.
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Figure 5.25 — Pairs of SE (left) and BE (right) imges showing the cross sectional view
of the oxidized Al-5Cu sample 750°C 12.h
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Figure 5.27 — OM images showing the dry side (a-land the wet side (c-d) morphology
of the oxide layer formed on an Al-5Cu sample oxidied at 950°C for 48 h.
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(b)
Figure 5.28 — SE images showing the dry side (a) &the wet side (b) morphology of

the oxide layer formed on an Al-5Cu sample oxidizedt 950°C for 48 h.
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Figure 5.29 — SE images showing morphology of th&ide layer formed on an Al sample
oxidized at 950°C for 48 h.
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Figure 5.30 — SEIl images showing the facetted ledgebserved at the oxide/air interface
and a 2D growth and twin re-entrant growth mechanisn are observed.
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Figure 5.31 — XRD traces of the oxides scraped frothe Al and Al-5Cu samples which

were oxidized at 950°C for 48 h.
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Table 5.1 - Sample details of XPS analysis in thiShapter

Sample Codes As polished 1 h oxidation 6 h oxidation 24 h oxidat

Al Al-AP Al-R1 Al-R6 Al-R24

Al-5Cu Al-5Cu-AP Al-5Cu-R1 Al-5Cu-R6 Al-5Cu-R24

(Arbitrary)

— Wide Al-AP (recleaned)
—— Wide Al-R1

—— Wide Al-R6

. —— Wide Al-R24

1 : ] v I A I 2 I A I 2 | J I

e —
1100 1000 900 800 700 600 500 400 300 200 100 0
Binding energy (eV)
Figure 5.32 — Wide scan XPS spectra acquired lI-AP, Al-R1, Al-R6, and Al-R24
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Figure 5.33 — Wide scan XPS spectra acquired in sgie Al-AP and Al-AP 1b (after

one bombardment experiment)
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Figure 5.34 — Wide scan XPS spectra acquired in sgie Al-R1 and Al-R1 1b (after one

bombardment experiment)

- 259 -



Chapter 5 The Al-Cu-£system

Arbitrary

| —— Wide AI-R6 2b
— Wide AI-R6 1b
—— Wide AI-R6

1 ! I ! I ' I ' I !
1000 800 600 400 200 0
Binding energy (eV)
Figure 5.35 — Wide scan XPS spectra acquired in sguie Al-R6, Al-R6 1b and 2b (after
two bombardment experiments).
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Figure 5.36 — Wide scan XPS spectra acquired iAl-5Cu-AP, Al-5Cu-R1, Al-5Cu-R6
and Al-5Cu-R24.
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Figure 5.37 — C 1s core levels acquired in all XPsamples.
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Figure 5.38 — O 1s core levels acquired in all XPsamples.
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Figure 5.39 — Al 2p core levels acquired in all XPSamples.
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Figure 5.40 — Kinetics curves of the oxidation of Rat different temperatures.
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Temperature (°C) y> = Al (parameter A) Adj. R-square

450 7.9501e-12 0.99493
550 2.5790e-11 0.91303
650 7.5001e-11 0.97281

Table 5.2 - Summarized fitting results for oxidatiomn kinetics studies of Al in the
temperature range 450-650°C.

22 T T T T T T T T T

93] i

InA

225 4 i

2%~ i

27 v T y T T | T T y | T T :
0.0009 0.0010 0.0011 0.0012 0.0013 0.0014 0.0015 0.0016

1T (K"

Figure 5.41 — Arrhenius plots of the oxidation kin&cs of Al in the temperature range
450-650°C.

- 264 -



Chapter 5 The Al-Cu-£system

Temperature (‘C) y= Al (parameter A)| Adj. R-square
750 2.6651e-7 0.99842
850 7.3982e-7 0.99921
950 6.7903e-6 0.99986

Table 5.3 - Summarized fitting results for oxidatiomn kinetics studies of Al in the
temperature range 750-950°C.
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Figure 5.42 —Arrhenius plots of the oxidation kineics of Al in the temperature range
750-950°C.
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Figure 5.43 —Kinetics curves of the oxidation of AbCu at different temperatures.
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Temperature ("C) y> = Al (parameter A) Adj. R-square
450 2.0192e-11 0.88373
550 9.0249e-11 0.89518
650 2.5933e-10 0.87646

Table 5.4 - Summarized fitting results for oxidatia kinetics studies of Al-5Cu in the
temperature range 450-650°C.

-22 -

-26 -

-28

I
0.0008 0.0010

0.0:312
1T (K")

I
0.0014 0.0016

Figure 5.44 — Arrhenius plots showing different advation energies in temperature
ranges 450-650°C.
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Temperature (°C) y= A0 (parameter A) Adj. R-square
750 5.4969e-7 0.99911
850 2.7095e-6 0.99983
950 8.5668e-6 0.99951

Table 5.5 - Summarized fitting results for oxidatio kinetics studies of Al-5Cu in the
temperature range 750-950°C.
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Figure 5.45 —Arrhenius plots showing different actration energies in temperature
ranges 750-950°C.
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Figure 5.46 — Al 2p core levels acquired in Al-APrad Al-5Cu-AP.
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Figure 5.47 — Diagram showing the defects reactianodel used to explain the effect of
doping with Cu.
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0.5 ym
—

Figure 5.48 — TEM image and diffraction patterns ofthe stripped oxide from Al (950
C, 48h).

1 pm

Figure 5.49 — TEM image and diffraction patterns ofthe stripped oxide from Al (950
C, 48h).
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Figure 6.1 — Plots showing the Mg chemical activitas a function of Mg mole fraction at
different temperatures. It clearly indicates that Equation 6.8 is only suitable for liquid Al-Mg
alloys. There is a slight negative deviation fromdeal behaviour in the temperature range 650-
950°C, especially for dilute liquid Al-Mg alloys. h the present work, in the case of solid Al-Mg
alloys (not higher than 650°C), the chemical actity of Mg is assumed equal to Mg.
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Figure 6.2 — Plot showing the Mg vapour pressure rfi terms of activity) as a function of

temperature.
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Figure 6.3 — Plot showing the Gibbs free energy chge profile of different oxides as a function

of Mg mole fraction at 25°C.
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Figure 6.4 — Plot showing the Gibbs free energy chge profile of different oxides as a function

of Mg mole fraction at 150°C.
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Figure 6.5 — Plot showing the Gibbs free energy chge profile of different oxides as a function

of Mg mole fraction at 250°C.
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Figure 6.6 — Plot showing the Gibbs free energy chge profile of different oxides as a function

of Mg mole fraction at 350°C.
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Figure 6.7 — Plot showing the Gibbs free energy chge profile of different oxides as a function

of Mg mole fraction at 450°C.
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Figure 6.8 — Plot showing the Gibbs free energy chge profile of different oxides as a function

of Mg mole fraction at 550°C.
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Figure 6.9 — Plot showing the Gibbs free energy chge profile of different oxides as a function
of Mg mole fraction at 650°C.
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Figure 6.10 — Plot showing the Gibbs free energy ahge profile of different oxides as a function
of Mg mole fraction at 750°C.
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Figure 6.11 — Plot showing the Gibbs free energy ahge profile of different oxides as a function
of Mg mole fraction at 850°C.
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Figure 6.12 — Plot showing the Gibbs free energy ahge profile of different oxides as a function
of Mg mole fraction at 950°C.
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Figure 6.13 — Plot showing the critical Mg mole fration (range: 0-1) Cug as a function of
temperature in the range of 25-950°C.
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Figure 6.14 — SE image showing the wrinkled morphoby of the oxide layer formed on an Al-
2Mg alloy (750°C, 1h, dry air).

Figure 6.15 — SE image showing the cauliflower-likexide bulges formed on an Al-2Mg alloy
(750°C, 1h, dry air).
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Figure 6.16 (a) — SE image showing the cauliflowdike oxide bulges consisting of fine
crystalline oxides
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Figure 6.16 (b) — Quantified EDX results and EDX sectra corresponding to Figure 6.16 (a)
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Figure 6.17 — (a) SE image showing the cauliflowdike oxide bulge consisting of fine crystalline
oxides and (b) EDX analysis (overleaf).
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Figure 6.17 (b) — Quantified EDX results and EDX sectra
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Figure 6.18 — SE image showing the cross sectiomabrphology of an oxidized Al-2Mg
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10pm
Figure 6.19 — Images showing the topography and mphology of the surface oxide layer on an
Al-0.2Mg sample (750°C, 1h, dry air) (a-c) SE imagél) BE image

10pm
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Figure 6.20
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Figure 6.22 — SE images showing the entrapment afide particles observed in an oxidized Al-
0.2Mg sample
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Figure 6.23 — EDX analysis on oxides and the expasmetal. (Al-0.2Mg, 1h, 750°C)
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Figure 6.24 — Four EDX area analysis on oxides artte exposed metal.
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1mm !

Figure 6.25 — SE image showing the topography andarphology of the surface oxide layer of
an Al-0.2Mg sample which was ground to 120 grit Si@aper prior to oxidation (75C¢° C 1h dry
air)

50um

Figure 6.26 — SE image showing the topography andarphology of the surface oxide layer of
an Al-0.2Mg sample which was ground to 120 grit Si@aper prior oxidation (750° C 1h dry air)
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Figure 6.27 — Diagram illustrating the effect of stface pre-treatment prior to oxidation
experiments.
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Figure 6.28 — SE image showing morphology of thdry side of the extracted oxide layer from
an oxidized Al-0.2Mg sample (750°C, 10 minutes aftekimming)
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Figure 6.29 (a) — SE image showing morphology ofélwet side of the extracted oxide layer from
an oxidized Al-0.2Mg sample (750C, 10 minutes after skimming).
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Figure 6.29 (b) — EDX spectra illustrating the chenstry of the extracted oxide, corresponding

to Figure 6.29 (a).
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Figure 6.30 — SE image showing the agglomeration bfgO nanoparticles to form clusters.
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Figure 6.31 — SE image showing the extracted oxitleyer formed on an Al-0.2Mg sample which
was held at 750°C for only 5 minutes after skimming

- 293 -



Chapter 6 The Al-Mg-@system

5kV, 15mm

dry side

wet side

SkV, 15mm

Figure 6.32 — SE images showing the extracted oxitdger formed on an Al-2Mg sample (750°C,
10 minutes after skimming)
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Figure 6.33 — Wide scan XPS spectra acquired usimdg K a X-ray source.
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Figure 6.34 — Wide scan XPS spectra acquired usidgd K e X-ray source.
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Figure 6.35 — The Al 2p core level spectra acquireflom the Al-2Mg-AP sample (left — Mg Ka
X-ray; right — Al K a X-ray)
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Figure 6.36 — The O 1s core level spectrum acquirdtbm different Al-2Mg samples (left — Mg
Ka X-ray; right — Al K a X-ray)
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Figure 6.37 — The Mg 2p core level spectrum acquidefrom different Al-2Mg samples (left —
Mg Ka X-ray; right — Al K a X-ray)

- 298 -



Chapter 6 The Al-Mg-@system

T T T T ; T d T Y T Y
2 | =———450°C ) _
3.0x10 PR Al-0.2Mg
s 2.5x107
£
[&]
o
E
=
4+
(@)]
=
Re
Q©
=
T T T - T 2 T LE T R T o
0 600 1200 1800 2400 3000 3600
Time (s)

T T T T T T T T T T T

| ——as0°c Al-2Mg

Weight gain (mg cm™)

J
3000 3600

T T

I ¥ T
1800 2400
Time (s)

1
0 600 1200

Figure 6.38 — Oxidation kinetics curves for Al-0.2My and Al-2Mg.
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Figure 6.39 — Arrhenius plots showing the linear stge oxidation rate as a function of
temperature.

Table 6.1 - Summarized fitting data for the Arrhenus plots show in Figure 6.39

Al-2Mg Al-0.2Mg
Temperature range  Activation . Activation
. Adj. R-
(°C) energy (kJ mot) J- Resquare
450-650

energy (kJ mol) Adj. R-square
85.4 0.99542 63.9
37.2

0.99156 53.5

750-950

0.99788
0.99618
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Figure 6.40 — Photograph showing that the walls @n alumina crucible were coated with MgO
powder after a pure Mg sample was oxidized at 750°or 1 h.
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Figure 6.41 — Plot indicating the conditions of oxyen partial pressure and temperature under
which the direct reaction and reduction reaction ae equally favourable (Red curve).
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Figure 6.42 — Diagram showing the non-protective gwth of MgO on Al-Mg alloys.
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Figure 6.43 — XRD results showing the presence obth MgO and MgAI2>O4 in oxidized Al-2Mg

and Al-0.2Mg.
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First Second
pouring pouring

Figure 7.1 — Diagram briefly showing thedouble-pouring approach.

Figure 7.2 — OM image showing the well-bonded intéace morphology of the double-poured
Al/AI-5Cu.

-304 -



Chapter 7 Double-pouring approach

70 T T T T T T T T
1 O Measured Cu 0
Gauss Fitted Curve 1 1.0+
60 : 4 |
-y < 0.8
) 50 2
il 2 Al-5Cu side
< 10 S oeq4 4S-otuswde A 4
S 1 cell - '
&gl % cell B
o i o 0.4+ i
Z centre centre =
S 204 g ]
§ : E 0.2 4
10—_ 1 ¢ 1 © Measured Cu
o 0.04 —— Fitted Curve s
L B S S AL L DS D B S L B B S B B B TS (LT T S VI N OO L O
40 -20 0 20 40 60 80 100 120 140 160 180 200 220 240 500 50 100 150 200 250 300 350 400
Distance (um) Relative distance to the line-scan starting point (zero) (um)

Figure 7.3 — BE image showing the well-bonded inteace morphology and EDX line scan
analysis was performed accordingly (highlighted byellow dash lines).

Table 7.1 Fitted results of the EDX line scan profe across the bond interface from the Al-
5Cu side to Al side.

Parameters Value Error
yo (%) 0.9855 0.0046
k 0.0591 0.0017
Xe (Um) 177.031 0.6965
Adj. R-square 0.99955
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Figure 7.4 — OM image (left) and BE image (right) lsowing the bumpy (wavy) un-bonded
bond interface observed in the double-poured Al/ABCu.
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Figure 7.5 — Pairs of SE (up) and BE (down) imageshowing the fracture surface
morphology on both Al-5Cu side and Al side, indicang the bi-film pocket was split into two
halves.
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Figure 7.6 — EDX spectra and quantified EDX result®f the scanned points shown in Figure
7.5
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Figure 7.7 — Diagram illustrating the bonding mechaism between Al and Al-5Cu using the
double-pouring approach.

$

Figure 7.8 — Diagram showing the stress concentratn around the bi-film defects at the
interface once subject to an external tensile forceThe diagram is obtained using the
software Abaqus Student Version 6.10.
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Al-5Cu Al-5Cu

20 mm

Figure 7.9 — Diagram and a macrograph illustratingthe induction stirring pattern generated
within the melt could help push the buoyanbi-film defects to the top surface region.
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Pressure

L)

Pressure

Figure 7.10 — Diagram illustrating that the appliedpressure during solidification could help
stitch the bi-film defects allowing more metallic londing.
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Chapter 7 Double-pouring approach

Thermocouple

Heating Unit

Mould

| Steel base plate

4+— System base

Figure 7.11 (a) — Diagram showing the set-up of th&queeze casting mould during the pre-
heating stage

f———————> Punchhead

Mould

Steel plate

Al-Cu

Al

Steel base plate

+—> System base

Figure 7.11 (b) — Diagram showing the set-up of thequeeze casting mould during the
solidification stage
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Chapter 7 Double-pouring approach

« Bond interface

Figure 7.12 — Macrograph showing the cross sectioof a squeeze casted Al-5Cu/Al bi-

metallic composite.
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Figure 7.13 — Stitched BE image showing the bondterface morphology of a squeeze cast
Al-5Cu/Al at the centre of the sample.
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Chapter 7 Double-pouring approach

Figure 7.14 — SE and BE images showing the bond @rface morphology of a squeeze casted
Al-5Cu/Al at positions close to the mould (edges).
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Chapter 7 Double-pouring approach

Aluminium can
— (T6-6082)

!

Y

NQX powders

(a) Before extrusion

Surface-Al 6082 alloy

Extrusion bond

interface NQX/6082

i
—
6082
alloy tail

(b) After extrusion

Figure 7.15 — Diagram showing the production of aAl-Fe-Ti-Nb nanoquasicrystalline alloy

extruded bar.
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Chapter 7 Double-pouring approach

.

| NQX alloy.

Figure 7.16 — BEI image showing the interface strdare of an extrusion bonded 6082/NQX

bi-metal.

Figure 7.17 — High mag BEI image showing the diffuesinterface morphology of an extrusion

bonded 6082/NQX bi-metal.
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Figure 7.18 (ei) — EDX line scan
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Figure 7.18 (b) — EDX quantified results showing tb composition profile across the bond

interface for different elements.
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Chapter 8 Conclusions and future devel opment

THERMODYNAMICS

o

Obtain Gibbs free energy of different oxide phases and calculate the stability diagram to predict the influence of
alloy compositions and oxygen partial pressure; Calculate the chemical activities of reactions species.

Calculate the chemical potential of each element and determine the segregation behavior of the element. Use
Gibbs theorem or Burton’s theory or McLean's theory;

Determine the segregation thermodynamics and evaporation kinetics of every component; Calculate the vapour
pressure of each component using Gibbs free energy functions or the clausius-clapeyron equation.

Research
Methodology

KINETICS

o

Calculate the diffusivity of each component to determine its diffusive properties in both metal and oxide.

Use TGA to obtain the weight gain against time curves during oxidation to investigate the oxide growth kinetics and
calculate the oxidation activation energies accordingly.

Calculate the PBR ratio to understand the possible stress situations and protectiveness of the oxide scale

Plot the system energy against reaction path curve to reveal the oxidation process kinetically

MICROSTRUCTURE

1

Use SEM /EDX to study the surface oxide film morphology and understand the effects of different parameters
(alloying compositions, temperature, time, solute partitioning during solidification, convection, etc). Perform cross
section SEM studies to characterize the metal/oxide interface microstructure .

Use diffraction study to identify the oxide crystal structure and compare the results obtamned from thermodynamics
studies and use XPS to reveal the chemical state of a component and identify the oxide at the top surface.

Stripping the oxide film from the metal substrate to allow a 3 dimensional characterization of the oxide scale.

Figure 8.1 — Recommended methodology for oxidatiostudies of a system.
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