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Abstract

Fusi onE cunigue Direg Chill §DCcontinuous casting process whereby two different
alloys can be cast simultaneously, producing a laminated aluminum iggugirically derived
operating ranges exist for FusiWheEfolavaghei ng o f
resultingingotsareof high quality Despite thispxide entrainment at the cecéad interface as
well as inconsistent clad alloy thickness have reduced product yields. The objective of this thesis
was to study the interface formation processFimsi onE casti ng, with sp
determining themechanisms at play. A more fundameniatlerstandingpf the process can
potentially lead to improvements in Fuskbningot yieldsand the ability to cast other alloy
combinations which are currently not ugednake Fusiofi ingots

Both experimentaland mathematical modellingethodologiesvere employed to examine
the Fusiof casting of AA3003core/AA4045clad ingots. Tests were cdocted using an
analog/immersion test systamesigned and buikt the University of WaterlooThe mmersion
tests providd a means teexaminewetting and bonding between dissimilar aluminum alloys
under closely controlled conditiongResults from thesanalog/immersion tests showed that the
AA3003 sample oxide was permeable and good wetting occurred with the AA4045 melt
provided an adequately inert atmosphere is maintained in the furnace during sample immersion
into the melt Also, the aldition of small amounts ofMg to the AA4045 melt was shown to
further facilitate the wetting and interface formation process.

In parallel,lab-scaleFusi onE casting plant trials were
Research and Technology Centre in Kingston, Ont&iimulations of thee experiments were
performed to determine the steastate conditions duringusiorE casting. Other observations

and measurements made duritige F u s i @astihg expements included: oxide motion



measurements, AA3003 surface charaz&tion, metallography of asast interfaces, and
mechanical testing of asast interfaces.

It was found that aring thelab-s c al e Fu s i o n BA404&cad susogssfully i al s
wets and creates a metallurgical and mechanically sound interface with 8893&ore shell .
Wetting of the interfaces facilitated by the oxide motion on the AA4045 sump and the AA3003
sump, providing clean contact between the AA4045 liquid sump and the AA3003 solid shell.
Although oxides are present on the AA3003 shell serféhey do not appear to be an intrinsic
barrier towetting andoond formation It is postulated thatetting andoond formation is a result
of discrete penetration of AA4045 liquid &A3003 oxide defect site®llowed bydissolution of
the underlying solid AA3003 by liquid AA4045 and subsequent bridging between discrete
penetration sitesWhile remelting of the AA3003 surface was not necessarybtain a sund
FusiorE castinterfacespot exudation on the AA3003 chill cast surfateing reheating and
partial remelting of the shell didnprove the wetting and bonding process as it pravide
macroscopic oxide defects along the chill cast surfheetolocal deformation and fracture of
the oxidethat facilitated penetration ahe AA4045 liquidthroughthe oxide and into the
underlying AA3003 solid shell

Based on the results of this study, it is recommended that further improvements in
Fusiod™ casting vyield and interface quality can be made by 1) reducing mold heat extraction
and cooling at the sided the ingot, 2) using a wiper blade in the AA4045 melt close to the
AA3003 interface to reduce AA4045 oxide incursion into the interface, 3) providing an inert gas
shield at the AA3003/AA4045 melt interface and 4) adding small amounts of Mg to the BA404

melt.
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Chapter 1

| ntroducti on

1.1 Aluminum cladding

The invention ofa laminated aluminum sheet metal has its roots in theAW3orce. Theidea
to develop a laminate aluminum sheet occurred irLt®e2 0 Guse,ofhighsstrength aluminum
(2xxx series) gained traction in the manufacture of wing skimse wereconcerns regarding
their susceptibility to integranular corrosion in seaater ewironments. Research #te
Aluminum Corporation of Americil-2] to alleviate this problem resulted in the invention of the
famous Alclad sheet metal. Alclatheet metal has a cofer interior) which consists of high
strength aluminum, which is metallurgically bonded to an alloy with higiosimn resistancat
the surface In the early patent literatuf@], the Alclad material was said to be made by casting
the core aluminum alloy against solid clad material and then using a combination of heat
treatment and rolling tlurtherimprove the bond between the two alloys. Modern production of
Alclad is done pedominately by roll bonding3-5]. The proess steps includdi) casting
separate rolling ingots for the core and clad alloys, (ii) scalping the faces of each ingot to create a
smooth rolling surface(iii) homogenizing each ingot, (iv) hot rolling each ingot, (v) cleaning
and surface preparatiari each ingot, (vi) coolling of the core and clad sheets to at leadd% 7
reduction to get a metalluially sound bond between the two alloysuc&essful roll bonding
requires meticulous preparation of the mating surfaces prior to rolling, Vidmidier adds to
process cost§6] . Si n c e manyother h&k2td forsaluminum clad products have
emerged.

An equally important class of aluminumad!| products arthe brazing sheet metal3]. A

brazing sheet consists of a low melting point aluminum alloy clad onto a formable and moderate
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strength aluminum core. These sheet metals are used in the fabrication of aluminuhmaparts
require brazing processes, such as an automobile radiator. The low melting poionatihesy
surfaceis an AFSi near eutectibrazing alloy, whereas the core alloy is typically a 3xxx series
alloy; however, various 5xxx, 6xxx, and 7xxx series allogs also be successfully brazed
together[8]. Again, roll bonding is the predominate route for fabricating brazing sheet stock.
Novelis Inc. recently developed and patented a uniguant of theDirect Chill (DC)
casting process whereby two different alloys can be cast simultaneously, producing a laminate
(or composite) aluminum ingot. This process, known as Fisicasting, offers some distinct
advantages over current aluminum clad sheet processing fBlutes
f The composite ingots producedowvto thingkuges i on E
alumi num oO0cl adé sheet wi t hout the meticul
reductions required in traditional rddbnding production of clad sheet
1 The process can potentially be used to cast composite billets (ingots withorosoneare

cross section), a product that cannot be made using standard roll bonding techniques

1 Since the core/clad metallurgical, oxiftee bond is formed during the ingot casting step,
a scalping step is saved on one side of each ingot, thus reducapgvwdume and

increasing overall process efficienagd yield

1.2 DC continuouscasting

Direct Chill casting(henceforth referred to as DC castingp @sting process that is commonly
used to produceolling or extrusioningots of various dimensiorfeom refined aluminum alloys

DC casting can be regarded as a mature technology, as its original invention and implementation

'Fusi onE casting i sHiadaldodndudtéemlamittd. of Novel i s

2
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in industry can be traceblackt o t h e[10418.3A stisematic of vertically oriented DC
casting is shown ifrigure1-1 [12]. In the DC casting process, liquid metal is poured into an
openended and wateshilled mould at a steady rate. During process start up, a dummy block is
positioned inside the bottom end of the mould to prevent molten metal from escaping. The
watercooledmould extracts heat from the molten aluminum and a solid shell forms around the
periphery of the mould, its thickness and strength growing with the progression of time. At a
predefined time after initial mould filling, the dummy block is withdrawn fréma mould at a
steady rate. As theolidifying ingot exits the bottom of the open ended mould, water is sprayed
directly onto its exterior surfaces. This direct water spray cooling results in large surface heat
fluxes, providing the majority of the confl required to completely solidify and cool the
emerging metal ingot; hence the namesake DEé&dt or DC casting. A lubricant is also added

to the inside surfaces of the mould to reduce mould wear; improve the surface finish of the ingot,
and to preveinthe solidifying ingot from sticking to the mouldQ].

Primary cooling is defined as the region where the metal is in close contact with thg casti
mould, whereas secondary cooling begins at the point where water sprays first impinge onto the
ingot. It is understood in DC casting that the secondary cooling removes the majority of the heat
from the solidifying and cooling ingot during casting. O& casting of Mg billets, for example,
the split between primary and secondary cooling has been reportdd #sté 9689%][13].

In a vertical confyuration, the length of the DC cast ingot is limited to the depth of the
casting pit into which the ingot is lowered upon withdrawn from the mould. Vertical DC cast
ingots can reach nine metres in length. Ingot cross sections can be square, rectaogigay,

and T-shaped, with sizes ranging from 0.0075 to?[ 18], depending on their final product use.
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1.3The FusionE casting process

The FusionE casting process is de[9cThebasid i n
principles of the process are described below. Starting with a generic DC casting mould (see
numbered item 12 irFigure 1-2), a mould dividing plate is inserted into the mould (see
items 14 and 14a). Thmould dividing plate is typically a wateicooled metal chillbar
(henceforththe dividing plate will be referred to as chill har)fhe role of this device is to
separatehe liquid metal input (feed) streams, shown as items 15 andFigurel-2. A design

specific starting block, item 17 (details not shown), effectively separates the two alloys at the
start of the casting process. To start the casting, the higher melting point alloy (based on liquidus
temperature) is pouradto the side of the casting mould which is exposed to the metabahill

and begins to solidify around its peripherit. should be noted that the chblar remains un
lubricated during castingAt a predefined time, the lower melting alloy is pounetb ithe other

side of the mould, and begins to solidify independently from the first alloy.
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Figurel-2i Schemati ¢ of a F u )ctadmdloycastprioitmapre afley) hi n e
core alloy casprior to clad alloy. Item 12Conventional DC casting mould; Item -1Birect

water spray; Item 14 and 14ilould dividing plate(or chill bar) Item 15 Core alloy feeding
nozzle; ltem 16 Clad alloy feeding nozzle; Item 1 DC casting dummy block/stanty block;

Item 18 Core alloy liquid sump; Item 20 and-23olid aluminum material; Item 2LClad alloy

liquid sump. Imagetaken fromreferencd9].
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A

In FusionE <casting, the alloy with the hi
contact with the metal chill bar, whereas the other alloy does not. As an exankeirei-2a,
the clad alloy has a higher liquidus temperature than the core alloy and hence the clad alloy
contacts the chill bar while the core alloy does not. The converse is true for the system shown in
Figure1-2b. Once the dummy block is withdrawn from the mould, the two streams gradually
come into contact with each other at a position just below the bottom of the chill bar. This is the
point where initial bonding of the two alloys begins. With the propercsefe of process
conditions, a sound oxieleee metallurgical bond is formed between the two alloys. The final
ingot is deemed a laminate, or composite, ingot.

Based on information provided in the patg®it and in subsequent studies related to the
process[14-16], it is evident that there are many dataed combinations which can be
successfully fabricated utilizing this proces$able 1-1 summarizes the various combinations
which have been presented tine literature. Of particular interest for this project are the
3xxx-core/dxxxclad ingots. Ingots of this type are used as starting stocktlier rolling of
clad-brazingsheet Commercially, Novelis produces clad material for brazing applications using
the FusiorE casting processln this combinationthe 3xxx series alloys have moderate styth
and formability, and make up the structural part of the-stekt. The 4xxx series alloysbeing
high in Si contentare low melting point alloyand are used as the cladhzingalloy. During
furnace brazingthe 4xxxclad alloy will melt and subsquently formthe brazed jointdetween

the 3xxx core sheets

g
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Table 1-1 i A summary of theFusiorE cast ingots successfully cast, as identifiedttir
literature[9], [14-16].

Core Clad Year Ingot Size Notes
AA3003 | AA4147 2005 9]
X904 composition (wt%): 0.74
X904 AA4147 2005 9] Mn, 0.55 Mg, 0.3 Cu, 0.17 Fe
690 mm x 1590 | 0.07 Si, and Al the balance
mm x 3m ingot. | 0303 Liquidi Solid range:
AA3L04 0303 20099 Sandwich 6606 59 e C
AA2124 | AA1200 20059] | structure.
0505 Liquidi Solid range:
AA6082 0505 20099] 660659 ¢ C:
AA6111 | AA1050 2005 9]
Sandwich
structure, each
AA6111 | AA3003 | 201q414] | clad layer was
10% of total ingot
thickness.
single sided clad X609 composition (wt%): 1.2 Si
AA3003 X609 2014014 0.5Cu, 0.4 N, 0.2 Mn, .02 Fe,
sheet.
and Al the balance
X900 composition (wt%): 1.5
X900 AA4045 | 200715 | Not listed Mn, 0.6 Cu, 0.2 Mg, 0.2 Mn, an
Al the balance
AA3003 | AA4147 | 200715] | Not listed
AA2124 | AA1200 | 200416
AA5754 | AA4045 | 200616] | Not listed
Al-6Mg | AA1200 | 200416]

*The element for this value of 0.17% was not indicated in the documentation, Fe was the

assumed element.

l4Bondi ng

and the

core/cl ad i

nterface in

Fusi o

To produce a qualitff u s i o n iBgotc thesirtterface between the two alloys must be free of

metallurgical defects such as porosity or oxide films.

during solidification must be minimized since the goal is to achieve an ingot havirdjstimaet

Furthermore, mixing of the two alloys

regions (inner and outer region) that vary in alloy composition. The structure of the resulting

metallurgical interface between the datad can also play an important role in the final

properties of the clad alloy. For example, precipitatenédion within the interlayer region of a
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3xxx/4xxx brazing sheet (finished product not ingot) has been shown to improwweted!
corrosion resistance bfazed products such as automotive heat exchafigérs

A schematic of the region of interest, i.e., the core/clad interface, is shown in
Figure1-3. In Figure1-3a , the FusionE casting apparatus |
core alloy is cast first and the clad alloy is cast second. The region circieéduire 1-3a has

been expanded iRigure 1-3b. This is the region of interest with respect to core/clad interface

formation.

Chill Bar

Oxides

CLAD CORE

Figurel-3i (a) Schematic of the FusionE casting pro
interface formation encircled in red. Image taken from referf3jcéb) Schematic of the initial A
region ofcontact betweethec or e and <c¢cl ad alloys in FusionE ¢
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According to the original patei®], the oxide film present on top of the celiquid metal
reservoir (or core sump) oherentat this stage. Presumabiiyjs pulled along the top surface
and down the outer edge of the solidifying shell of the core alloy. What happens to this oxide
layer afer it is exposed to the molten clad metal is unknown. The process is further complicated
by the reheating and possilsEmeling of the core alloy as it comes into contact with the molten
clad alloy. Similarly, there is an oxide film grown along the ¢aposed surface of the molten
clad metal. It is not stated in the original patent whether this oxide film moves towards the
exterior surface of the clad ingot or toward
casting process. The motion of theide film is expected to play an important role in the
bonding process. After initial contact between the two alloys is made, there is a finite period of
time which elapses before the two sides of the interface solidify.
To reiterate what is known abouheF u s i o n E procass ¢abersgmnmarized below:
i.  The core sump will have an oxide film that will be present on the solidifying shell
below the chill bar
ii.  The clad sump will likewise have an oxide film present on its surface
iii. F nal Fusi os Bavechals quality/dxidee ftee interfaces, with a strong

metallurgical bond between core and clad all®}s[14].

The major unknowswith regards tahe mechanism ofterface formatioi n Fusi onE
castingare

i. Where do the two oxide films go during Fu

il.  Whatphenomena/mechanisms arglaty to remove the oxides from the core and clad

at the first point of contact

10



Chapter 1Introduction

iii.  What are the process parameters that affect this mechanism, as well as what range of
parameters will facilitate the creation of the required ofide metallurgical bond at

the core/cladit er f ace during Fusi onE casting

From a commerciadtandpoint, thest se of Fusi onE casting has s

years. Of the numerous alloy combinations cast in the open literaturddbkel-1), only
3XXX/ 4X XX Fusi onE ingots have managed to be
feedstock to the manufacture of brazing sheet. Technical problems associated with the
widespead use of FusionE casting for clad al umin

i.  Slowercasting speeds

ii. Higherlabour requirementsuringF u s i oastikg

iii.  Loweryield due to product qualitynconsistencies

iv. Heat treatment and rolling of composite ingots.

Of the technial problems listed above, the problem of low yield is of relevance to this project.
Specifically, oxide entrainment near the core/clad interfd@ as well as inconsisterdlad
thicknesg19] in ascast ingotsvere mentioned during conversationghagenior technical staff

at Novelis. Althoughthese quality problems have been solved by developing empirical
operating ranges for the FusionE casting of
lack of knowledge and understanding about therface format on pr ocess i n Fusi
Thus, gaining knowledge about the interface formation process can lead to a general benefit as it
could help explain why empirically derived operating envelopes function satisfactorily.

Additionally, knowled@ about the interface formation process can be used to help define

operating envelopes for new FusionE casting a

11



Chapter 1Introduction

From an academic standpoint, the topic of
3xxx/4xxx composite ingots has receivedtl t | e st udy. 't should be n
casting process takes place in a stangsmdronmenti.e., in air, and the process is said to
produce a high quality metallurgical bond. In aluminum brazing for instance, joining of
aluminum alloyscannottypically be done in an air environme8],[20]. Hence, understanding
the interface formation process in FusionE ca
breakthroughs in other aluminum joining processes.

Therefore, the objective of this thesis was to study the interface formation process in
Fusi onE casting, with speci al emphasi sTheon det
thesisis intencedto deliver a more thorough understanding of the interface formation process for
Fusi onE casting of 3x XX/ 4x x xencleanypdefmedtirethei ng ot
patent[9]. The knowledge gained through this thesis stadyld potentiallylead toprocess
improvements n t he Fusi onE xcanpdsiiemgptsof 3 xxx/ 4Xx X

The foll owing chapter wi || review the Fusi
relevant to interface formation. Chapter 3 will outline the various experimental methods utilized
in this thesis. The main results of the thesislwbe presented and discussed throughout
Chapters 4 through 6. A short summary of the results and conclusions from the thesis are

presented in Chapter 7, along with suggestions for future work.

12



Chapter 2

Background

2.1 Core/Clad interface formation: t he Fusi onE casting patents

The premise of bond formation in FusionE cas

standard DC casting mould into two (or more) distseattions using a chill baandsimply pour
different alloys into eachsection during casting. With proper ctol of the processing
conditions; such as metal pouring temperature, metal level in the mould, casting speed, and water
flow in the mould and chilbar, a high quality ingot can be fabricated. Ideally, the bond should
be defect free, oxide free and wittinimal interalloy mixing, so as not to degrade the alloy core
and clad alloy compositions.
The requirements for obtaining quality bondstween the core and clad alloys during
Fusi onE casting wietheeorigina pateiftth The keyréqairenmentsrd i e d
i.  The first alloy should form a seffupporting surface before it comes into contact with the
second alloy
ii.  The temperature of therét alloy, at some point during contact with the second alloy (the
second alloy being either in a liquid or mushy state), should be at a temperature above its
solidus temperature
iii.  The temperature of the second alloy should be above its liquidus temg@endien it
initially contacts the first alloy (but may also be in a mushy state)
iv.  The liquid level of the second alloy should be kept 4 to 6 mm below the bottom edge of

thechill bar.

13



Chapter 2Background

Based on the information in the patent, t h
l i quidus temperature and should be cast firs:
temperature and is cast second. The patent authors also statesabatdanetallurgical bond
between the core and clad requires that the core alloy should contact the clad alloy while itis in a
semisolid state, or that it should be reheated to a sefid state upon contact with the clad
alloy. Furthermore, the cladl@y need not be completely liquid during initial contact with the
core alloy. In short, the patent suggests that there is a finite period cdrongpace invhich
the two alloys are in intimate contact with each othéh the condition that will resulin a
Aperfecto metall ur gi ca.l However dhe patht wever gpecifitaly t wo
addresses how these requirements lead to a soundfoeedenetallurgical bond between the
core and clad alloys, nor how these requirements manage to édiralhavidence of preexisting
oxides at the core/clad interface.

From our knowledge of the aluminum brazing proc¢8 one expects that the
requirenent for both alloys to be in a sesolid state is not a hanegtquirement for metallurgical
bonding to take place. Typical brazing of a clad sheet, e.g., AA3003 alloy clad with AA4045, to
an unclad sheet, e.g., AA3003 alloy, is done at a temperature thedosolidus temperature of
AA3003. The low melting point alloyonds with theunclad alloy but special care must be
taken to insure conditions are amenabl@éaetration or removal of the preexisting oxide film
on the core surface in order to facilgatetting and bondormation. Ametallurgical bond is
achieved between the two parts given adequate time at high temperature.

The role of surface oxides in the FuisionE ¢
the original patent9]. Init, the authors acknowledge that an oxide film may be present on the

sur f ace alfoy; hotvever,dhkyi go anttodhypothesize that its presence etpycbntain

14
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core metal from flowing/mixing with the clad metal during casting. In another section in the
patent, they suggest that i f the metal l evel
the bottom of the metal chilar (i.e., dividing wall), that this may prevent oxides formed on the
surface of the O6second6 al | oy Likewisemndiokoiwopg ent r
patent to the oIlifgitisrsaghestéduhstiswfacg oxiges may e deleterious
to obtaining a good interface during casting. As such, this patent describes a system where an
6o0x-$ liemmer 6 or 6 withp éop durfacesof tipel liqud engtal sumps, in close
proximity to the chill bar. The role of this oxig&immer is to prevent entrainment of relatively
thick oxides at the core/clad interface. The entrainment of thick oxides at the interface are said
to cause problems with adhesion between the core and clay alloys, which can lead to the
formation of ©blisters at the interface during
well as core/clad separation during rolling operations. It should alsmted that this patent
only claims to reduce the amount of oxide being entrained at the interface; it does not claim to
eliminateoxides totally from the system

Examples of the metall urgical Dbonds obtaine
in the patent[9] . I n a Fusi onE i Mg @dre andoanpABisclad] o f a
plumes/exudations of intermetallic composition of thevil alloy werefound to extend up to a
distance of 100 um into the neighbouring-%il clad metal. Intermetallic particles with a size
less than 20 um were also found near the interfécehis specific case, the Alln alloy was in
a semisolid state when it first caacted the AlSi clad alloy. The patent authors suggest this
was a requirement for good bond formatiofhe figurecitedin the patentisevidence for tls
specific claim is howeverunclear and does not justify the claim in the opinion of the present

author Whenthis same alloy combination wésu s i castEuch that the An alloy was
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5 eC below its sol i dibsclap metah a poordond was samdotben g t
observed The figure citedo support this clainshows a clear delineatidoetween the two alloys

at the interface. This suggests, based solely on visual observation, that the resulting bond quality
was poor. Again, thevidence presenteith the patent does not convincingly show that the
requirements, stated in the patentddisted as points (i) through (iv) above), are actually
necessary for obtaining metallurgically sound bonds between the core and clad calioyg

A

FusionE. casting

22Fusi onE casting research in the I|literature

To date, there has been little research prteskin the literature regarding the Fudtoprocess.
Baseriniaet al. [21] developed a thermdluid model of a lab scale Fusi&n casting machine
and validation of the model was provided22]. Furthermore, analysis of the AA3003/AA4045
(core/clad) FusioB cast interfaces ifi22] suggest that core reheating may not be required for
obtaining a visually acceptable bond between the core and clad alloys during casting.
Metallurgically sound nterfaces between AA3003/AA4045 were observed in regions where
thermofluid model predictiasuggestd no AA3003 shell reheating as a result of contact with
AA4045 liquid. The agast interfaces appeared similar to dissolution interfaces seen by
Craigheadet al. [23]; however no detailed process regarding interface formation between the
AA3003 core alloy and the AA4045 clad alloy was given as it wasidri of the scope of the
paper. Additionally, interface quality was judged by visual interpretation alone, and on samples
which had been prepared for optical microscopy, i.e., a relatively small fraction of the total area
of interface between the AA30@8dre and AA4045 clad alloy.

Lloyd et al.[14] studied the deformation of <c¢lad al

casting. Compound tensile test coupons were fabricated such that the tensile axis was
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perpendicular to the interfaceafn AA3 003/ X609 F u ssampledailed imtheo t . T
softer AA3003 alloy, indicating metallurgically sound and defes¢ interfaces; however,

ascast samples were not included in the test. The three conditions that were tested in the study

by Lloyd et al.[14] were: (i) asrolled, (ii) rolled and tempered (to a T4 condition), and (ii) rolled

and artificially agd at 453 K (180 °C). Thus, alhgots had undergone some form of rolling
reduction prior to mechanical testing. As such, minimal inference as to the origicastas

interface quality can be made frahe study of Lloycet al.[14].

With respect to thenechanisms atplayinnt er f ace f or mati on dur i ng¢
such studies exist in the literatureHowever, a& the process involves the interaction and
subsequent bonding of two aluminum alloys at high temperatures, the subj8okle$s
aluminum joining isclosely related ancelevantt o i nt er face formati on du

This will be discussed in éhproceeding section.

2.3 Joining of aluminum at high temperatures: the oxide problem
Il n the FusionE casting pr oces Figuretl-B) é attadigh sur f a
temperature and is exposed to the atmosphere.
higher than the melting point of the respective alloy being cast. At these temgeratu
(650-700 eC) , al umi ntoforma thimAd,Ozloxide finx iThk igvethsofsuch
oxide filmscani mpede the formation of a metallurgica
In general, surface oxide growth in any alumintoraluminum system to be joined at high
temperature, can degrade final bond qualitizis is due to thgeneral understanding thal,Os:

i.  Has a very high melting temperature of ab2Wt0 0 [24 &nd is essentially insoluble

in aluminum[25] at processing temperatures (~50®@ 0 . ¢ C)

ii.  Forms on clean aluminum sades extremely rapidly
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iii. Is not wetted by aluminum ansla barrier to aluminum bond formation@bcessing

temperatureand pressureassociated with aluminum casting

Unlessthe Al,O3 surface filmis removed, e.g.through the use of a reducing agentch as

KF-AlF3 flux [8], bonding will likely not occur in the presence of such oxidése physical

properties of AlOs;, as well as its rate of foration, and its chemical stability are all relevant to

t he topic of interface f ormat i ae discussed Fnu s i o n |

the next three sections

2.3.1Formation of Al,O3

A review of aluminum oxidation in the solid state is given by Wef26. In the presence of
oxygen or dry air, aluminum will oxidize according to the following reaction:
2AI+15QA AlO; (2-1)

This reaction is very exothermic with a release-1875.7 kJ/mol of AlOs [27]. At room
temperature, the reaction afclean aluminum surface will reach a limiting thickness of about
2-4 nm within hourd24]. This initial oxide forms as an amorphous, continuous, and adherent
film.

The equilibrium phase diagram for the binary@lkystem is shown iRigure2-1[25]. As
shown in the figure, the only stable oxide in theQ\l s y s t-&l#@3, ¢cosimobly referred to
as corundum. It should be noted that during high temperature oxidation of aluminum, metastable
forms of ALO3; grow, a n d-AlJDp tThe lhelting point of AlO; is listed as 2054 °C by
Wriedt[25]. Thus, the oxides which forent he t op sur face of the | iqgt
are indeed solid films. Examination of the phase diagram&ivby Wried{25] suggests that Al
and O, for temperatures close to 660 °C, over the full ceitipoal range of O, form a two

phase mixture of Al andl,0Os3. Furthermore, the solubility of O in Al is extremely low, listed as
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2.9 x 10° at% O in liquid aluminum at 660.5 °CAs such, any appreciable amount of O

introduced into Al should principally result in the formation 0$@d, and vice versa thatl#Os

should be thermodynamically stable when brought into contact with liquidiAdse solid films,

if entrained at the interface during the
seriously impede interface formation.
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Figure 2-1 i Equilibrium phase diagram for the -& binary system.

Wriedt[25].

Atomic Percent Oxygen

Image taken from

It is worth noting that theasseswment of the Al-O binary systemby Wriedt [25],

specifically the solubility of O in liquid Al, may not be valid and may indeedan under

estimate. Wriedf25 concluded that oxygen solubility measurements in liquid aluminum from

the literature at the time were invalid due ¢éxperimental difficulties (hence errors) associated

Fusi

with these measurements and inadequate documentation within the original sources. The author

adopted the following solubility for oxygen in liquid aluminum at 660.5 °C, 2.9 %&t@ O.

This is a calculated value given @tsuka and Kozuk§28]. The value was derived using an
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empirical model to extrapolate measured solybiliata from other metd systems. As this
value is extremely lowijt is commony assumedthat ALOs is virtually insoluble in liquid
aluminum. The value for oxygen solubility in liquid Al has, however, been challenged in a
subsequent pap€?9]. A critical assessment of the-&l system, by Tayloet al.[29], suggests

that the solubility value adopted by Wrid@5] may be unreasonably low. In their assessment,
the solubility of oxygen in aminum at 660.5 °C is given as 7.0515 x°1% O. This value,

also a calculated value, is based on a set of empirical correlations developed by 3{zreor
comparison, the solubility of hydrogen in liquid aluminum at 660.5 °C is 1.16"at% H[31].
Hence, the often assumed notion that the solubility of O in liquid Al is zero may not be correct.
The converse of this is: when8l; is brought in contact with liquid Al that is unsaturated with
respect to O, some AD; dissociation may be thermodynamally plausible. There is an
important point worth making, that the commonly held notion thaAls stable with respect to
molten Alis not entirely true. IfAl,O3 is brought into contact withiquid aluminumthat is
un-satuated with respect to Ohén thermodynamically speakingl,Os; may not be stable and
some dissociation may be expected. With resp

is worth noting as a possible mechanitat aids thigormation.

2.3.2Kinetics of aluminum oxidation

From a thermodynamic and physical standpoint, there is a basis (explained above) for which
Al,0O3can be thought of as an impediment to interface formation. The next logical question is
regards to the kinetics of AD; formation If Al, Oz formation on Al surfaces is sufficiently
rapid, then the likelihood of having oxidie Al surfaces prior to bonding is low. As such,
interface formation in FusionE casting wil!/|

the surface oxides.
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Oxidation kinetic studies have been performed over a wide range of conditions. With
respect to temperature, studies have been performed at ambient tempg&B2jueselevated
temperatures andith specfic focus on initial oxidation of clean aluminum surfa¢d3-35]; at
elevated temperaturebut below melting[36-40]; and above the melting point of aluminum
[41-46].

Initial oxidation of clean aluminum surfaces

Stucki et al. [33] used Auger Electron Spectroscopy(AES) and Electron Energy Loss
SpectroscopyfEELS)to study the initial stages of oxidation of aluminumpoth the solid and
liquid state. In their roomtemperature testthe first detectable trasef chemisorbed oxygen on
the aluminunsolid surfacewerefound after 20 Bngmuirexposuré and ALOs; formation begn
after 100 Langmuiroxygen exposureAt 700 °C i.e, in the liquid statethese values inease to
1000 and 300@angmuiroxygen exposuteaespectively. The authors suggest that at 700 °C,
oxygen incorporates itself directly into the liquid arnderefore longer exposure times are
required to form a closed surface oxide.

Jeurgenset al. [34] used xray photoelectron spectroscopy to study initial oxidation of
single crystalline aluminum, over the temperature range o6000°C. Usingan oxygen partial
pressure of 1.33 x 10Pa, theyfound that 200, 500, and 75Dangmuir oxygen exposurés
required to form a closed oxide at 300, 400, and 500H€re, the authors define a closed oxide
surface to be the point at which tA&® surface fasmon signal disappears from the Al 2p XPS

spectra, meaninthatall Al atomsat the surfacarein a AP*

state, and therefore oxidizethe
increase in exposure with temperature is attributed to the oxide growth characteristics which they

also examinedusing high resolution electron microscopyhey clained the aluminum oxide

2 The Langmuir (L) is a unit of exposure (to a gas). 1L = (1% T@r)x(1 second)
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initially growsvia anisland-by-layer growth mechanismand that any increase in oxide growth
temperature also increases the oxygen mobility on the aluminum surfiatndby-layer
growth is a surface growth mechanism where chemisorbed oxygen laterally diffusethe
surfacetowards oxide nuclei on the surface of the aluminum. Tisémadsor oxide nuclei grow

in size until they coalesce and form a continuousl®Xayeron the original metal surfaceThe

lateral mobility of oxygen on the aluminum surfaceaistrong function of temperature, with
higher temperatures allowingxygen to migrate to islands with greater ease. Indeed, they
observed both a decreasetlre island density as well as an increase in overall island size with
temperature.

Aluminum oxidation rates betwe&00-400e C

Jeurgenset al. [35 continued tostudy the kinetics of initial oxidation within a similar
temperature range as their previous stigff. Below 300 °C, they found oxide film growth to

be selflimiting. Furthermore, they found this limiting thickness to increase with oxidation
temperature, withthe limiting oxide thicknessesneasured to b®.50.9 nm for oxdation
temperatures 16800 °C. At oxi dati on temperatures O0-400
limiting. The growth kinetics at these elevated temperatures included an initial fast regime,
which was more prolonged in comparison to the low temperkineécs, in addition to a second
stage of slower but continuing oxide growth. eTbbserved growth kinetics in theecond
growth regme was very nearly parabolic, indicagithat oxidation is likely ratémited by solid

state diffusion of ions throughé oxide film,ap er Wagner 0s [4/xi dati on t

It is worth noting that the studies mentioned ab[8&35] were all done with a reduced

oxygen partial pressure atmosphere. This is to be expected, as the main focus of study in those
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papers was initial oxidation, and using a reduced partial pressure should decreaseate® G|
oxidation thereby facilitaing observations angheasurements @hanges in oxidation rate
Aluminum oxidation rates between 46602 C
Beyond400-4 5 O, the Gxidation kinetics becomes more compléxgeneral understanding of
what occurs is given as follojg4. Bet ween 400 and 450 eC, oxidat
certain pointin time; however, the oxidation kinetics changes to a linear rate law. The change to
linear knetics suggests an open pathway exists between the oxidizing species and the aluminum
met al . These 6édopen pathwaysd are |ikely a r.
amorphous aluming26]. As cr yAOsabkdinitotfans and dgrow at the metal/oxide
interface, the strain generated by these newly formed crystallites and the changes in specific
volume of the oxide generategh diffusion rate pathways the underlying amorphous film.
Thus, diffusion through the oxide film no longer becomes the rate defining step in the oxidation
kinetics.

After another period of exposure, the linear kinetics changes again teliaeamate law.
As the lateral growth of the crystallites creates a goastinuous layer of crystalline #Ds
along the aluminum surface, the species transport to the metal/oxide interface becomes retarded
once again by the need for sesithte diffusion ttwugh the crystalline oxide layeAbove
450 ecC, the kinetics is |l ess consistently ref
phenomenon, as described above, provides a good first example sdlithstate oxidation
process.

One of the fist attempts to measure aluminwalid-stateoxidation kineticswith oxygen
partial pressures close to ambient conditions wwa&947 by Gulbransen and Wysofi8g.

Using avacuummicrobalance coupled with tubefurnace, they measured isothermal weight
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gain of 99.085 wt% aminumsamples over the temperature range-350 °C, in 10132 Pa of
dry oxygen. Using these measured weight gains, they could then calculate the isothermal
oxidation rate of aluminum at the experimental temperature of interest. They fitted these
measured oxidation rates to parabolic kinetics, @tdilated parabolic rate constants fawo
samples, from 35@50 °C, notingadeviation from parabolic kineticst about 450 °C and abave
Of the four samples they tested, there appeared to be significant gareptaple variability. In
tests performed at 500 °C for instance, theasa factor of 6 difference in weight gain between
the samples with lowest and highest weight gaifke authors notethatthe manner of ingot
preparation and chemical treatments used during rolling of the ingots to finalvgasigleemost
likely reason for ampleto-sample variation ithe measured solistateoxidationrate

In a subsequent stugdysmeltze{37] measuredand tabulatedxidation kineticsof super
pure aluminum in the temperature range-800 O , whil€ usinga vacuum microbalance to
measurghe weight gains ohis samples.Samples were oxidized in an atmosphere of 10,132 Pa
of dry oxygen. Smeltzer found that the high temperataxedation rate could be split intbree
distinct parabolic type phases. The first phaskiclvextends over the first 20 minutes of
oxidation,wasbestfit to parabolic oxidation kineticsThe second phase, from 20 to 80 minutes,
was fit to a differenset of parabolic rate constants. The phase, occurring after about 80 minutes,
deviated negatively from parabolic kineticalthough the author fithe experimentally obtained
oxidation weight gain data to parabolic kinetics, Smel{83 stated the Isortfalls of such
measurements and fitting procedurgy they do not aid in elucidating the mechanism of the
high temperature oxidation of aluminun(i) the concept of diffusiowontrolled parabolic
oxidation does notaccountfor variations in crystalline structure of the oxide filiii) the

assumption thabxidation rate constants can be determined from finite linear sections of the
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parabolic law pla may not be adequate, and (iv) the assumption that the numerically fitted
parabolic rate constantdey the Arrhenius relatiomay not be adequate in light of the fact that
crystallization of oxide is occurrinduring high temperature oxidation

In a seres of related studies, Beekal.[38] and Brock and Prydi39] useda combination
of weight gain studies, electron micropgo and electron opacity measurements to study the
oxidation kinetics with more precisiogain, samples were oxidized in an atmosphere of
10,132 Pa of dry oxygenThe culmination of the work is a kinetic equation for weight gain,
which includes: initall amorphous ADs;gr owt h, nucl eati on &RlkG, gr owt
and continued growth of amorphous,®4 in between and abouée crystalline regions. The
final equation$ a summation of the three growth proce$868s As it is complex, many authors
continue to use the assumption of parabolic oxidation growth kinetics when performing
oxidation calculations.

In 2000, Tenfhr i o an[40 obtaned wewmist ayain data for the first hour of
oxidation of AA3004 and AA5182, two alloys used ibeveragecan fabrication They
concluded thatoxidation of AA3004 (which includes ~ 1 wt% Mg) is parabolic in the
temperature range 4505 0 . &eSts on AA3004 were conducted in the presence of: air
(21,275 Pa oxygenAr +5% G (5,066 Pa oxygenAr +1% G (1,013 Pa oxygenand CQ. A
7-fold decease in weight gain (with respect to tests performed in air) was observed when
oxidation was conducted in GOwhile the Ar +1% @ mixture provided ai-fold decrease in
weight gain. The parabolic oxidation const[dthwese t abul
given for the tests performed in air (21,275 Pa oxygen) only.

A compilation of tabulated parabolic oxidation kinetics data available in the literature,

[36-40], as a function of oxidation temperatusegiven inFigure2-2. They-axisin the figure
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ko, is the parabolic weight gain constant. The unit&,aare (g-crif)®>s’. Expressed in these
units, k, can be used to calculate the weight gain per unit areaf a sample as a function of
time, t, using Equatior?-2. Assuming an adequate value foe toxide density, the weight gain

can be converted to approximate oxide thickness.

0 Vo wéEi o (2-2)
AAI - [36] OAA3004 -[40]
X Al - [37] +AA5182 -[40]
O Al - [38]
T(AC)
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Figure2-21 Parabolic aluminum oxidation rate data reported in the literature.

FromFigure2-2, thereappearso be general agreement in the trend of dath v@spect to
temperature. The values kf from Gulbransen and Wysor{§6], Smeltzer[37] , and Tenhr
and Espinos§40], for AA3004, are somewhat close in magnitude; despite the fact that the data
from Tenhr i @40 & ifram ak all@yicontaisirg wt% Mg and was performed using
a higher oxygen partial pressure. There a noticeable increase in oxidation rate for AA5182, an

alloy which contains considerable Mg. Finally, the parabolic growth rat&a drom
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Beck et al.[38], is considerably lower. It should be noted htvatthe parabolic growth rates
from all other authorsvere derived withoutany attempt tasolate the simultaneous growth of
amorphous and crystalline &; at high temperatures. The parabolic growth rate tabulated by
Beck et al. [38] is specific to amorphous oxide growth only, hence it makes sense that it is
considerab}t lower, since oxide crystalline oxide growth is not accounted for in this valke of
Liquid duminum oxidation rates
Il ni ti al aluminum oxide formation and growth
surface of the liquid metal sumps of both the core and clad al$®es-igure 1-3). Hence,
oxidation kinetics of aluminum in the liquid stateabout 660 °C,s relevant to interface
formationi n t he Fusi onE casting process
Drouzy and Mascrg41] have reviewed the available literature on oxidation igfiid

nonferrous alloys. Within the section regarding liquid aluminum alloys, the workiete [42]
is summarized from the original German text. Thipld] measured the effect of alloying
el ements on the oxidation of aluminum at 700
of 900 nm thick after a 1 hour exmahgkufore t i me
exposure at 808 C . At 7 01y elen@@nts He,&Zn, €U, Bep S, iand Mn had little effect
on the oxidatiomates while Mg, Na, Ca, and Se noticeably increased the extent of oxidation. At
8 0 0, tleeGilloying elements Zn, Mn, Si, and Fe slightly increased the weight gain after
exposureimes of more than 20 hrs. For times less than 1 ieuiound thathe extenta which
these alloying elements affect oxidation cannot be clearly deciphered from the published results.

No tabulatedoxidation growthrate data cold be found for liquid aluminum, with the

exception of the dat a g i[40ldonAABOO4abdyAASI&EZN Hr i o and
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2.3.3Mechanisms of wetting ad joining of aluminum at high temperature

I n the FusionE casting process, if the surfac
with the liquid clad alloy is oxidize¢(seeFigure 1-3), conventional knowledge suggests that the

oxide is not wetted bthe liquidaluminum and is chemically stable for practical oxygen partial
pressures and at processing temperatures assosigtteeluminum casting.In the next section

the common misconception that wetting does not occur between aluminum oxide and liquid
aluminumwill be discussed

Wetting of aluminum oxide by liquid aluminum

Macroscopically, the oxidation of liquid alumimuhas caused many problems over the years for
researchers wishing to measuhe contact angle or surface tension of pure liquid aluminum
[48-52]. The growth of aluminum oxide on the liquid surface of aluminum changes the surface
conditions of the liquid aluminum, thereby affecting the liquid surface terigi§nand the
contact angle the liquid aluminum makes with solid surffd€s

Gourmiri and Joud48] conducted sessile drop measurements on liquid aluminum drops
while simultaneously making surface composition measun&neising Auger Electron
Spectroscopy. They found droplets of liquid aluminum that were clean of oxygen had surface
tensions which were 180% higher than surfaces with oxygen coverage (i.e., oxide films).

Molina et al [49] measured the contact angle between molten aluminum and an alumina
substrate during continuous heating tests in a vacuum‘abl® x 10° Pa, using the sessile drop
method. Beow 850 eC, the contact angle between |
than 90°, with a peak value of 140° at close to 750°C. Above this temperature, continuous
de-oxidation of the oxidized surfaces was said to occur, resulting in a continuous decline in

contact angle withincreasingt e mper at ur e. At 1000 eC, cont a
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achieved. Also using the sessile drop technique, Lagteak [50] measured the steadyate
contact angles formed between single crystal alumina and liquid aluminum as a function of
temperature. Under a vacuum of 4& Pa (measured oxygen partial pressure 6f H») the
steadystate contact angle was reportedl@8° +f 6° at 660 °C. Using aelean droptechnique,
whereby fresh liquid metal is forced out of a syringe while under high vacuum and utilizing an
oxygen getter within the furnace, Wang and /1] measured the contact angle between molten
aluminum and single crystalline alumina. Using this technithey; measured a contact angle of

90° at 700°C, for short exposure times. For exposure times greatet(®dn their measured
contact angles match those of Laureinal, i.e., 105°.

Clearly, the measurement of surface properties of liquid aluminuat ia trivial task, and
is heavily influenced by the presence of oxygen in the system. A concise review on contact
angle measurements found in the literature is given inéBad. [52]. Due tothe difficulties
associated with these contact angle/surface tension measurements, there is a misconception in
engineering mactice that liquid aluminum does negtits oxide. For instance, the value of 140°
at 750°C given if49] suggesting the system is nametting. However, as shown by Wang and
Wu [51], the real contact angle between clean aluminum liquid and alumina is much lower,
about 90°, suggesting a good degree of wetting.

Thus, if clean/uroxidized aluminum ligqud comes into contact with aluminum oxide,
wetting is achievable. If the liquid aluminum surface which comes into contact with aluminum
oxide is itself oxidized, then wetting is unlikely to occuAgain this suggests that in the
Fusi onE c as heifate@f thesurtaceeosides whith form on the liquid core and clad

sumps(seeFigurel-3), are critical to the interface formation process.
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Assuming that a condition can be achieved whereby cleaigized liquid aluminum
can be brought into contact with an oxidized solid aluminum surface, the liquid shouldewet th
oxidized aluminum solidurface. However; the oxide present on the solichelum surface still
poses a barrier to joining/bonding of the liquid and solid aluminudractical methods to
undermine this oxide and promote bonding exist in the literatdrkese processes can be
classified into two types; those which require the afsituxes and those which do ni@. Two
particular methods will beeviewed, as they may provide insight into determining the interface
formatonme hani sms i n t he F u}joining Ba physisat peretgatiop ofo c e s s

surface oxides and (ii) joiningy chemical reduction of surface oxides.

2.3.3.1Aluminum joining mechanism I: penetration through the surface oxide

Early work by Wall and Milnef53] pertaining to thevetting and spreading of liquid metals on
various metal substrates at elevated temperatsuggestdthat bonding between a liquid metal

and its substrate will not occur if both surfaces (liquid and solid) are oxidideskever they

found that significant substrate dissolution (or erosion) took place when they initiated penetration
of the oxides via a méanical pirprick. Based on these observatiorgy propose a model of
penetration, spreading, and erosion of a solid substrate by liquid metal, keljgines the
presence of oxide defects (mechanically induced in this case). Depending on the dollowin
factors: temperature, solubility of the liquid metal with respect to the metal substrate, and
interaction time, the shape of the ligtgdlid interface changesWall and Milner[53] describe

two qualitatively different liquiesolid interfaces, which are schematically depictedigure2-3.

When the solubility of thesubstratealloy in theliquid alloy was high a high temperaturevas

used and the liquid was exposed to the solid substrate for a long period of time, the final

interface appeared as that depictedrigure 2-3a. Here, extensive chemical dissolution of the
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substrate by the liquid alloy takes place. Since penetration of the oxide is from a discrete point,
and the final interface issemtsphericalin shape, the dissolution process can be said to be

diffusion limited.

<—Al03 501 (@)

sub-oxide spreading

Al substrate.q

substrate dissolution

<—Al,03 ¢0iid (b)

sub-oxide spreading
Al substrate,q

Figure 2-3 1 Qualitative spreading types described by Wall and Mil&. (a) Suboxide
spreading and dissolution of the substrate, in systems where the solubility of braze alloy in the
substrate alloy is higlfb) Suboxide spreading via a discrete penetration point, in systems where
the solubility ofthebraze alloy in the substrate alloy is low.

When the solubility of the liquid alloy in the substrate alloy was ,Higlv temperatures
were used and the liquidas exposed to the solid substrate for a short time, the final interface
appeared as that depicted kigure 2-3b. Here, minimal dissolution of the wsitate was
observed, and it was confined to a very thin region into the substrate. Spreading of the liquid
beneath the oxide was observed, however, as a very thin band beneath the oxide. In a related
study of aluminum brazing, Z&alet al. [54] also found that wetting and flow could be attained
using nitrogen (99.999%) purge gas and using an applied force to mechanically disrupt surface

oxides and prade penetration pathways for liquid braze alloy to penetrate through.
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The joining/bonding process described by Wall and Mi[B& suggests thamechanical
disruption can be used to generate oxide defects. These defects provide pathways for aluminum
liquid to flow though and initiate chemical dissolution of the substrate. This mechanism by
Wall and Milner[53] leads to the questiortan naturally occurring oxide defects be potential
sites for liquid alloy penetration? While this topic has not received any study in the literature,
defects in alumimum oxide films have been observed in studesusing on the resulting

structure and morphology of thermal oxide films grown on aluminum.

Defects in thermal oxide films

There have been numerous studies focused on the resulting structure and morphology of thermal
oxide films grown on aluminunp34], [38], [39], and [55-57]. The majorityof these studies
typically include transmission electron microscopy of stripped oxide filmscavefully

microtomed sections.

Jeurgen®t al [34] analyzed cross sections of oxidized aluminum samples using TEM and
HRTEM. For oxide films grown at 500 °C, an oxygen partial pressure of
1.33 x 10 Pa, and time of 20 x $Geconds, they found the oxide film thickness to range from
10-80 nm thick, when measured with HRTEMThe average oxide thicknesssmguoted as
30 ++ 10 nm. For oxides grown at slightly lower temperatwe300-400 °C, images shovd
thatlocal necks inlie oxidewer e pr esent . Il n t he swes edtremetyk e d 6
thin and in some cases salm, potentially constituting a defect in the oxide film. The authors
attributed the noruniform oxide thickness to thsland-by-layer growth mechanismin the high
temperature oxide, the duplex oxide @gAl,Ozwt h,

also is partially responsible for the stated-umiformity.
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TEM studies on both thermal and anodized (Al films were conducted by
Shimzu et al.[55-56]. Void type defects in oxidBIms were observed in two instances. In the
first instance, the voids occurred at the oxide/aluminum interface of oxide films which were
grown on pure aluminum, electropolished, then oxidized in air for 30 minutes at a temperature of
550 °C[55]. In the second instance, voids were present between adjacent layers of ®8jides
In this study, aluminum was alloyed with 0.5 wt% magnesium. TEM sections on a sample
which had been oxidized at a temperature of 450 °C, in air, for 10 minutes, displayed the
presence of occasional voids between an ocotgstalline (and Mgich) layer and an inner
amorphous layer. Samples oxidized at 550 °C for a duration of 30 minutes were said to have

formed extensive arrays of easy paths for diffusion of Mg.

The presence of defects in oxide films has been visualizether metal oxide systems as
well, including: room temperature dwrmed and anodic AD; films using a copper decoration
technique[58], anodic TaxOs films using both optical microscopy and TEN9], and high
temperature iron oxide films using optical microsc¢f§]. Shimuzuet al.[61], comment that
that when creating anodic A; films on carefully electropolished aluminum substrates, defects

densities are generally still up to°1en?.

2.3.3.2Aluminum joining mechanism II: chemical reduction of the surface oxide

As an #ernative to penetration through oxide defdatechanically inducedr other) chemical
activationhas proved to be a successful method to achieve satisfatwonynumjoints without

the aid of fluxes. This has led to the development of fluxless brazing processes for joining of
various aluminum alloy$62]. Processes utilizing chemical activatiosually require a low
oxygen partial pressure (not necessahiigh vacuum), and addition of an active metal to the

system The role the active metplays in the processf fluxlessvacuum brazingf aluminum
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alloys was described by Terrét al.[62]. Theysuggestdthat in order for an active metal, M,
to promote joining of aluminum parts, the following three chemical reactions must take place

prior to joint formation

- -/ m8¢ A0/ (2-3)
- (/ m8mao SAQI/ ( (2-4)
S B A (2-5)
The first two reactions are essentially 6&ége

water vapouin the vacuum furnacdahuspreventing excess oxidation of the joining surfaces
from taking placeduring heating The third reaction, essential to the process, is the reduction of
the existing surface oxides o the aluminummating surfaces to be joined.This reaction is
critical because by reducing the surface oxiaéesan (or uroxidized) aluminum metddecomes
availableat thesurface, which is more amenable to bondinghen the low melting point alloy
finally melts; the contact between tiselid duminum surface and adjoining liquid aluminum
brazingalloy is clean anaxide free, thereby facilitating wetting and bonding between the solid

aluminum and brazing alloy
Terrill et al. [62] reporedthat the following active elements promote brazing:
i. Lanthanoid group elementsa, Ce, Pr, Nd, Sm
ii. The goup 1 element Li
iii.  The following goup 2 eémens. Be, Mg, Ca, Sr.

Additions in the 0.001 wt% rangef one of these active elemerits the systentan be
either as an alloying element in the base metatherbraze metal. Alternatively, braze

promotion could also be achieved by adding active element vapours into the vacuun(isystem

34



Chapter 2Background

without alloying) They also repoed on successful brazingf commercial alloysn vacuum
without theintentionaladdition ofactive elemerstto the brazing systenihowever the authors
neglect to mention if any active metal impurities, suclCasMg, or Sr, were present in the
commercial alloys being usedt is worth noing that the alloy which was successfully brazed
without active element additions (in vacuum) wadeed AA3003, the same alloy used in
fabrication of F u sladoghéet metal gabricationThere is bk mistince
possibility thatin the studies of Terrilet al. [62], thatMg impurites may have been present in
the AA3003 Even impurity level amounts of Mg in AA3003 (0.03 wtt@e been shown to
segregatand accumulat® the surface during high tempéure heat treatment®r examplesee
Hulob and Matienz$63] and Nylundet al.[64]. OnceMg segregateto the surfaca sufficient
concentrationit can potentially react with and reduéé,O; surface oxides, hence prormay

joint formation.

Additionally, there are numerous aluminum joinitgchnologiesin the literature which
operate essentially on the same princi@esthose discussed by Terell al. [62], and which
specifically useMg as the active element addition. Thessude:fluxlessvacuum brazing69],
diffusion-welding [66], powder sintering [67], and preparation of alumina/aluminum metal

matrix composite§68].

2.4 Aluminum alloy solidification

As mentioned inSection 1.3, various combinations of composite alloy ingots Hasen
produced usi ngsting pracessk sedable RlE Coammer ci al | vy, t he
casting process has been successfully used to produce A&BrebAA4dxxxclad ingots as
feedstock for the manufacturing of brazing clad shéen t hi s fng somhimatien, the s

AA3003 alloy is solidified first as the core alloy, and the AA4045 alloy is solidified second as
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the clad alloy, asshown in Figure 1-2b.

As this combination

significance/importance, this thesis will focus specifically on this core/clad combination.

is of practical

Aluminum alloy AA3003 isintroduced anddiscussed inSection 24.1, followed by a

discussion of alloy AA4045 irbection 24.2. The focus of each section is in regards to the

solidification

characteristics

of eachAall oy,

short comparison of the two all@ysolidification curves is presented3ection2.4.3.

2.4.1AA3003: alloy description and solidification characteristics

Aluminum alloy AA3003 is a wrought aluminumanganese alloy which is used in a variety of

applications, such as architectural panels astroughs, etc., due to its good formability,

corrosionresistance, and moderate strength. The compositional limits for AA300i3tackin

Table2-1.

Table2-17 Nominal @mpositionakpecificationgor AA3003, in wt%[69].

Al Mn Si Fe Cu Zn Other
Bal. | 1.01.5 | 0.6 max| 0.7 max| 0.050.2 | 0.1 | 0.05 max 0.15 max
(individual) (total)

For referencethe aluminummanganese binary phaiseshown inFigure2-4 [70]. The nominal

composition of Mn in AA3003 is indicated by the vertical dasheditirtbe diagram There is a

eutectic

reaction

at 931

K

(658

Al(lig) (1.95 wit% Mn )A AlgMn (s o 4Alfsol)€1.82)wt% Mn)

At the eutectic temperature, the solubility limit of Mn in Al is 0.62 at% (1.82 WiR@) As

mentioned inBackerudet al [71], hypoeutectic alloys with composition lesgaibh 1.5 wt% Mn

exhibit a

cel

ul ar

structure

eh€fprma n d

(2-6)

when s ol

0.01

di fi

commercial AA3003 alloys, the presence of Fe and Si impurities alters the solidification process.

First, unlike the AIMn binary alloys, which solidy to form cellular dendrites, AA3003 forms
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equiaxed dendrites upon solidification. Additional phases also form during solidification, as a

result of the presence of Fe and Si.
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Figure2-41 Al-Mn phasaliagram. Image taken from McAlister and Murr@yQ].

The solidification reactions found incommercial AA3003 alloys were identified by

Backerudet al [71] and are given inTable 2-2 and Table 2-3. AA3003 will first begin to

solidify as

-Alat 655

@a@ing nonrequilibrium solidification normally observed in

commercial castingprocessesAlg(FeMn) particles begin to precipitate from the liquid in

tandem with dendriticG-Al growth.

temperature at which this reaction occurs is dependent on sample coolingtrateling rates

less thanl .

2

eC/ s,

t

h e

According to studiedy Backerudet al [7]], the

react.i

on

wa s

conditions, the reaction temperature was found to range front G4&

Alg(FeMn) was found to transform via a peritectic reaction tqs@#&keMn);Si,.

0 b s e rcooing

e C.

I n

After the

transformation is complete, any remaining liquid also trans$ao Ahs(FeMn)sSi,. It is worth
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noting that this final reaction is at a temperature lower than the eutectic Fgine 2-4, as

expected due to the effects of Fe and Si addition to thdmbinary system.

Table 2-2 i List of reactions occurring during solidificatio of aluminum alloy
AA3003[71].

1% reaction Algigy A Al(sony, dendritic network

2" reaction Aliig A Alson, dendritic network + A(FeMnN)son

Al (lig) T Ale(FeMn)(SOD A Al (sol) -+ AI15(Fe,Mn)3Si2
Al (lig) A Al (so)) + AI15(Fe,Mn)3S|2

3" reaction

Table2-31 Effect of cooling rate on reaction temperature during solidification of AA320B

Cooling Rate K/s)

0.5 1.2 3.9 17

st : 928 928 928 928

1> reaction K,(e § (655) (655) (655) (655)
nd : 926 926 922888 | 922-888
2" reaction K.(¢ 1} 653 | (653 | (649615 | (649615

3 reaction K.(e 914907 | 914907 886 862

€ (641-634) | (641-634) | (613 (589

Solidification Range(K) 21 21 42 67

An optical micrograph of AA3003 solidified with a cooling rate of 0.5 °C/s is shown in
Figure2-5. In this imagethe Al(FeMn) phase is polyhedral in shape. Two of the(P¢Mn)
particles in the micrograph are shown partially tramsed to Alis(FeMn)sSi,.  This
corresponds to the solid stat®lg(FeMn) transformation, i.e.reaction 3 in Table 2-2.
Additionally, in the micrographa noticeably finer scriptype phase is observed. This phase was
identified byBackerudet al [71] to beAl;s5(FeMn)sSi;. Unlike the dark brown Ak(FeMn);Si;
phase, which was a result afsolidstateAl(FeMn) transformation, this script phase is formed
directly from the remaining melt upon solidification, i.e., the second formea€tion 3 in

Table2-2.
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Alis(Fe,Mn);Si, ./

o) ' ;
P &
A !
e, © © o .

Figure2-51 A typical/representative solidification ianostructure of agast AA3003 Sample
cooling rate 0.5 °C/s. Image taken fr@&#ackerudet al [71].

Aside from the solidification characteristics of AA3003, knowledge of the solidification
curve, i.e., a plot of expected fraction of AA3003 solidified vs. temperature is of practical
importance. First, it is essential information which is used for thermefamdelling of the
FusiorE casting process Second, t he F[Osuggestfthatctiesdré alloy p at e
must be serrsolid or reheated to sermolid state upon contact with the clad liquid metal in
order to achieve good bonding between the alloys. The solidification curve for an alloy can be
calculated using thermodynamic swdire, or measured experimentally. Using the
thermodynamic software package FactSfgg, the solidification curve for AA3003 was
calculated for thease of equilibrium solidification and Scheil solidification, Begure2-6. The
two extreme cases, equilibrium and Scheil solidification, weraulzdbd to have solidification
ranges of-63é4 eC) (&d@&5 39 resgdctive{y[F3. 60bservations from
Backerudet al.[71] regarding the change in the solidification range for AA3003 as a function of

cooling rate are in general agreement with thermodynamic predictions shéwguia2-6.
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Using a different experimental technique to that of Backetudl [71], Chen and Jeng
[74] determined solidification curves for a number of commercially alloys. Utilizing a cooling
rate of 10 e C/ mthay measured the liq@idusl &hd solglus tesperatures of
AA3003 as 657 eC and 636 eC, simil aetalf7tf. t he O
Although the liquidus and solidus temperatures matched well, the evolution of fractio(fsgolid
calculated using cooling curve data and a heat transfer model of the experimental setup, were
slightly different for the studies of Backered al. [71] and Chen and Jerd@4]. In the latter
study, thefs was shown to increase linearly with temperature from ~5 to ~95%, with only a
minor dip near the end point. The curve given by Backetudl. [71] has a slight dip in
between 0% and 5%, thenfs increases with virtually no change in temperature, within the
interval 5 ~ 65%. Wheifiy approaches 65%, the slope of the curve encounters a shoulder,
similar in shape to the shoulder in the Scheil curve showigare 2-6, with the diference
being the experimental curve reaches 1G0% a much higher temperature then that predicted
by the Scheil curve, 634 eC as opposed to ~57

-=AA3003 - Scheil =—AA3003 - Equilibrium
930 === 657

920 \ =~ 647
910 - , >t 637
000 | 928K (6554C) | 915K (6424C) | oo
\
< 890 - it 617 3
= 880 - I+ 607 =
870 - L 597
860 - t 587
850 - 849K (576 O)— | -
840 . . . . | 567
0 02 04 06 08 1

Fraction Solid

Figure 2-6 T FactSagg72] predictionsof AA3003 massfraction solid (fs) as a function of
temperature for equilibrium and Scheil cooling conditipf3.
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2.4.2AA4045: alloy description and characteristics

AA4045 is a wrought aluminussilicon alloy. The compositional limits for AA4045 age/en

in Table 2-4. As a result of the silicon composition, this alloy is close to th&iAdutectic
composition, and thus has a significantly reduced melting point and solidification range; hence
its application as a brazing alloy.

Table2-47 Nominal @mpositional specifications for AA4045, in wiPa9].

Al Si Fe Cu Mn Mg | Zn | Ti Other
Bal. | 9.011.0 | 0.8 0.3 0.05 [ 0.05| 0.1 | 0.2 | 0.15 max
max | max | max | max| max| max| (total)

Al-Si alloys are typically divided into three categories: hypoeutectic, eutectic, and
hypereutectic alloys, with the distinction between the three based roughly upon the eutectic
composition given in the ABi binary phase diagram, s&&gure 2-7 [75]. In general, the
compositional range for hypoegtic alloys are between-E) wt% Si, for eutectic alloys
between 1413 wt%, and for hypereutectic alloys betweer2D4wt% Si[76)].

In a hypoeuteat Al-Si alloy, solidification begins with the formation of a network of
aluminum dendrites, followed by the-8i eutectic reaction. At low temperature, precipitation
of additional phases may occur from the remaining liqUidble2-5 is a summary of the phases
which may form during solidification for a hypoeutectic alld¥6]. Whether or not a certain
phase may form will depend on the quantity of alloying elements (Fe, Mn, Mg, and Cu) present
in the specific alloy. For instance, the quiendritic reaction shown ifable 2-5, which forms
primary Ahs(Mn,Fe)Si, will not occur in hypoeutectic alloys that do not have high amounts of

Fe and Mn.
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Figure 2-7 - Aluminumsilicon binary phase diagram Original image was taken from

McAlister and Murrayf 75].

Table2-51 Seguence of Phase Precipitation in HypoeutectikSAAIlloys [76].

T ( K,|Phases Precipitated Suffix
(gég) Primary Ahs(Mn,Fe)Si, (sludge)| Predendritic
873 Aluminum Dendrites and Dendritic
(600) Al 15(Mn,FekSi, PostDendritic
and/or AkFeSi Preeutectic
823 Eutectic Al + Si Eutectic
(550) | and AkFeSi Co-eutectic
823 , .
(550) Mg.Si Posteutectic
(ggg) Al,Cu and more complex phasg Posteutectic

The solidification curve for AA4045, calculated using the thermodynamic software

package FactSad&?2], is shown inFigure 2-8. Here, there is negligible difference between

equilibrium and Scheil conditions. Thiguidus and solidus temperatures were calcultiduk
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871 K (G 9 8)ard852 K (579 e [73]. There is a eutectic reaction at the solidus temperature
of 852 K (579 e C) , wher e t he r emmassifon transtprmsl to ceutactt (7 1 9

Al + Si.

e o AA4045 Scheil =—AA4045 - Equilibrium

875 602
870 - L 597
a6s - 871 K (598 AC) 502

< 2

= 860 - L 587

852 K (579 AC)
855 - L 582
850 | | | | 577
0 02 04 06 08 1

Fraction Solid

Figure 2-8 Factsagd 72] predictions of AA4045 fraction solidfs) as a function of temperature
for equlibrium and Scheil cooling conditiorig3].

A typical AA4045 ascast microstructure is shown kigure2-9. The primary aluminum
solidifies to form a dendritic microstructure. Between these-eeflhed primary aluminum
dendrites, a eutectic structure exits. The eutectic structure is a firersitispof two phases:
aluminum and silicon. Theutecticmorphology in an unmodified AA4045 alloy solidisies an

anomaloug77] (or sometimes referred to asegular[78]) eutectic
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Figure2-91 AA4045 ascast microstructure.

243FusionE casting AA3003 and AA4045

Comparing thefs curves for AA3003 and AA4045, shown iRigure 2-6 and Figure 2-8,
respectively, there is no overlap of the curves in the case of equilibrium solidification. The
solidus temperature of AA3003 is greater than the liquidus temperature of AA4045 by
approximately 40 °C.A comparison of theredictedSchel solidification curves for AA3003

and AA4045 is given irigure2-10. For the case of neequilibrium Scheil solidification, there

is only a very marginal overlap of the two curves. It is also worth noting that the calculated
Scheil curve for AA3003 may ined give erroneous values for the AA3003 solidus temperature.
Referring to the measured solidus temperatureBdmkerudet al [7]] in Table2-3, depending

on the solidification ratehe solidus temperature for AA3003 may be anywhere from 589 °C to
634 °C. As such, the real overlap in solidifioaticurves is expected to be far l¢ksan te

calculated values ifrigure 2-10. As such, one would expect that there is sufficient operating
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marginto produce a Fusidncast interface between the two alloys without having appreciable

amounts ofemeling of the AA3003 core.

«++AA4045 Scheil —AA3003 - Scheil

930 - - 657
920 - 647
910 - 637
900 - 627

< 890 - 617 &

~ 880 - 607 =
870 ey 597
860 1 “eu. 587
850 _ ..oooooooooooooooooooooootootoo 577
840 . | } 567

0 0.2 0.4 0.6 0.8 1
Fraction Solid

Figure 2-10 17 Calculated Scheil solidification curves for AA3003 and AA40{E3,
superimposed to highlight the overlap in solidification range.

2.5 Surface phenomena irDC casting

Il n the FusionE casting process, it is also woa
into contact with the liquid clad alloy, depicted Figure 1-3b, is continuously casagainst a

cooled chill bar. As such, the surface microstructure can be expected to be different than
material solidified in the central portion of an ingdthis is worthy of discussion, as the surface

structure mayplaymol e i n interface formation during Fu

While there is extensive literature regarding surface solidification phenomenon in DC
casting(see examples in DC casting review Byley[11]), animportant distinction should be

madehere that whilethe core alloy inFigure 1-3b is being continoudy cast, itdoes not get

45



Chapter 2Background

directly sprayed with waterasdoes the surface of@nventionaDC castingot As the shell in

Figure 1-3b solidifies it also contracts due to volume change associated with Jiqtsdlid

phase change as well as thermal contraction of the solid. Since there is no water spray onto this
shell in Figure 1-3b, the thermal contraction due to cooling of the solid shell is expected to be
small In contrast, since the surface of an ingot in DCimggs directly sprayed with water,

large thermal contraction of the shell can oaasulting in a large decrease in the rate of heat

extraction by the mould

The high initial solidification rates due to contact with a cold mould in the case of DC
castng (or chill bar for FusionE casting); alon
solidifying shell from the mould,give rise to various surface phenomensuch as:
segregation 79 and exudatiofiemeling bandq80Q]. Of particular interest is surface exudation,

A~

as it is a plausible mechanism for mechanical breakup of surface dxidesi ng Fus.i onE ¢

To study surface exudation of néerrous DC cat ingots, Morishitaet al. [81] built a
macroeair-gap tester. They found that exudation occurs by flovsabterich liquid metal
through interdenditic channels. As intedendritic material melts, they form liquid channels
and provide an open pathway for liquid meimlexude to the cast surfacéf the degree of
reheating was slight, exudation occurred at single isolated sites, deemed spabrexudath
increased reheating, multiple channels joined together to form a network of connected pathways;
with the resulting surface exudatiofh soluterich interdendretic liquiccovering a larger area on
the surface of thengot Since interdendritic regions are typically rich in solute material, they
should have a lower local melting temperature than the surrounding primary dendrites, thus they
should be the first material to undergemeling upon reheating. The flow/exudati of this

liquid is then made possible he metallcstatic pressure acting upon plus volumetric
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expansion from transformation of the interdendritic solid to the liquid.stétpplied to the
process of Fusi onE cast i nton (sdottor dtherwise)y may el p o s

beneficial as an aid in oxide film breakup on the AA3003 shell external surfadédseel-3).

Surface exudation ih respect to brazing, not DC casting, was studiedlburran and
Nicholas[82]. Specifically, theyused hot stage microscopy to study thmeling of aluminum
brazing sheet and AVIg alloys. They observed rdfke areas on partiallyemeled AF1% Mg
surfaces seeFigure 2-11. The authors suggest that the liftethterial in Figure 2-11 is a
consequence of exuded liquid. In their procedure, the materials were hesitadnnthe SEM
(under a high vacuum and low oxygen partial pregsurais suggests that the oxidation kinetics
would have been reduced, and the subsequent oxide film thickness should have been thinner than
if grown in air. None the less, SEM images swjjghat the exuded liquid generated enough

pressure to break through the oxide film and form regions of clean/fresh liquid metal.

Figure 2-11 7 High tilt angle micrograph of Al wt% Mg alloy which has bEn heated to
640¢C. A raft of the original surface has b
taken fromMcGurran and Nicholaj32].
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2.6 Summary, objective and scope

As stated in Chapter 1, Fusi onE casting is
2005[9]. To date, therdnas been little research presented in the open literature regarding the
process. Although the patent suggests that the interface formed between itlacc@exide

free, there is no physical model tlatequatelyexplains how an oxidé&ee interfaced formed.

From our knowledge ofhe oxidation and joining of aluminum at high temperatwe,
suspect that if there isantinuous and adhereoxide film present along the surface of the core
alloy as it comes into contact with the liquid allttyen wetting should be impeded. If the oxide
film is defective, or if cracks are formed in the oxide film by the action of exudation, there is the
potential for penetration of the oxide. Additionally, if penetration of the oxide were to occur,
dissolution of he core shell by the clad liquid should happen. The length of time for dissolution
will depend on the local solidification time of the interface. The final intenfaggbe affected
by some omall of these aforementioned processes.

The goal of thighesis wago furtherthe understanding of the interface formation process
occurring dur i nlgdoiRgss,arvgeimenta approachgvas used, which will

be outlinedand discusseih detail in the followingchapter.

48

r

¢



Chapter 3

Experi ApphaabMetsh &ds

3.1 Introduction

As stated in Chapter fhe objective of this thesis was to study the interface formation process in
Fusi onE cast iemghasiswn determisiny ¢he imechanistic processes at play. To

study this process, an objective decision was made to focus on experimental methodologies.

A series of casting trials were performed using aslabal e Fusi onE PpPC cas:
designed joing by the University of Waterloo and Novelj83] . The FusionE ¢
installed atNovel i s6 GI obal Technol oglyh eCefusrieo niEn chais
apparatus, methods and analysis of ingots are outlin&dtion 3.2.AA3003-core/AA4045
clad ingots were cast in all casesffort was taken during these trials to track the motion of the
oxides on the external surfaces of the core and clad sump. Additionally, the interfaces were
examined using optical microscopy and mechalniesting. Furthermore, using an interrupted
casting trial, an effort was made to preserve a portion of the core alloy surface which had been
solidified against the chill bar, but not exposed to the clad liquid; as this is the closest one can get
in obtaning a measure of the surface conditidhat might exist athe core surface prior to
contact with the clad liquid.

Additionally, a laboratory apparatus and test was developed to mimicintieeface
formation process c cur r i ng dur i nAseres athiesean&oglabaratorytests
in which AA3003 solid is dipped into molten AA4045 in a controlled manwere conducted

and the results were examined using optical and electron microscopy techniques. The apparatus

is described in detail iBecion 3.3 Tests focused on the effects of: reheatingranakling of

49



Chapter 3ExperimentaApparatus & ethods

the AA3003 surface, the degree of surface oxidation present during initial contact of the two
alloys, alloy composition, and atmospheric condition during test immersiddditionally,
various attempts were made to characterize surface oxides grown on AA3003, primarily using

electron microscopy.

3.2LaboratoryscaleFusi ondét cast

A lab-scale Fusiofi casterwhose detailed design describedy Ng[83], was used to condt

a series of test castings. Tlad caster was installed at NovélSlobal Technology Centrim
Kingston Ontario. A schematic of the caster is showrigire3-1. The external casting mould
is made of aluminum and is cooled by water running from the water mawifaidnto the
mould Mould cooling wateexits the mould through smailits located &the bottom edge of
the mould. Theseslits are evenly spaced along the entire circumference of the m@uldng
steadystate castingwater exiting the mouldprays onto the external surfaces of the ingat a
drains into ecastingpit (not shown inFigure3-1). Water inlet temperature to the water manifold
is not controked as water is supplied directfpom unheated municipal water feedshe mould

is rectangular witldimensiors 385mm by152 mm andwith the corners of the mould rourdi®

a radius ofL2.5mm.
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Clad Tundish

Clad Inlet

Core Inlet

Chill-Bar
Water

Manifold
Mould 7 ()

Starter
Block

Clad
Tundish Core Inlet
lad Inl
C ac'j nlet > Water
Chill Bar Manifold
. ! (b)
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Figure3-11 (a) Schematic of thelab c al e Fusi onE caster . [22.]l mage

(b) Cross sectiondhel ab scal e FusionE casl[8&.r. | mage colL
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The chill bar is the key to the FusionE ca:
two separate cavitietherebyallowing different alloysto be pouredor cast into each cavityr
section of the mould The chill bar is fabricated from copper and is also water cooled. Two
cooling circuits, drilled into the copper chill bar, are pumped with water. This water supply is
independent of the supply used tedethe external casting mould. Additionally, the chill bar
cooling water inlet temperatureascontrolledto be about 25 °C Water loops into the chill bar
and out of the chill bar with process piping and the exit stream is directed away from the casting
i ngot . Thus, with respect to the FusionE prc
The chill bar is positioned in the external mould such that it divides the mould into two equal
thicknesses. He n c @& this [Ehoratorywastér areé FbHgametaboy ancd 3t  wi t
clad alloy.
During a Fusi onE iquid smétas enterottre anoudd rvibeparatealet |
tubes, shown ifrigure3-1. These tubes are made frarmeramic refractory material. An actual
i mage of the Fusi onE Figares3t2iligyd mesl entthe moreissle 0§ h o wn
the castewas fed directly from the holding furnace to the inlet tube via®A8003 liquid metal
transfer system (or launder) shownhkigure 3-2. The furnace irFigure 3-2 wastilted in a
controlled manner during casting, thereby supplying hot metal to the transfer system and into the
mould. As the furnace used to melt the clad alloy is not within close prokim t o t he Fus
casting system, the clad liquid metabs fed directly into the inlet tube via a liquid metal
reservoir, called a tundish. TB&4045 clad tundish, shown iRigure3-2, was kept full during
Fusi onE by manually pouring |liquid metal i nto
A refractoryfloat and diffusermechanisn{seeFigure3-1b) was attached to the end of the

core metal inlet tube to both: (i)-tBrect the liquid metal flow into two horizontal streams that
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run parallel to the chilbar and (ii) as a means to control #&3003 liquid metallevel andflow
rateinto the core side of the casting. Due to space limitations in the clad side of the mould, no
float mechanism was used at the end of the refracd®®045 inlet tube. Instead, flow of
moltenAA4045 into the clad metal portion of the casting mould was performed manually, using

a stopper to choke flow as necessary.

Tilt-able
Furnace

AA3003 liquid

, / transfer system

Core (AA3003)

Clad (AA4045) inlet
tundish
Mould
Casting pit == SR Chill bar

ater manifold

Figure3-27 Fusi onE <caster as setup in Novelisbé
Ontario. Image courtesy of S. Barkf#4].

The starterblock, shown inFigure 3-1, is a steel block mounted to a hydraalig
controlled platform The dimensions of the starter block are equal to the dimensions of the
opening in the bottom of the external mauRtior tothe start ofa casing the starting block is
positioned inside the mouldDuring continuous casting, the hydraulic platfosriowered into

the casting pit at thdesiredcasting speed The lowering rate of the hydraulic platform, or the
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casting speeds controllable. Typically, casting speeds are set in increments of 0.5 inch/min
(0.21 mm/s) via a digital display and analog control system; howevandhsured deviation in

casting speed was 0.017 mm/s (5 second averaging) during actual casting trials

A

321Fusi onE casting trials

Using the casting machine described abowvasidfE casting trialswere conducted using
AA3003 as the core alloy and AA4045 as the clad alloy. Initial trials, detailg@bjnfocused
on obtaining process data required for validatioraofumerical CFDthermofluid mode[22] of
thislabs cal e Fusi onE caster.
A gener al procedure that was Uuseale casting cast
machine is described as follows. Prior to casting, alloys to bewemst melted and held in
separate holding furnase The AA3003 core alloy was melted in a large crucible inside the
tiltable furnace shown ifrigure 3-2, the AA4045 clad alloywas meltedn a smaller holding
funaces ome di stance away .f AloyntonipdséonsFwherd measbdredc a st e
from test coupons prior to casting using Glow Discharge Optical Emission Spectroscopy. The
compositions weredqusted byaddingalloying elementor pure Al until measured compositions
were within acceptable specifications for the alloys to be cast. With respect to AA3003, Mn, Fe,
and Si were the alloying elements which were actively controlled prior to casiiith.respect
to AA4045, Fe and Si were actively controlled. When both alloy melts were fouhdvto
acceptable melt compositions, the core alloy holding furnace was set to a value slightly higher
than the specified pouring temperature for that particcéating trial. The clad alloy furnace
was set to a temperature-500 °C in excess of the specified pouring temperature, to account
for: (i) heat losses duringpanualt r ansf er of the 20 kg pouring c

area and (ii) heat loss to ambient atmosphere (sinicecrucibles were wmnsulated).
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Before each casting trial, the starter block was positiongidamhe mould as shown in
Figure3-3. As the starter block dimensions match the dimensions of the opening of the casting
mould, a small reservoir is formed on the core side of the casting mould that was essentially leak
proof from the standpoint of the liquid metal. Additionally, prior to casting, both the water inlets
to the mould (via the water manifold) and the chill bar were opened and the temperature and
flow checked for adequacy. Typical water flow ratesre 143.5 L/minper meter of wetted
ingot perimetein the mouldand100 L/min per meter of core metal in contact with the chill bar

Typical water temperatures wetd °Cfor the mould an@7 °Cfor the chill bar.

Water

_ Mould Manifold
Chill Bar i

CLAD

] CORE

Starting Block

Figure3-3 1 Crosssectional schematic showing position of starting block in the casting mould
prior to start of a casting trial.

At the start of casting, with the platform in a stationaigedposition, metal was poured
into the core side of the mould bytechnician through operation of the tilt furnace. Once the
metal level in the core side of the mould reached a distance of 30 mm from the bottom of the
chill bar, the flow was stopped momentarily. Owedurationof about 20 seconds, the liquid
metal onthe core side of the mouldas allowed tgartially solidify, creating a strong starting

shell such that the hydraulic platform could be lowered safely without tearing of the shell and
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potential liquid metal spillage into the casting pit. As loweringhef platform began, a second
technician installed the float mechanism onto the end of the core liquid metal inlet tube and
insured its proper functioning, while the technician operating thelie furnace resumed
pouring of the core alloy. In concerttivithis, a second set of technicians began manual pouring

of the clad liquid alloy into the tundish, while one technician metered the flow manually using a
stopper mechanism. The metal level on core alloy side was metered with the float to be 30 mm
abovethe height of the bottom point of the chill bar. The metal level of the clad alloy was kept

in-line with the bottonof the chill bar, using manulhe-of-sightmetering.

A schematic of the process during steady state is shoWwigume 3-4. Here, the various
casting parameters which are controlled during stetatgF u s i oastifg have been listed:
(i) metal level height on the core alloy si®®, mm, (ii) metal level height on the clad alloy side,
60 mm from bottom of external casting mould, (iii) chill bar water flow ratgy Q- and inlet
temperature, &iibar (iv) mould water flow rate, @ues and temperature,mbug (V) core ally
pouring temperature, i (Vi) clad alloy pouring temperatureggl, and (vii) casting speed,
With the exception of the two metal levels within the mould, the casting parameters are all
measured during each casting trial. The instrumentationmeiods used to measure these

parameters during casting have been docusd@ntdetailby Ortega Pelay{85)].
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Figure 3-4 1 Crosssectional schematic showiggt eady st ate casaongg of
with the parameters that are controlled during castimgge from[85].

Using the apparatus and methodology described about, a series of three casting trials were
conducted. The composition of the AA3003 and AA4045 alloys, measured prior to casting, are
given inTable3-1. The three casting trials were performed using one large AA3003 melt and
one large AA4045 melt, thus the compositions listedable 3-1 are applicable to each of the
three trials. Si and Fe content in the AA3003 alloy were within specifications listed in
Section 2.4.1, and were likely due to the impurities presernihe grade of aluminum used to
make up the AA3003 melt. It should be noted that although some Ti impurity was present in the
AA3003 and AA4045 alloys, it was not purposely added to the melt. Similarly, the Cu impurity
in the AA3003 melt was not intaéohally added. The Fe content in the AA4045 was likely
present due to impurities in the grade of aluminum used to make up the melt as well as in the Si

fines used to prepare the AA4045 melt.
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Table3-17 MeasuredAA3003 coreand AA4045clad alloycompositions used fahe FusiorE
casting trials.

Al Si Fe Mn Ti Cu Mg Ca
AA3003 | Bal. | 0.203| 0.581 | 1.036 | 0.0163| 0.0751| 0.001 -
AA4045 | Bal. | 9.943 | 0.158 | 0.022 | 0.0010| 0.001 | 0.0003| 0.0010

The casting conditions for the three casting trials are listéithile 3-2. As shown, the

process parameters for the three trials were very similar. Casting-&ibb& a slightly higher

casting speed of 1.23 mm/s vs. 1.12 mm/s and the measured AA3003 inletaiemgpwas also

slightly higher. As the primary purpose of the casting trials was to measure motion of surface

oxides, the processing parameters were intentionally not varied from values which were shown

to work in

previoyss. Fusi onE

casting tr

i al s

Table3-21 Process conditionssed during th&usiorE casting trialsof 3003/AA4045 ingots

ID Pouring Temperature | Water Temperature | Casting Castina Trial
# | AA4045 | AA3003 | Mold [ ChillBar | Speed Ob.e%tive
K (°C) K(CC) | K(C) | K(°C) | mmis )
2-1 | 923933 963973 | 283293 298 1.12 measure oxide
(650-660) | (690-700) | (10-20) (25) motion on clad
sump;
Ai nterr
casting trial
2-2 | 913933 963973 | 283293 298 1.12 measure oxide
(640-660) | (690-700) | (10-20) (25) motion on core
2-3 | 923933 973983 | 283293 298 1.23 sump; melt
(650-660) | (690-710) | (10-20) (25) poisoning for
CFD model
validation[22]

Additionally, during the final phase of casting triall2 the clad metal inlet flow was

intentionally stopped while continuing the casting procésasa b el | ed an 0

nterrup

intent was to preserve a section of AA3003 material cast against the chill bar, to study the

surface structure of AA3003 material that would have come into contact with liquid AA4045

metal. More details regarding tpeocedure used to do this are given in Section 3.2.1.2.
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It is worth noting that the metal pouring temperatures are given as a range and not a
discrete value iTable3-2. A sample of the measured core and clad pouring temperatures from
casting trial 21 is given inFigure3-5. As shown, the process data shows some variability. This
may be attributedn partto: (i) the position of the thermocouple in the core metal launder a
clad metal tundish, (ii) transients associated with pouring core alloy fnatalthe tilt furnace

and pouring clad alloy metal manually into the clad tundish.

Core metal inlet - - -average —Clad metal inlet «+eaverage

990 - | 717
970 | 697
< 950 A L 677
= g/
930 - L 657 T
910 | 637
890 - L 617
870 | | —L 597
0 200 400 600
Time (S)

Figure3-51 Pouring temperature in core and cladlten metal inletsneasured during casting
trial 2-1.

Additionally, ingots from casting trials detailed {i85] were also examined within this
thesis project. The process parameters for these casting trialsnvarerizedn Table3-3. The
objective of these series of casting trials was to obtain data for CFD model validation.

Compared to the casting process parameterSaiole 3-2, the pouring temperature of the
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AA4045 clad liquid metal was lower by about-20 °C. The water temperatures and flow rates

in the mould and chill bar were consistent with the process parameleableB-2. The casting

speed of trials Il and 13 were slightly higher than all the casting speeds of the trials in

Table3-2, despite using the same predefined casting speed set point on the casting maghine, i.e.

a casting speed of 3" per minute on the casting machine hydraulic controls. The casting speed of

trial 1-2 was set as 3.5" per minute using the casting speed hydraulic controls, athsuch

measured casting speed is noticeably higher for this test, 1.48 mm/s.

Table3-31 Process conditions used duringfheir s i onE casti ng
in Referencg85].
ID Pouring Temperature | Water Temperature | Casting
# | AA4045 AA3003 Mold Chill Bar | Speed
K (°C) K (°C) K(°C) K (°C) mm/s
1-1 898 978 283293 298 1.27
(625) (705) (10-20) (25)
1-2 898 978 283293 298 1.48
(625) (705) (10-20) (25)
1-3 898 978 283293 298 1.27
(625) (705) (10-20) (25)

3.2.1.10xide motion measurements

To aid in visualizing the motion of the oxide film on the top surface of the sump, exploratory

tests were conducted using molten aluminum. Since the surface of the sump is extremely

trial s

reflective and hard to focus on with a video camera, an inert markinga/éund which could

provide a means for good focusing on the oxide surface and tracking of the motion of the oxide

film. As a result of these exploratory tests, two methods were found to be satisfactory: (i) dry

cobaltsilicate (C0o,0,4Si) powder KremerPigments: Smalt, standard grind, No. 10080ectly

placed onto the oxide surface with a shaker and (ii) a stmitgtion of ethylene glycol and

cobaltsilicate powder 1:1 ratio by weight dropped onto the surface of the oxide with an eye
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dropper. WHe the slurrysolution worked well, it was decided to use method (i) in the end to
ensuresafety during casting.

To record the oxide motion, a HD video camera was set at a working distance of 1.4 m
from the top of the casting sump, using an overhead eaimeom. Before each test, a
calibration grid was set at a working distance of 1.4 m and test video was taken of the grid, to be
used for calibration afterwards. The motion of the oxide film on the clad side of the casting was
imaged during casting trimumber2-1, while that of the core side was imaged during t2a®s
and2-3. The camera setup with respect to the Fisiaasterand respective fields of view

taken during each trial is shownHgure3-6.
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Figure3-6 7 (a) Side view of casting mold and showing camera orientation, working distance
~1.4m from ingot sump, and (b) top view of @agtmould showing field of view (1 and 2)

captured during casting trials.
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3.2.1.2Interrupted casting trial

In an attempt to preserve the surface of AA3003 which casts against the chill bar of thE Fusion
caster, the casting procedure during shutdown of casting ni#¥iberas modified, as shown in

Figure 3-7. For this cast, the liquid AA4045 stream waeppedapproximately 30 seconds
before the casting was stopped. This o6interr
at the top of the ingot was cast against the chill bar but not subsequently put into contact with
molten AA4045. This providedsome material that could be analyzed to give some indication of

the core alloy surface microstructure just prior to immersion into the molten clad alloy.

Steady State Stop Clad Casting Core Stop Pouring
Casting Inlet Stream Alloy Only & Casting

AR
CLAD|CORE CLAD |CORE C& CORE CLAD|CORE

v v v
v~1.1mm/s v~1.1mm/s v~1.1mm/s v=0mm/s

Figure3-7 1 lllustration of the procedure usedthe end of casting to preserve AA3003 material
cast against chill bar for casting triall in Table3-2.

The finaldimensions othe top of the ingoaredepicted schematically iRigure3-8. The
total length of the ingot above the top surface of the clad mpetabn of the ingot s 68 mm in
length. That 68 mm length of ingot could be visually divided into four regionsting§tavith the
3 mm length of ingot closest to the clad metal surface, this region was flat in appeafance.
25 mm length above this area, which was exposed to air during casting, was noticeably blistered

on its external surface. A 36 mm length abovs tiistered region was again noticeable flat.
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The final 4 mm length of ingot was rounded, and most likely not in contact with the mould

during casting.

Figure3-8i Schematic (side view) of final di mensi or

FusionE cast i ngldntTable3»r casting trial 2
3.2.2Analysisof Fusi onE cast ingots

3.2.2.1Chill surface structure: differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed to examine differences between the
surfacecast and bulcast AA3003 structurebtained from samples taken from castirigl 2-1.

Using a wafering saw, thin ribbons of AA3003 material were carefully cut from thebahittast
surface (t antereuptedd a otmd )t . he T©he t hickness of each
mi crometer, and onl vy ickndsbvwere sised fa BDSC tastin@ Bamplés0 & m
were cleaned and degreased with alcohol. The ribbons were folded over and pressed flat such
that they would fit into the DSC crucible. Samples were also cut from the central portion of the
AA3003 portion of theF u s i o n Eto repmegenttbulkast material. These samples were also
cleaned/degreased and pressed flat before tastimgvent poor contact between the sample and

the DSC crucible Additionally, samples taken from a DC cast AA3003 ingot were also prepared
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and tested in a similar fashiorRe-heating tests were performed on a TA InstruméiC
(SDTQ600) All samples were 3 to 5 mg in weight, as per suggestior{8dhto obtain
maximum signal resolution. Samples were tested at heating rates of00B31K/s. Samples
were heated to 973 €00 °C)to insure the entire melting ateg was obtainedTest results were
calibrated against pure aluminum and pure zinc samples.

The DSC testswhich wereconducted are outlined ihable 3-4. Here the five samples
measured came f r oml, deelfable®dn Eor commarisonipurmpses, satples
from DC cast AA3003 bulk material were also test&these correspond to the last four rows in

Table3-4. The valuenin Table3-4 (and subsequent tablegpresentshe number of times each

test condition was repeated.

Table3-47 AA3003 DSC sampland testnformation.n indicates the number of tests performed

Ingot Ingot Composition DSC sample Heating n
Casting| Mn Fe Si location Rate (°/s)
Method | (wt%) | (wi%) (wt%)

Fusion | 1.036 0.581 0.203 bulk 0.017 5
Fusion | 1.036 0.581 0.203 bulk 0.33 2
Fusion | 1.036 0.581 0.203 bulk 0.83 1
Fusion | 1.036 0.581 0.203 | chill bar surface 0.017 5
Fusion | 1.036 0.581 0.203 | chill bar surface 0.33 1
Fusion | 1.036 0.581 0.203 | chill bar surface 0.83 1
DCcastf1. 17 0. 70| 0. 22 bulk 0.017 6
DCcastf1. 137 0. 70| 0. 22 bulk 0.33 2
DCcastf1. 17 0. 70| 0. 22 bulk 0.83 1

3.2.2.2Mechanical testing ahe ascastcordcladinterfadal strength

Tensile tests were performed to determine the quality of HoastisAA3003/AA4045 interface.

Cylindrical tensile test coupons were dimensioned and machined as per

ASTM B55710 [87-88]. The tensile axis of the samples was perpendicular to the

AA3003AA 4045 interfae, with the interface located near the center of the gauge length of each
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sample. The tensile test samples had gauge leng68.6f mm 2.5"), shoulder radius of
12.7 mm Q.5"), and grip length o84.9 mm {.375). The sample diameter along the gauge
length was 9 mm.

Using the steadgtate portion of the Fusi&n ingot cast during triaP-1, the tensile test
samples were taken from 3 different sectanes within the ingot.The section fanes ran
parallel to the casting direction and were taken from: (i) the ingot centerline, (i) 60 mm from the
ingot centerline (consistent with the plane at which the clad inlet feed was located), and
(i) 18 mm from the edge of the ingot nearest theedolet feed seeFigure3-9a. To get an
indication of the mechanical properties of the individual cast alloys, samples were taken from
each of theespective metals, parallel to the casting direction and at the centre of each individual
alloy section width, seBigure3-9b. Two specimens were &k for each alloy, adjacent to the
three sections which were tested: (i) the ingot centerline, (i) 60 mm from the ingot centerline,
and (iii) 18 mm from the edge of the ingot; for a total of six baseline specimens per alloy.

Tensile testing was done ugiran Instron model 4206 tensile test machine, with a
crosshead speed of 4 mm/min. Sample yield stress, sample ultimate tensile stress (UTS), and
sample strain at UTS were measured. Fracture surfaces were examined using a

SEM (Hitachi S3000N SEM and Zss Leo 1530 FESEM).
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Ingot Transverse Section (Top View)

=>! l€=18mm l€—>I
: : 1102 mm:
]
Ingot Clad
Edge ¢ Inlet

(b)

Figure3-91 Schematic (section of ingot looking down from the top) indicating the mechanical
test sample positions froif@) ascast interface samples, loading axis paralleinterface (b)
Base metal samples, loading axis perpendicular to the interface

3.2.2.3Metallographic analysief theF u s i oastifgots

In addition to mechanical tests, longitudinal and transverse sections of theEFuisgot from
casting triall-3 (seeTable3-3) and 21 were macreaetched to ascertain the quality of thecast
interface on a macroscopic scale. Maetching was performed using a 10 wi¢aOH solution,
until sufficient contrast between AA4045 and AA3003 was obtained in final sections.

Optical microscopy and scanning electron miscopy were performed on samples taken from
the Ointerrupted -k aAA3003nsgriples veere snaged guith ta rPhilips 2
FE-SEM (XL30S FEG), equipped with an Oxford EDS detector (XMAX 80°rdetector size).

To determine the relative oxide thickness of the samples, the ratidaACEDS peak intensity
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were measure@to be discused in more detail in Section 3.4.2A field size of 1.8 mm by
1.8 mm was used to assess the trend in oxide layer thickness. AA3003 surface samples from the
60i nt er r u prialevére asa sxaninedndacroscopically and V@M. Scanning electron
microscopy was also performed on selected fracture surfaces obtained from the mechanical tests

performed on the asast interfaces (described in Section 3.1.4).

3.2.2.4ThermofluidCFD modeloftheFusi onE casting trials

Using a thermofluidCFD model developetly Baseriniaet al.[21-22] as a separate project with

Novelis, simulations were performed to determine the ststatg conditions for thEusior™

casting trials 21, 22, and 23 in Table 3-2. The results of these simulations form a first
approxi mation of the expected ther mal history
they are of importance wharomparing final interface quality at different locations along the

width of the ingot and were also used for the design of testing parameters for laboratory tests

performed in Chapter 5 and 6.

The thermofluids CFDmodel is an Eulerian steadyate thermftuid model. It is based
upon a model developed by Bennon and Incrof@@hwhich was used toalculate liquidsolid
phase change for a variety of operations, includiegal casting applications. The model solves
the coupled mass, momentum, and energy equations fatirme®isional domain.The model
was developed using ANSYSFX software, which sed a hybrid finitevolume/finite element
approach to solving the conservation equatiohmass, momentum and ener@i22]. The
full details regarding the material properties data, boundary conditions, and validation studies

can be found if21-22]. The basic details of the model are discusssdw.

The geometry of the solid modal CFX is shown inFigure 3-10a. The solid model

consists of two domains, AA3003 core and AA44045 clad. Sdtiel model includes the inlet
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streams for both the AA3003 core and AA4045 clad alloys. The inlet stream for the AA4045
domain is a cylindrical shaped inlet, which matches the dimensions of the inletsedbén the

Fusi onE c ast iarNgvelis and is depictedl schesnaticallyfigure3-1. To model

the rectangulas haped hori zont al di ffuser used on the
casting experiments${gure3-1), a cylindrical shaped inlevas included in the solid model and a
rectangulasshapedhorizontal diffuser section wasmitted from thegeometry of the AA3003

solid model, accounting for the geometry of thBuser. Additonally, the AA3003 core and

AA4045 clad domais were divided by an interface. Heat transport across the interface is
accounted for in the thermofluid model; however, mass transport across the interface is
restricted. The final mesh used for the thermidfinodelcalculationss shown inFigure3-10b,

with the domaingAA3003 and AA4045pnd interface labelled.

A nonuniform mesh was used to disczetthe solid model. It was composed of 911,000
tetrahydron elements and 223,000 prism elements. Prism elements were used near all external
surfaces and in the vicinity of the AA3003/AA4045 interface. An element size of ~2.5 mm was
used in these near $ace and interface regions as well as the top portion of the model, for
improved numerical accuracy and to be able to resolve sunfaceal temperature gradients.

The mesh density in the bottom portion of the ingot was larger than #isomprehensive
description of: (i) the thermofluid mode(ii) thermophysical properties of the AA3003 and
AA4045 alloys, (iii) boundary conditions, and (i\grid independence studies and model

verification/validation may be found Reference$21-22].
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Figure3-107 (a) Solid model and (b) mesh for the thermofluid model of the laboratory scale
Fusi onE2ZirestalledcaNopv el i s6 Gl obal Technol.olgage Cent r
taken from Caromet al [22].

Some of the major assumptions of the model and boundary conditions with respect to
fluid and material flonwere (i) the fluidflow is considered to be in the laminar flow regime,
(ii) for each materialomain a temperature (or fraction solid) dependent source term was used
in the momentum equation to effectively drive the fluid to behave as a solid mass as its
temperature droppdoklowits respective solidus temperatu(i@) free slip boundary conditions
areprescribed for all external surfaces of the ingot, (iv) the boundary condition for the bottom of
the ingot is model as an outflow boundary, and the velocity prescribed here is set to be equal to

the measured casting speed, and (iv) the top surface ofAB@08 and AA4045 inlet tubes are
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modelled as inflow boundaries, and a static pressure of zero is set as the boundary condition on
this surface.

The heat transfer boundary conditions are as follows. The top surfaces of the ingot, as
well as the surfaces dhe inlet flow tubes are modelled as insulating boundary conditions.
Prescribed heat transfer coefficients are used on the remainder of the surfaces of the model. For
the secondary cooling portion of the model, boiling water heat transfer correlaswetoped
by Weckman and Niessg®0] were used For the primary cooling region (the portion of the
model where the mould is in contact with the ingot surfacesjuletionswere performed to
determine an effective heat transfer coefficient between the external surface of the ingot and the
water cooled mould.

To model the solidification of each alloy respectively, the latent heat of fusion is
introduced in the energequation by implementing an effective specific heat capacity.
Numerically, the effective heat capacity is described in a manner such that when the effective
heat capacity is integrated over the solidification range of the respective alloy, the latait hea
fusion is recovered.

A list of the process parameters used as input to the nsogigkn inTable3-5. In model
runs 1, 2 and 3, the clad inlegmperature was varied systematically, to cover the bounds
measured during casting triall2and 22, seeFigure3-5. The core inlet temperature wiaspt
constant, as it was shown to have minimal sensitivity to results. In run 4, the casting speed was

increased to simulate the conditions of trie8.2

71



Chapter 3ExperimentaApparatus & ethods

Table 3-5 1 List of conditions used for thermofluid simulations usitigg CFD model of
FusionE casitni2a-22]. descri bed

Run | Core Inlet Clad Inlet | Casting | Mould Water Chill Bar Notes
Temperature| Temperature| Speed | Temperature Water
(K (°C)) (K (°C)) (mm/s) (K (°C)) Temperature
(K (C))
1 963 (690) 913 (640) 1.12 288 (15) 300 (27) Trial 2-1,
2-2
2 963 (690) 923 (650) 1.12 288 (15) 300 (27) Trial 2-1,
2-2
3 963 (690) 933 (660) 1.12 288 (15) 300 (27) Trial 2-1,
2-2
4 963 (690) 923 (650) 1.23 288 (15) 300 (27) Trial 2-3

3.3 Interface formation laboratory analogtest apparatus

Direct observation of wetting and interface formation in the Flsieasting process is difficult
to obtain in practice, due to temperatyseoximity, cost, and safetigsues As suchan analog
test was designed and tuivhich would mimic the wetting and interface formation thets
expected tmccur in Fusiof casting on the laboratory scaidile providinga means to control
parameters relevant to interface formation: core alloy temperature, clad alloy temperature,
ambient atmosphere at point of contact between core alloy shell and clad liquid, time of contact
between core shell and clad liquid, casting speed, and core alloy surface oxidation prior to
contact with clad alloy liquid.The interface formation tes relatively straightforward.In the
test apparatus, cylindrical specimens are preheated to a desiredatemgpand then immersed
into an aluminummelt at a predefined spedd,a desired deptland for a pradetermined length
of time. They are themwithdrawn from the melt at a quick speed and cooled back to room
temperaturethus creating an interface between thgecimen and the melfThe tesbbjectives
wereto:

i. Determinewhich variables (of those listed above) have the greatest influence on the

interface formation process
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i. Determineif remeling of the core alloy surface (or test sample) is a necessary
requirement for interface formation
iii. Generatetest samples which could be analyzedicroscopic or otherwisefor the

purpose of determining moglausible interface formation mechanisms

As shown inFigure3-11, the analog apparatus consists of the following major assemblies:
() a twozone tube furnace(ii) a stainless steel vessdlji) a sample positioning system,

(iv) a sample cooling system, afwJ an ambient gas control system.

Actuator

= -\/ 2 zone furnace

IR Top heater

AA3003 sample

Al, O, crucible

Bottom heater

T AA4045 melt

Purge gas inlet

Figure3-117 Schematic otheanalog tet apparatus.

The furnace is composed of a stainless steel assembly, lined with insulating material and

four semicylindrical heater elements (CRWE8/240 from Omega), two heating elements for the

73



Chapter 3ExperimentaApparatus & ethods

top zone and two for the bottom zone. The internal dinoessof the heating elements were
203.2 mm (8 in) ID and 152.4 mm (6 in) length. A stainless steel tube, sealed at the bottom end
with a conical shaped flange, sits inside the furnace opening. The internal dimensions of the
stainless steel vessel wereDI®mm (7.5 in) ID and 419.1 mm (16 in) in length. Stainless steel
was used as the vessel material, as opposed to glass or ceramic which is typically used in
commercial tube furnaces, for durability purposes. Power output to the heating elements were
cortrolled using two commercially available temperature/process congdlE7200 from
OMEGA). The top heating elements were independently controllable from the bottom heating
elements. Thermocouples placed in the vertical centre of each zone, 25 mnfrawaiie
internal surface of the stainless steel tube were used as control sensors to the OMEGA power
controllerswith one placed in eademperature zone. Furthermore, a 32 mm thick ceramic plate
was placed in between the top and bottom zones to imphevendependence in temperature
between the top and bottom zones of the furnace. A circular opening in the plate was necessary.
As per the specification of the heating elements, the maximum achievable temperature was stated
as 982 °C; however, the maxamn attempted during furnace commissioning was-700 °C.
This was much greater than the requirements for interface formation testirge®0QG.

The sample positioning system was comprised of: (i) a sample holder, (ii) a DC powered
linear actuator(FA-150 from Firgelli Automation) (i) a 12 VDC power supply, and
(v) aL a b v i pragam[91] to control output to theDC power supply. The DC powered
linear actuator had a4b7.2mm (18 in) strokelength,anda speed output of 12.mm/s(0.5 in/s)
when12 VDC power was applied tté actuator.Actuator peed wascontrolledby sendinga
square DC pulse waue the DC power supply Motion at this low speed was smooth as the

frequency of the DC pulse was relatively higho track the position of the actuator, and hence
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sample positn relative to the melt, a displacement transducEB(1:450 fromOMEGA) was
coupled to the linear actuator.

A simple gas purge system was designed to provide covering gas inside the stainless steel
vessel. Compressedrgon gas(Industrial Argon, 99.99% from Praxai), was metered with a
combination gas flow met/needle valveand introduced to the bottom of the stainless steel
vessel, sedrigure 3-11. Typical flow rates of agon into the furnace during testingewe
0.226 nth* (8 scfh).

Data recording during testing was done usingudtifunction 1/0 data acquisition board
(NI USB-6212 from National Instrumentasndac ust om Labvi e w&n Sample war e
temperature and position were recorded during testkigsamples had holes milled into them
for placement of thermocouples. Grounded, stainlesssteathedK-type thermocouples, with
OD of 1.6 mm (from OMEGA) were used for all temperatmeasurements.

The followingactionswereperformed prior to any testing with the interface formation test
apparatus: (i) verification of thedequacy of the gas purging system, (ii) thermocouple
calibration at high temperature, and (iii) linear transducer calibration. The details of these tests
are given inAppendixA. The various tests that were performed, using the apparatus described

above will now be described in detail.

3.3.1Interface formation tesing

As the first step to fulfilling the test objectives outlinedSection 3.3, a series of intace
formation tests were conducted. The initial variables which were thought to be of primary
importancefor evaluationwere:core alloy and clad melt temperatusemple surface oxidation,
andambient atmosphere. These initial tests, described below were done using AA3003 as the

sample(core)material and AA4045 as the métlad) material.
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3.3.1.1Effect d sample surface oxidation, ambient atmosphereyameling

Sample Geometry and preparation

AA3003 samples were machined from the central portion of a DC Cast 3003 ingot, to avoid
inhomogeneity associated with chill zone and segregated layers fo@xteonal surfaces of DC

cast ingots. AA4045 material was also taken from the central portion of -eafidngot
supplied by Novelis. The compositions of the AA3003 (Id # 1) and AA4045 (Id # 2) material
used for analog testing are givenTiable3-6. The compositionsf the two ingotgrovided by
Novelis were measured from melt samples using Glow Discharge Optical Spectroscopy prior to

casting of eacindividual ingot.

Table3-6 1 Measured AA3003 sample and AA4045 melt alloy compositiorsse d i nt e

for
formation testing (wt% unless specified)
a

| d Al 1l o Si Fe Mn Ti Cu Mg C
01.170.0
3 0.0

1 AA3000. 2
2 AA4049. 9

€Y NN

0.7 1 0.08 0. 00 -
0. 2 2 - 0.000. 0¢

The AA3003 samples were grounal & surface finish of 600 grit (ca lathg. Samples
were cylindrical, 50.8 mm height and 38.5 mm OD. A macro photo of a machined AA3003
sample is shown irFigure 3-12. The central portiorof the sample was hollowith a
7.4 mm IQ so that gas cooling of the sample could be done from the centre outwards. Holes for
thermocouples were also placed parallel to the height of the sample, at a depth of 1.0 mm and
2.8 mm from the outer surface tfe sample, and at a height of 15 mm from the bottom of the
sample. Thermocouple data was used to control testing and also a priori for AA3003 oxide

growth calculations.
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————
38 mm
Figure3-127 Macro photo of a prgared AA3003 sample prior to immersion testing.

Prior to testing, machined samples were cleaned in alcohol, etched in 5 wt% NaOH
solution for 2 minutes at a temperature of 343 K, rinsed in water, rinsed in concentrated nitric
acid for 1 minute (to removerait from the surface), rinsed again in water, théned with
compressed air Sample were stored overnight in a dry box before being used for testing, thus
enabling the formation of a thin room temperature oxide layer. The surface ofé¢hshed
sampeés had a characteristic scallop structure typical of long NaOH etching [@288], with
some pitting as well. The machining marks were no longer visible when observed with a SEM.

Test Procedure

AA4045 clad alloywas first weighed with a target range of 900g and 1000g, acddliato a
boronnitride coated, cylindrical flat bottomalumina cruciblewith an ID of 92.5 mm from

MTI Corporatior) . The met al wei ght was wused as inpu
which was used to control sample immersion depth into the nfégle AA4045 wasthen placed

in the bottom zone of the tube furnace. The furnace was then powered on and the AA4045 was

left to melt and stabilize in the bottom of the furnace. The melt was skimmed to remove dross
accunulated during the melting processsing a boron nitride coated steel skimmer. The initial

dross was weighed and subtracted from the initial AA4045 melt weight.
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After the AA4045 melt temperature was stabilizéy telt waskimmeda second time,
Figure3-13a. After skimming the oxide on the AA4045 melt, a predetermined amount of time,
t; (seeFigure3-13a), was allowed to elapse before inserting the AA300& alloysample into
the furnace to ensure a controlled oxide could grow on the surface of the AA4045 melt. Once
the AA3003 sample wasserted into the furnace, as showrFigure 3-13b, a second timep,
was allowed to elapse, after which the argon purge gas was opened, thesieing floe furnace
with argon. Using AA3003 sample heating curves from preliminary tests, the valaedt,
could be calculated such that the degree of surface oxidation present on the AA3003 sample and
on the AA4045 melt could be systematically varigmhf test to test. The oxide values were then
re-calculated after testing using actual heating curves from each specific test. When the sample
temperature reached its predefined test temperature, the sample was then immersed into the melt,
Figure 3-13c. For all tests in this seriea constant immersion speed of 1.4 mm/s was used,
which is similar to the typical casting speed used in other Ftsicaing trials. Test samples
were immersed into the melt to a depth of 32 rtimen quickly withdrawn from & AA4045
meltat a speed of 9 mm/§hus, the time at which the sample was immersed in the AA4045 melt
varied with positioralong the sample surfacdhe bottom edge of the sample was immersed for
the longest time, ~ 26.5 s, while the last point of contact between the sample and the AA4045

liquid surface was in contact with the AA4045 melt for a very short period of time, ~ 0 s.
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Figure3-13i Test procedure used for tests conducted on large OD samplelde8-8.

A typical sample heating curder the 38.5 mm OD samples used in this thesshown in
Figure3-14. It should be noted that the initial temperature of the sample was slightly hotter than
room temperature. This is due to the fact that the sample holder, being in close proximity with
the furnace assembly, was not at room temperature. Dependinglengtreof timet; between
the initial skim and sample insertion into the furnace, the sample temperature would heat slightly
prior to insertion into the furnace. The tim&0 seconds irFigure 3-14 refers to the point in
time when the sample is placed into the furn@aditionally, during contact with the AA4045
melt, the sample temperature increases to a peak temperature which was also recesddd for

test.
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Figure3-147 Typical sample heating curve for 38.5 mm OD diameter sample.
Testing: ample surface oxidation

In the first seriesof tests the AA3003 and AA4045 test temperatures were Kixed as

903 K and 913 K. The test conditions are outlinedable3-7. By varying the time;, andt,

the amount of oxidation on the sample scef@rior to immersion in the melt could be altered.
During final immersion of the test sample into the melt, dhgbientatmosphere in the furnace
was agon for all tests shown iTable3-7. Prior to testing, a typical sample heating curve, like
the one shown irFFigure 3-14, was used in conjunction with oxide growth calculations, to
estimate the time$; andt,, required to vary the level of sample surface oxigde aasooswhile
keeping the melt surface oXdoxide ans045 CONStant. For teste2-06 in Table 3-7 this was
achievable. For testl, algon was purged into the furnace for 10 minutes prior to skimming the
melt, thus a significantly lower melt and surface oxide was achieved. After tests, oxide growth
was calculated using measured sample temperatures, melt temperatures, and testin@utiches,

to. The procedure used to calate oxide growth is detailed AppendixB.
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Table3-7 1 Interface formationtesgser f or me d

wi t h,

oxidation on tshwer fAAACBE OBr iscarmptl enii Mminea asti o
of test repeats.
Calculated
Test Alloy Id # Temperature K( °C) Oxide Final
Thickness(nm) n
Gas
Melt Sample Ti, Ti, TPeak, toxide, toxide,
AA4045 | AA3003 AA3003 AA4045 AA3003
913 | 903 908911 N
ol 2 1 (640) | (630)| (635638) 5355 | 12-13 Ar 5
913 | 903 910 215
02 | 2 L1 (6a0) | 630)| (637) 217 | 15| AT | 3
913 | 903 909910 217
03 | 2 L1 (640) | (630)| (636637) | 218 | S&4L| AT | 3
913 | 903 909911 206-
o4 | 2 L | (640) | (630)| (636638) | 208 | °¥°4| AT | 3
913 | 903 908909
05 2 1 (640) | (630)| (635636) 231 | 7174 Ar 3
06 5 1 913 | 903 909910 272 104 Ar 3
(640) | (630) | (636:637) 273 105

laagei OP tshaenp & r

time tr

*for 2 of these 6 tests, samples were held for an additional 20 s in the melt, then raised up, for a
total immersion time of ~ 20 s at tHWA3003/AA4045 contact line and ~ 46.5 s at the bottom
edge of the sample.

Testing:Ambient atmosphere amdmeling

In this series ofests argon was not used, i.é¢he step shown ifFigure3-13b was omitted from

the test procedure. Thus, the furnace ambient atmosphere was air during sample heating, and

also air during sample immersion into the médlhe tests that were conducted aummarized in

Table 3-8. Here, theAA3003 sample temperature was kept constant for all tests, at 903 K;

however, the AA4045 melt temperature wasi@d from 913 K to 953 K.
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oD

Table 3-8 1 Interface formation teste er f or med wi t h | arge
tempemandreates the number of test
Calculated
Test Alloy Id # Temperature K(°C) Oxide Einal
Thickness(nm) n
Gas
Melt Sample Ti, Ti, TPeak, 1:oxide, toxide,
AA4045 | AA3003 AA3003 AA4045 AA3003
913 | 903 909912 218 . .
12 . (640) | (630) | (636639) | 204 | O¥00 | AIr |6
923 | 903 917919 225 .
2| 2 . (650) | (630) | (644646) | 207 | °¥OL| Ar | 3
933 | 903 923 239 .
B2 1| (60) | (630)|  (650) 241 | O8S9 | Ar |3
943 | 903 924926 253 .
4] 2 1 670) | (630)| (651-653) | 255 | >0 | Ar | 3
953 903 925926 267- .
5|2 L | 680) | (630)| (652653) | 270 | °%60| Ar | 3

*for 2 of these 6 tests, samples were held for an additionali2@he melt, then raised up, for a

s amp

repeats.

total immersion time of ~ 20 s at the AA3003/AA4045 contact line and ~ 46.5 s at the bottom
edge of the sample.

3.3.1.2Effect of Mg impurities in sample and melt alloys

As mentioned irbection2.3.3 the presence of activéeenents such as Mggan be beneficial to

bond formationn fluxless brazing of aluminurf62]. The level ofactive metakontent required

to affect lond quality in fluxless brazing studies in Teret al. [62] was on the order of

0.001wt%. Furthermore, e interface formation tests that were performe&aantion 3.3.3.1,

used amAA3003 (alloy Id # 1 inTable3-6) containing0.0051 wt% Mg As such, there was an

interest in determining if the results from the AA3003/AA4045 interface formation tests outlined

in Section 3.3.2.1 were being inflneed by the presence of M@\s such, a series of interface

formation tests were performed, using alloys with varying levels of Mg coirtebbth the

sample alloy and the melt alloy
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Sample Geometry and preparation

To conduct a series of tests witarying Mg content in the sample and melt alloys, a series of

i ngots were cast at Novelisdo Gl obal Technol og
of the alloys cast for these series of tests are listeBable 3-9. Alloy compositions were
determined by sampling the melt prior to casting and measuring the composition of the samples
postcasting using Glow Discharge Optical Spectroscopy. Allayand alloy2a in Table 3-9

represent the highest purity achievable using the raw material available at Novelis; as shown
both alloys have a residulslg content of 0.0008 wt% Mg. This is due to impurity in the grade

of Al used to make up the alloy melts, alloy Id #hJ able3-9.

Table 3-9 1 Measured bl oy compositmtoearsf aucsee df (oi#dmaitnil @rs st e
speci fied)

| d Al |l o Si Fe Mn Ti Cu Mg Ca

lal AlLMN|0.000.000.2¢0. ®0 0.00 0. ®0 -
AL Mn

1| Ao 0d0. ®mgo0. 8¢ - 0.000.01 -
1c A041'\{'“Mo.c2co.a01.oz ] 0. @0 0. B0 0. G
>al Al10S|9.5¢0.000.04 - 0. ®0 0. B0 -

2 b Q”c?'ls 9.0 0.000.0( - 0.00 0. ®1 -

2 ¢ %”2'5 9.660.000.0( - 0. ®0 0.09 -
3 |Super|0.00$0.000.00 - 0.000.00 -

The book moulds used to cast thelMn alloys were of dimensioB8.1 mm (1.5 in) by
152.4mm (6 in) by 209.6mm (8.25 in) These ingots were then used to fabricate test samples
for interface formation testingFor thesedests a smaller sample dimension was used. Smaller
samples in this case were easier to fabricate and used less material. Samples were again

cylindrical in shape, 50.8 mm in length a®db mm OD A thermocouple hole was made into
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the centre of the sample, from the top of the sample to a height of 15 mm from the bottom of the
sample.

Prior to testing, machined samples were ground using 1200 then 2#46argipaper on a
lathe. The samples were then cleaned in alcohol, then etched as :feowsdes were etched
for 5 seconds in 5 wt% NaOH at a temperature of 343 K, then dipped into concentrated nitric
acid. Thisprocesswas repeated 4 timesThis metha of intermittent NaOH etching was
suggested by Becdt al.[38] as a means to reduce the occurrence of surface pitting during the
etch process Sampés were then rinsed in water and dried with compressed air. Samples were
stored overnight in a dry box before being used for testing, thus enabling the formation of a thin
room temperature oxide layer. The surface of thetelsed samples had a charaster scallop
structure[92-93].

Test procedure

The test procedure used was very similar to that giveBeation 3.3.2.1. A fewdifferences
should be noted First,due to the difference in sampdeze the test sampteheated differently
than those irBection3.3.2.1 In Figure3-15, atypical heating curve foa 9.5 mm OD sample is
shown incomparison with aypical heating curve from a 38.5 mm OD samphes shown, the
heating rate is higher for the smaller diameter sample, and a shorter time is required to reach the

target test temperature.
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=—9.5 mm OD sample 38.5 mm OD sample
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Figure 3-151 Typical sample heating cugvfor 9.5 mm OD diameter sample compared with
larger, 38.5 mm OD, sample.

Second, a smaller crucible was used in these tests, again to reduce material consumption
and reduce the time required to melt the matee#&bre testing.For these testa boron nitride
coated, cylindrical round bottorajumina cruciblewith ID 54.9 mm (from MTI Corporation)
was used.

The final difference between these tests and those descrilsedtion 3.3.2.1 was that no
attempt was made to insure immgar oxide layer thickness on the melt prior to test immersion.
The melt was still skimmed twice prior to testing: once after initial melting of the melt material,
and once before the test sample was inserted into the furnace. Thus, the concegtiofestin
andt,, shown inFigure3-13, to maintain a consistent melt surface was not applied. All interface
formationtests were done under a finagan atmosphere. This was achieved by purging the

furnace for a period of 10imutes, with a flow rate 08.226 nih™ (8 scfh) prior to immerson of
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the sample into the melfThree series of tests were performed to assess the effect of Mg content
on interface formation.

Testing:Baseline testand effect of temperature and samgkide level

The first series, the baseline tests, were conducted using only the high purity sample and melt
alloys (Id# 1la and 2a iable3-9). The tests performed are listedTiable 3-10. These tests
served to assess the effect of temperature and sample oxidation level, while providing baseline

samples for comparison purposes.

Table3-101 Out |l i ne of analog tests pienmdiocanteas wt h é
of test repeats.

Test Alloy Id # Temperature K(°C) Cﬁ!?g&itgssgﬁc;e N
Melt | Sample Melt Sample Sample
tl 2a la 878(605) 872(599) 10 3
t2 2a la 878(605) 872(599) 21-22 3
t3 2a la 878(605) 872(599) 117126 3
t4 2a la 893(620) 891(618) 11-12 3
t5 2a la 893(620) 891(618) 25 3
t6 2a la 893(620) 891(618) 133141 3
t7 2a la 913(640) 907(634) 1315 3
t8 2a la 913(640) 907(634) 28-29 6
t9 2a la 913(640) 907(634) 149159 7
t10 2a la 913(640) 907(634) 256-264 6

Testing:Effect ofMg impuritycontentin the sample alloy

In the second series of tests, the Mg content of the samples/arézd, along with the sample
oxidation prior to sample immersion in the melt. The tests conducted in this series are listed in
Table 3-11. For thee tests, the high purity melt alloy was used throughout (Id # 2a in
Table3-9). The alloyslb andl1c (seeTable 3-9) tests samples were fabricated using the ingots
cast in book moulds, mentioned previously in this section. The &l{egeTable3-6) samples

were fabricated from AA3003 D€ast ingots.
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Table3-111 Out |l i ne of analog tests pienmdiocaneas wt I é

of test repeats.
Test Alloy Id # Temperature K(°C) C.ﬁ'}?;iiteegsgﬁc;e N

Melt | Sample Melt Sample Sample

sl 2a 1b 913(640) 907(634) 14 1
s2 2a 1b 913(640) 907(634) 28-29 5
s3 2a 1b 913(640) 907(634) 155 4
s4 2a 1b 913(640) 907(634) 256 1
s5 2a 1c 913(640) 907(634) 14 1
s6 2a 1c 913(640) 907(634) 28-29 5
s7 2a 1c 913(640) 907(634) 162 1
s8 2a 1c 913(640) 907(634) 258 4
s9 2a 1 913(640) 907(634) 14 1
s10 2a 1 913(640) 907(634) 28-29 4
s11 2a 1 913(640) 907(634) 159 4
s12 2a 1 913(640) 907(634) 260 1

Testing:Effect ofMg impuritycontentin the melt alloy

In the third series of tests, the Mg content of the melt alloys were varied, along with the sample
oxidation prior to sample immersion in the melt. The tests conducted in this series are listed in

Table 3-12

For these tests, test samples were fabricated from the high purity

Al-1Mn (Id # la inTable3-9).

Table3-121 Out |l i ne of analog tests piemdiocaneas wt h é
of test repeats.

Test Alloy Id # TemperatureK(°C) Cﬁ!?i?]tgssgﬁc;e N

Melt | Sample Melt Sample Sample

m1l 2b la 913(640) 907(634) 28-29 4

m2 2b la 913(640) 907(634) 157 1

m3 2C la 913(640) 907(634) 13 1

m4 2C la 913(640) 907(634) 28-29 4

mb5 2C la 913(640) 907(634) 153 1

m6 2C la 913(640) 907(634) 257 1
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3.3.2Analysis of interfaceformation test samples

For all tests performed, macroscopic observation of the test samples after immersion were
performed to qualitatively assess the interaction the sample had with the Muaitoscopic

images were taken with a digitial camera. For tiss detailed in Section 3.3.1.2, sample
weight loss was recorded by measuring sample mass prior to and after testing, using a Denver

Instruments St114 microbalance, with a precision of 8/1 mg.

3.3.2.1Metallographic analysis of interface formation teshpkes

Tests which were performed on large OD sampledjle 3-7 and 3-8, were cross sectioned,
mounted, and polished using standard metallographic techniques. For these samples, care was
taken to insure that the final polishing plane was consistent with the diametral plane. Samples
were th@ imaged using optical microscopy.

A select number of small OD test samples, from testsTable 3-10, 3-11, and
3-12 were examined usin§EM (Hitachi S3000N SEM and Zeiss Leo 1530 FESEMThe
samples were cleaned in acetone and stored in a dry box prior to im&gldgionally, for the
tests done with small OD test sples, the sample weight was measured before and after testing,
and used as a measure to gauge the extent of sample dissolution as a result of immersion into the

melt.

3.3.2.2Thermal oxide film characterization

One of the key test variables in theerface formation tests mentioned abovas oxidation of
the sample, whereby different heating times were used to generate a variety of oxide thicknesses

on the exterior surface of the samples. The oxide films grown in this manner, by thermal
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oxidation,were first evaluated using analytical calculatiosms,mentioned irsection 3.32 and

Appendix B

In addition, samples were also examined using SEM/EDS, which proved to be a useful
technique to assess average oxidation and identify segregation of raetigk species. The
procedure to do this i s Rdaismxide bhelkhessbusihgoERDS i n
measuremends. o0 characterize local oxide uniformityn thermal oxide films grown on
AA3003 and other alloysFIB-SEM imagingwas usedthisis descr i bed Oxide t he
thickness and uniformity with FIBEM . Finally, in an attempt
populations in thermal oxide films, eopper decoratiortechnique was employed; this is
descri bed iOxide film @efedeamtiticationnwithiicopper decoration.

Relativeoxide thickness using EDS measurements

To assess both the relative oxide thickness and morphology of the AA3003 oxide films, AA3003
wafers were oxidized using the TA Instruments D®BEn examined with a $E Sample
preparation (polish, etch, dnut, rinse, dry, store) were mimicked as per the procedure
discussed irBection3.2.1above. To match the analog test heating r@aethe large diameter

OD samples)with the TA Instruments DSC, experimentally asared heating curves from
analog test (specificallytestso1-06 in Table 3-8) were averaged, then segmented and fit to
linear heating rates in 5 minute increments. The linear heating rates were then stitched together
to form a DSC rurfile. The DSC purge gas could ladgnamically switched during heating.
Based on the DSC furnace size angbn purge rates used during testing, an estimate of 1.5 min
was used as the required time to flush the furnace with inert dgasr these tests, a
ParkerBolston (UHPXN23200) nitrggen reformer was used as the inert gas source, with a

specified purity of 5 ppm © The air flow stream was taken from ambient room conditions,

89



Chapter 3ExperimentaApparatus & ethods

whereas the inert gas stream was passed through a bed of anhydrouqdd@#(@) prior to
purging into the [3C furnace. A summary of the tests run using this techniggishownin
Table3-13.

The resulting oxides grown on these AA3003 samples were imvéiged Phillips FESEM
(XL30S FEG), equipped with an Oxford EDS detector (XMAX 80 Ttatector sizef. To
determine the relative oxide thickness of the samples, the ratiod®mAl EDS peak intensity
were measured. A field size of 1.8 mm by 1.8 mm usedd to assess the trend in oxide layer
thickness. A smaller field size of 2 em by
stated otherwise). An accelerating voltage of 4 kV was used with the sample surface oriented
perpendicular to the inoht beam. Typical count rates with this system were 14,000 counts per
second (40% dead time), and with this count, @teacquisition time of 30 seconds was deemed
adequate to get stable peak intensities in the resulting spectrums. In a compardyived stu
oxide measurement techniqu&gl], EDS methods were observed to give a similar accuracy to
TEM based methods for determining oxide thicknessegygesting it is an adequate
measurement technique. Without calibration standards,-teeADEDS peak ratio could not be
used to give quantitative oxide thickness values, but it was used to gauge relative oxide thickness

between samples.

% Microscopy performed June 2013 by Paul Nolan, Senior microscoisivatis
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Table3-137 List of samples preparddr SEM/EDS oxide characterization

Total Estimatad
Alloy Heating t1 t2 Oxide
Test ld# Time (min) | (min) | Thickness Notes
(min) (nm)
t AA3003 0 0 0 3 Air formed oxide, room
temperature

. Similar oxide thickness
airl | AA3003 40 9 31 13 as ol inTable3-7

. Similar oxide thickness
air2 | AA3003 40 29 11 33 as 03 inTable3-7
air3 | AA3003| 40 | 365 | 35 46 Between 03 and o4 in

Table3-7
aird | AA3003| 53 | 465 | 65 64 Between 04 and 05 in
Table3-7

) Similar oxide thickness
air5 | AA3003 70 63.5 6.5 95 as 06 inTable3-7
air6 | AA3003 | 105 | 985 | 65 153 | > Oxide thickness as of

in Table3-7

nl | AA3003 40 - - 13 Heat ¢ 4 und
2 | AA3003 20 - - 6 eating pel\rI ormed unde
n3 | AA3003 | 105 - - 39 2

Oxide thickness and uniformity wiB-SEM

Using the small diameter sample size, 9.5 mm OD, oxidation tests were also performed in order
to assess the oxide growth and uniformity with 8BM imaging. The list of samples which

were tested is given iffable 3-14. The oxidation temperature for all samples which were
examined was 907 K (634 °C). On the 9.5 mm OD samplesya &vide flat was mechanically
ground, then finely ground usiren autepolisher. The samples were then etched and stored
using the same procedure as the samples which were used to perform immesilistadsn

Section 3.3.1.2 The oxidation time wa420 minutes, consistent with the maximum time and
estimated oxle thickness for tests performedSaction 3.3.2.1 The primary purpose here was

to assess the oxide thickness, uniformity, and differences in morphology between the various

alloys.
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Table3-147 FIB-SEM sanples prepared for oxide uniformity studies.

Alloy 1d # Totql _ Estimated
Alloy (Table3-6and Table| 1€&tng | Heating Oxide
Time Atmosphere | Thickness
3-9) .
(min) (nm)
8Mg 3 120 Air 250-260
1Mn-8Mg la 120 Air 250-260
1Mn-100Mg 1b 120 Air 250260
1Mn-1000Mg 1c 120 Air 250-260
AA300350Mg 1 120 Air 250-260

A combination Focused lon Beam (FIB) milling instrument arnchr®ing Electron
Microscope Zeiss Model NVision 4pwas used to assess the thickness and uniformity of the
resulting oxides. Analysis was performed the Canadim Centre for Electron Microscopy
(CCEM), located at McMaster University Samplecross sectionsvere prepared as follows.
First, asuitablelocation for analysisclean of debriswas identified irsitu using SEM imaging.

To protect thesurfaceoxide layer from damage during the ianilling process, a sacrificial
tungsten layer wadeposited ontdhe surface in th@entified region of interest. For samples
where thesurfaceoxide was expected to be > 50 nm in thickness, tungsten was deprsitgd
anion-beam assisted techniquA. Gallium ion-beam wasasteedin a grid like fashion over the

region of interest. Simultaneously, tungsten hexacarbonyl gas was admitted into the SEM
chamber. The interaction of the #deam and tungsten hexacarbonyl a #ample surface
causes the gas to decompose leaving deposition of tungsten at the surface of the sample.
Roughly 5 minutes was required to deposit a layer of tungsten of sufficient thickness. For
instances where the oxide layer was expected to bensH0 nm in thicknesthe ebeam from

the SEM was used instead of a Galium-b@mam to deposit the sacrificial tungsten layer. The

e-beam assisted tungsten deposition rates were less than #beaimnassisted deposition rates

* Microscopy performed August 2014 by Travis Casagrande, microscopist at CCEM.
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About 20 minutes was geired in the case of-leeam assisted deposition of the sacrificial

tungsten depositMore information on FIBSEM methods can be found in Refereffa¥.

After the tingsten deposit was complét¢éhe quality of the deposit was checked to insure
uniformity. If the tungsten deposit was deemed to be of good qualitpe@am milling was used
to remove material from this tungsten deposited region of intefidst. proces was essentially
the same process used for tungsten deposition; however, for the milling process tungsten
hexacarbonyl gawas not admitted into the specimen chamb@&hus, the Gallium iofbeam,
when rastered over the surface of the sample, causesah#iegject from the sample surface.
When left for a period of time, a trench, or cross section, can be observed on the sample surface.
The final trencles provideda means to view udamaged surface oxides @nosssection For
thin surf ace, thsxig tgpealy not pdssible msing traditional metallographic

sectioning and polishing techniques. Roughly 5 minutes was required to mill each trench.

The trenches (or crossections) weré@maged using the SEMnN the Zeiss Model NVision
40 system by tilting the sample to view the cross section. A tilt angle ¢f \wds required to
adequately image the final cross sections. As image tilt in the SEM causes distortion, all images
were tilt corrected using the system software prior to saving the imagesxide thickness

measurements were performed on tilt corrected images.

Oxide film defect quantification with copper decoration

Using the same sample preparation technique as that discussed in Section 3.3.3, copper
decoration experimen{$8] were also performed to assess the quantiguofacedefectsin the
thermally grown oxides.The list of samples which were tested is giverd able 3-15. Again,

the oxidation temperature for all samples which were examined was 907 K (634 °C). Copper

decoration was performed after samples were oxidized and cooled to room temperfaeire.
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electrolyte used wasomposed of distilled water with 65 g/L potassium chloride and 1 g/L

copper sulfate added, giving a pH of 5 (using pH pap&s¥sing a cell voltage of 0.5 V, an

exposure time of 3 minutes was found to give adequate copper detoreitiv copper sites

easily obserable using optical microscopy.

Table3-157 Samples examined using copper decoration technique.

The

Alloy Id # Total Estimated
Alloy (Table3-6 Hegting Heating Qxide
and Table Time | Atmosphere| Thickness
3-9) (min) (nm)
8Mg 3 - - 3
8Mg 3 20 Argon 10-12
8Mg 3 120 Air 250260
1Mn-1000Mg 1c - - -
1Mn-1000Mg 1c 120 Air 250-260
following three chapters wil

trials, Chapter 4, and laboratory scalerface formation tests, Chapter§ 5
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Chapter 4

Observations from FusionE Casting Tri a

4 .1 Intro duction

In this chaptertheresults andbservations made duringh e F ucastingexpériments using

AA3003 core and AA4045 clad alloydescribed inSection 3.1are presented Thermofluid

simulations weralso performedi si ng a vali dated marntithdprocess t he |
data collected during the casting trials to determine input parameters to the moeleésults of

the thermofluid CFDsimulationsare presentedn Section 4.2 These simulations providéduist
approximatios of the expectedhermal history at the coldad interfaced ur i ng Fusi on

casting

Video recordings of the castingals were performed toeveal the nature of motion of the
oxides along the top surfaces of the molten metal pools during castsgmentioned in
Section 1.4, the motion of oxides on the cast sump is expected to be a key factor in final bond
guality. The results for these recordings are presente@®eiction 4.3. Usingpredicted
temperature from Section 4.2, along with information gathered from the videmrdings, an
estimate for theore alloy surface oxidation could be madeo reiterate, the motion of surface
oxides on the top surface of both liquid sumps, shown iniregigure 4-1, as well as the
thickness and morphology of the surface oxide on the core surface prior to contact with the clad
melt, shown as a black line Figure4-1, are of particular importance to the understanding the

interface formation process
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Chill Bar

Oxides

- Y Y

€ cLAD  CoORE
Figure4-11Cont act conditions between c avithgqueatond c | ad
marks indicating areas of interest.

Mi croscopy of the core alloy surface, obt a
trial, (seeSection 3.21.2) were examined, with results shownSaction 4.4. Sections 4.5 and
4.6 focus on the ature of the final asast interfaces. Macro observations and optical
microscopy of the interface is presented first. These results argfemiously cast ingotésee
Table 3-3 for details); however, the results are qualitatively consistent with ingotsasgstr
Section 32.1. The chapter concludes with mechanical test results and fractography oictst as

FusionE interfaces.

4.2 Thermofluid modelpr edi cti ons of FusionE casting trial

Using a thermofluid model developed as a separate project with NpR&IE?], simulations
were performed to determine the steathte conditions for the dasg trials2-1, 22, and 23 in
Table 3-2. The solid model and mesh are shown in Section 3.2.24.comprehensive
description of: (i) the thermofid model, (ii) thermophysical properties of the AA3003 and

AA4045 alloys, (iii) boundary conditions, and (iv) grid independence studies and model
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verification/validation may be found in Referend@4-22]. The results of these simulations
form a first approximation of the expected thermal history at the core/dedace during
Fusi on E. Thaysure bfrimportance when comparing finaterface quality at different
locations along the width of the ingot, and walsoused for the design of testing parameters for

laboratory tests performed @hapter 5 and 6.

4.2.1Temperature, fraction solid (fs), and velocity contours

Before detailed resdtwere extracted from the thermofluid model results files, temperéiure,
and velocity results were plotted for various sections of the 3D motleése plots provided
insight abouthe typical solidification patterrthatevolved ur i ng Fusi onE casti ng
Shown inFigure4-2ais the predictedemperature contour results from simulation # 2 (see
Table 3-5), from the x-z plane,taken at the centerline of the inggt 0 mm). In Figure4-2b,
the corresponding fraction solids| is shown. Variousobservations can be made regarding the
temperature andk results:
i. There is an appreciable sized AA3003 shell solidified against the copper chillfswith
greater than 0.90
i. Both the AA3003 and AA4045 sump profiles appeard@aymmetric with respect to
the AA3003/AA4045 interface
iii.  The AA3003shell undergoes only slight reheating due to contact with the AA4045. sump

iv. ~ The AA4045 liquid sump isignificantlydeeper than the AA3003 sump.
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AA4045 Melt Level AA3003 Melt Level
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Figure4-2 i Contour plos of results from simulation # 2 (sdable 3-5), from the x-z plane of
the solid model domain (seegure 3-10), taken at the centerline of the inggt= 0 mm.
(a) Temperature, and (b) Fraction solfg.(
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The thick AA3003 shell solidifying against the chill bar reduces the likelihood for break
through of the shell upon contact with the AA4045 melt, which is beneficial from a processing
perspective. This has been exami neeporedby det ai
Baseriniaet al.[21]. The shape of the AA4045 and AA3003 sump profiles are dmfmmetric
This behaviour matches previous calculation and experimental verificatiantsres
Caronet al.[22]. Thelast two observations are more relevant to the AA3003/AA4045 interface
formation process. The Fusi onE casting patent suggests
requirement for obtaing metallurgically sound bonds; howevenlp slight reheating of the
AA3003 shell upon contact with the AA4045 sump was predietedhe center line. The
predicteddepth of the AA4045 sumpyassignificantly deeper than the AA3003 sump, resgt
in aregionof approximately 380 mm in length where fully solid AA3008mes intocontact
with liquid (low fs) AA4045. As the AA3003 shell moves down with the same rate as the ingot
casting speed, in this ca3el2 mm/s, theesultingcontact timebetween theAA3003 solid and
AA4045 liquid is on the order of 1 minute at the ingot cehiter (y = 0 mm). This contact time
is not constant across the width of the ingoe to asymmetry in molten metal feeding (see solid
modelFigure3-10), and will be elaborated upon further in Section 4.2.2.

The asymmetry in temperature afyds further illustratedrigure 4-3. Figure 4-3ais the
predicted temperature contour results from simulation # 2Tabk 3-5), from thezy plane,
taken at the interfacex = 0 mm) between the AA3003 and AA4045. Thkerrespondings
contoursfor AA3003 at the interface are shownFkigure 4-3b. Along the top of the-y plane,
there are two observable hot sp@fsbelled a), these are associated with the AA3003 inlet
stream. As shown ifigure 3-10, the AA3003 inlet stream is divided into two horizontal jet

streams by a diffuser mechanism. These two horizontal jet streandtehAA3003 create hot
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a a
AA4045
¢ \L Melt Level
-_— -_—

l 915.00

903.50
-892.00
- 880.50
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- 857.50
- 846.00
- 834.50
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Figure 4-3 17 Contour plots of results from simulation # 2 (Sesble 3-5), from thez-y planeof
the solid modelseeFigure 3-10), taken at the interfacex € 0 mm) betweenhte AA3003 and
AA4045 domains(a) Temperature, and (BA3003 fs.
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spots at the outlet of the diffuser openings. A second hot spot (labg¢ltth be observed in
Figure4-3a, at the y position consistent with the clad inlet jet strgam+102 mm. Unlike the

core inlet metal stream, the clad inlet stream was fed vertically into the sump, due to space
constraints, se&igure 3-10. This vertical jet stream created a hot spot its liquid metal jet
impinges the bottom of the AA4045 sump. Higure 4-3a the result of this hot spot manifests
itself as a hot spot along the AA3003/AA4045 interface and a local depression of the sump.

A third hot spot (labelledc) is shown clearly inFigure 4-3b at the centerline
(y=0 mm) of the ingot. This hot spot occurs for three reasons. First, it is the furthest point from
the narrow edge of the ingot. Since the majority of the heat extraction is provi@&i dyoling
along the periphery of the ingot, this point only receives cooling via diffusion from the wide face
of the ingot; however, near the edges of the inget /- 192.5 mm), there is enhanced cooling
provided by the narrow face of the ingot in dideh to the wide face of the ingot. Second, the
other two hot spotsa(andb) from the AA3003 and AA4045 metal jet streams appear to be an
influencing factor, as both hot spots are in close proximity to this third hot spot. Also, this hot
spot occurs dew the AA4045 melt level position, i.e., after the AA3003 metal comes into direct
contact with the AA4045. This is expected, as the AA4045 pouring temperature wa33K3
(650660 °C), and thus could be expected to cause some reheating in the regest from the
edges of the ingot.

A snapshot of theredicted velocity results frosimulation # 2 (se@able3-5) are shown
in Figure4-4, for different sections of the solid moddtigure4-4ais a section of th&-z plane,
taken at theclad inlet(y = 102 mn) position (sed-igure 3-10). Figure4-4b is aview from the
top of the solid model, showing both the velocity camsoon the core and clad sumgshe flow

in the AA4045 sump is a strong function of the clad metal inlet jet stesghigure4-4a.

101



Chapter4Observations from FusionE Casting Tri al

0.05 I
0.04

0.03 -

0.03 (@)
0.02
0.01

0.00

Core

< 385 mm )l

Figure4-471 Velocity contour plots of results from simulation £s2eTable 3-5). Normalized
vector vectors included iboth plots to indicate direction of flow tangential to the indicated
plane. (a) Section of thex plane of the solid model, taken at ttlad metal mlet,y = 102 mm
(seeFigure3-10). (b) Top surface of the core anthd domains.
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Here, the flow from the inlet stream hits the bottom surface of the AA4045 sumptlie
liquid/solid interface), causing a recirculation of flow in the counterclockwise direction. This
recirculating flow from the inlet jet stream causes the free surface flow of the AA4045 sump to
be directed away from the AA3003/ AA4045 interfaceslaswn inFigure4-4b.

This predicted surface flow would generate a viscous shear force on any oxide films
present on the AA4045 sump surface. The directiothisfshear force would tend to pull any
oxide films on the AA4045 sump surface away from the AA3003/AA4045 interface, which
would be beneficial for creating an oxittee interface. fie predicted AA3003 sump flow and
surface flows are also strongly reldt® the molten inlet flow, and the jet streams resulting from
the use of a diffuser. Here, the diffuser divides the flow into two jet streams, and the resulting
surface flows generated by these streams are shoWwigume 4-4b. Unlike the AA4045 free
surface, the surface flow is directed to the mould periphery as well as the chillliarflow
pattern would not be as helpful in dragging any oxide film on the AB30Bface away from the
AA3003/AA4045 interface.

It should be noted that the magnitude of the surface flow showigume4-4b reach levels
of 0.05 m/s (50 mm/s). hese model predicted results, while valid, may not represent the
physical reality of the surface flows, as the top surface is subject to oxide formation and hence
the boundary conditions used to define the free surface in the thermofluid [26@&] may not
be valid there is aneed for real measurements of saefavelocity, which is the subject of

Section 4.3.

4.2 .2 Extracted model results

For the purpose of this study, the most pertinent information extracted from the model were the:

(i) surface temperaturandfs of the core alloy while in contact with the chill bar (and prior to it
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contacting the liquid cladynd(ii) core/clad interfacial temperatuend corefs, from the point
where the core and clad initially make contaatil the point at which the interfaselidifies

In Figure 4-5a and b, the3-d modelled domain andxis coeordinate systenare shown,
along with key dimensions of the modehdditiondly, using the casting speed, the distance
along thez axis (parallel to the casting direction) can be converted to tinnehich isa useful
variable to use when displaying surface temperature and interfacial temperature results.

z

=0 ; (interface location)

=0 ; (top surface core liquid)
=-30 mm : (top surface of clad liquid) (a)
= casting speed

=-z/v

X
Z
z
t

y = 0 ; (centreline position)
y =-102 mm ; (core inlet) (b)
y =+102 mm ; (clad inlet)

] 1 1
102 ! >
| mm , 102 mm ,
] 1 1

1

I
Corelnlet ¢  Clad Inlet

Figure4-571 Sc he mat i ¢ o fmodehneerfaBeunith azemrel key dimensions labelled
(a) x-z plane,longitudinal section. Casting time is defined as the distarzcalong the model,
starting fromz = 0 mm, divided by the casting velocity, (b) x-y plane transversaection of the
Fusi onE model
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A typical result of theAA3003 core alloy surface temperature (prior to contact with the
clad alloy liquid),and after contact with the AA4045 clad liquglplated inFigure4-6. The
various plots represent differepositionsy,al ong t he wi dt h oStartinghe F u s
fromt = O (which corresponds to the= 0 mmandz = 0 mm position inFigure4-5a), the surface
temperature of the core alloy decreases continuously as cpstiogeds. This corresponds to
the region where the alloy is in intimate contact with the chill bar. There is a slight rise in core
alloy surface temperature, beginning a few seconds before the core alloy comes into contact with
the clad liquid. This risin temperature imdicative of reheating of the shell due to formation of
a gap between the shell and mould wall. This occuacedss the majority of the width of the
FusionE ingot; however, near t1826 meydtigsese in o f  t h e
temperature does not occur. After coming into contact with the clad alloy, the interfacial
temperature rises to a maximum, due to contact with the hotter clad liquid, then cools
continuously until it reaches ttemlidustemperature of the clad allp851K (578 °C) At this
point in time, the interface is considered to be solidifiétde peak interfaceemperature occurs
at the centerline of the ingoa temperature of about 903 K (630 °CJhis point is both: (i)
farthest from the edge of the migwhere additional cooling for the external mould comes into
play and (ii) sufficiently close to clad inlet liquid jet streamn. Figure4-6b, thecorresponding
fraction solid {) is plotted For the clad inlet and core inlet positions (+102 mm -d®@ mm)
there is a slight drop ify of the AA3003 shell as a result of contact with the AA4045 sump. At
the centerline the drop il is more noticelle, but still lower than 8.01fs change; whereas the
fs for the other positions shown Kigure4-6b show no decrease AA30@&3s a result of coatt

with the AA4045 sump.
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Figure4-6 1 Model calculated @re alloy(a) surface temperature, as well as core/clad interfacial
temperature, for model run numberahd (b) corresponding for the AA3003 core alloy at the
AA3003/AA4045 interface.
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Thepredictedna x i mum t emperature of the interface
from all simulations argresented irFigure 4-7a, and the corresponding minimuiof the
AA3003 at the interface is shown kigure4-7b. As already shown iRigure4-6, the maximum
calculated temperature occurs at the centerline of the ingot. For the 1.12 mm/s casting speed, the
maximum is around 903 K (630 °C), while the maximum for 1.23 mm/s was a fgmeede
higher than this. The coldest interface temperatures occur near the pgseoge: tle edge
nearest the clad molten metal inlet stream, but also farthest from the core metal inlet stream.
This manifests itself as a cold spot along that edge, thnd decreases the interfacial
temperatures in that region significantly. Along the width of the ingoty fo0, the maximum
interface temperature stays relatively constant, from 885 K (61®@)0 K (627 °Cuntil near
to the external edgeThe minmum estimateds occuss at the centerling¢along the width of the
ingot), and was estimated to Isfightly greater than 0.96. Outside the central region of the
ingot, i.e., outside the region=-100 mm toy = +100 mm along the width of the ingot, ¢h

minimumfs wasabove 0.98; for all the calculated model runs, very close to being fully solid.
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Figure4-7 i Model calculateda) peak temperature adfie interface for all four model runsnd
(b) corresponding minimunis o f AA3003 at AA3003/ AA4045 i nt
casting.
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The rise in temperature of the AA3003 core alloy surface, as a result of contact with the
clad liquid, may be seein Figure 4-8a, and the corresponding changefsas a result of this
contact is shown irFigure 4-8b. For modelruns %3, i.e., casting speed of 1.12 mm/s, the
maximum rise in temperature is XK at the centerline, a value which is slightly dependent on
the value of clad inlet temperature used as input into the thermofluid mAtéhe centerline,
this correspnds to a change ify of just under 0.01. Aside from the centerline, the predicted
change infs, for model runs 43, as a result of contact with the AA4045 sump isegalty less
than0.005fs. For the higher casting speed of 1.23 mm/s, the maximunmnrisgnperaturevas
slightly higher, about 10 K at the centerlin@his corresponds to a change of about 0.015
Also, there is a clear effect of casting speed on the predicted change in AlA800® interface
as a result of contact with the AA40#5Figure4-8b. Increasing casting speed results in more
reheating of the AA3003 shell and hence a larger predicted amount of remelting of AZ&3003
the interface. At both edges of the ingot (farthest from the centerline), there is an appreciable
section of the FusionE ingot where the AA300G:
contact with the AA4045 clad alloy liquid. For the 1.12 mm/s casting speeditiiiswas close

to 50 mm, butfor the faster casting speetle width is slightly less tharD5nm.
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Figure4-8 1 Model calculated(a) rise in core alloy temperature as a result of contact with the
molten clad metal, for all four model runsnd (b) correspondingse in core alloyfs at the
interface
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Summary oAA3003fraction solid (fs) and remelting
The predicted result$or minimum fs and change infs, shown inFigure 4-7 and Figure 4-8,
suggest that the surface of the shell is nea@@ 1, in all cases .96 fs. For the slow casting
speed, 1.12 mm/dheé maximumrise in temperature, 7.8 K, corresponds to only0@®fs change
in the AA3003 at the interface in contact with the AA4045 liquithr the faster casting speed,
the maximum change ify is only 0.016fs It should be noted again that the original patent
suggests that the first alloy to be cast (AA3003 in this case) should bsdahwhile in contact
with the second alloy in order to achieve a sound metallurgical f@nd The thermofluid
predictions for the set of casting trials performed in this thesis suggest that the first alloy
(AA3003) was almost entirely solid (based on temperature prediction egldtions) while it
was in contact with the second alloy (AA4045). Based on these initial thermofluid results, one
might expect a poor metallurgical bond at the interface; howewssn ghe relatively large
values offs predicted, and the smdllchangesas aresult of contact with the AA4045 sumipvo
guestions must be posed with respect to these thermofluid results:

i.  Are these small changesfiraccurat@

ii. If so, what is the physical significance of a small changk with respect to interface

formatior?

It is unlikely that the calculated changefims accurate, for multiple reasons. First, due to
the i1 nability to measure ingot surface tempe]
casting model[22], and the DC casting model on which it is ba$e€], does not include
validation forsurface temperature. Additionally, the dendised model for estimating heat
fluxes between the solidifying AA3003 shell and the chill bar does not accurately predict shell

remelting, se¢96] Figure 8 and 9.
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Second, the Fusi onE cfsacsnted foligws Bcheilesolidifieation u me s
during solidification and remeltin@1-22]. For continuous cooling, the assumption in the Scheil
solidification model may lead to inaccurac[@8,97], as it neglects the effects of badkffusion
in the solid phase and assumes a constant partiti@fficeent. That there are discrepancies in
calculatedfs curves (sed-igure 2-6) and experimentally determined solidification temperatures
of AA3003 (seeTable2-3 [71]) suggests that thig curve used for thermofluid calculations may
have been inaccurate.

Additionally, the thermofluid model @#ats AA3003 as a homogenous material. The
solidification and remelting is calculated solely upon the local enthalpy of the model. In
actuality, the solidifying AA3003 is a multiphase material, with low melting and high melting
phases. Additionally, thdistribution of these phases is likely not uniform throughout the ingot.
Inhomogeneity and neaniformity of solidifying AA3003 are not captured within the model.

For monotonically decreasing temperature histories, where reheating and remelting does not
occur, these assumptions may be adequate to descrietodution during casting. However

when reheating or remelting occurs in regions within the solidifying ingot, the physical process
becomes more complex. Using an enthalpy based model coupled with a Scheil solidification
assumption, to calculatig, may not yield accurate calculations fgffor instances where the
temperature history does not decrease monotoni&si99].

The sum of the above arguments suggests that while the model can be used to predict the
AA3003 surface and AA3003/AA4045 interface temperature, the resdltirajue may not be
accurate. While theredictedchange infs may not be accurate, we can for certain say that
reheating of the AA3003 surface should occur due to contact with AA4045 liquid. Whether or

not the reheating of the AA3003 surface causes surface remelting is questionable, given the
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inaccuraces of the model mentioned above. It should be noted that the patent literature states
that surface remelting (or having a sesulid surface in contact with AA4045 liquid) is key to
obtaining a metallurgically souflg. Howewed fodur i ng
the reasons given above, it is unclear if surface remelting occurs, given the current thermofluid
model. As such, there was acassity for experimental work to determine if local remelting

occurs on the AA3003 surface prior to contact with AA4045 liquid. This will be presented and
discussed irsection 4.4.

AA3003/AA4045 contact time before interface solidification

Overlooked inboth the paten1l6] and i n previ ous [P sthenmoton cast i
of contact time. Regardless of the interface formation mechanism at play, there is a finite time at
which liquid AA4045 can be in contact with AA3003 before the interfacealifies. This

contact time is expected to be an influencing factor on the quality of theaas t Fusi oneE
interface. Here, thecontact timeis expressed as the time(as defined inFigure 4-5), which

elapses before th®RA3003/AA4045 interfacial temperature reaches the solidus temperature of

the clad alloy, in this case 851 (&78 °C) This time was calculated from the various model

runs, and is pleed in Figure4-9, as a function of position along the width, of t he Fusi
ingot. As shown, casting speed (ovee $mall incrementl.12 to 1.23 mmjsdoes not
significantly influence this interaction timét the edges of the ingdhe interaction timas

short, about 5 seconds. This time increases approximately linearly with distance from edge of
the ingot. The slope is greatertla¢ positivey edge, i.e., the edge of the ingot which is closer to

the inlet jet stream from the clad liquid metal. The maximum interaction time-%% S@conds

occurs at the positiopalong the width of the ingot which is essentially coincident witét jet
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stream from the clad liquid metal. Near the centerline of the width of the ingot, the interaction
time is slightly lower than the maximum, about4® seconds.

°¢1.12 mm/s ; 650 °C/690 °C
=123 mm/s ; 650 °C/690 °C

= N w N ol o
o o (@) o o o
1 1 1 1 1

o

-0.2 -0.1 0 0.1 0.2
Distance from Centreline (m)

Figure 4-9 i Model calculatedclad liquid contact time with core alloy shell before final
solidification of the interface

Clad Liquid Contact Time with
Shell Before Solidification (s)

For three positionglong the width of the ingothe AA3003 solid and AA4045 liquid
contact timedave beetlisted seeTable4-1. These positions: (y =-174.5 mm, (ii)y = 0 mm,
and (iii) y = 102 mm, correspond to the locations wherechanical tesspecimens of the
Fusi onE «c aswere fabritated anchvallet®e presented and discussed further in
Section 4.6. As shown, there is a significant difference in calculated contact times, between the
near edge location and the other two locations. Depending on the interface formation
mechanism, these differerscen contact time could significantly contribute to the final interface

quality.
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Table 4-1 7 Calculated time of contact between AA3003 solid and AA4045 liquid during
Fusi on E ad avwerage mtgrface tperature during contactor three positions along the
width of the ingot.

. tcontact Average Temperature | Simulation
Location (s) during contact,K, (°C) Number

Near edge | 12.3 871, (598) Run 1

(y=-1745mm)| 12.3 872, (599) Run 3

Centre Line | 41.3 881, (608) Run 1

(y =0 mm) 41.7 882, (609) Run 3

Clad Inlet 47.2 871, (598) Run 1

(y =102 mm) | 47.2 875, (602) Run 3

Summary

The information from the thermofluid predicat

Section 3.2.1 can be summarizeda®ws:

The predicted AA3003; at the interfacavhen in contact with the molten AA4045 clad

alloy was very high, above 0.96in all cases

The maximum rmelting of AA3003 at the interface was only predicted to be 0fQ16

but in generaltheamountof remelting was much less than 0.0Q¢seeFigure4-8).

The maximum AA3003 temperature at the interface occurred at the tiestref the

ingot and was approximately 903 K (630 °C, ségure4-7), a consideration used for

tests in Chapter 5 and 6

The predicted surface flow on the AA4045 clad sump was away from the interface. The

viscous drag imparted by the surface flow on the AA4045 ssumface oxide auld

potentially help to move the oxide away from the interface. The predicted surface flow

on the AA3003 core sump was not away from the interface, and hence may not help

move the AA3003 sumpurface oxide away from the interface. The difference in

surface flows between the AA3003 and AA4045 sumps appear to be a result of the

different liquid metal feeding systems used.
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horizontal diffuser was used, whereas no diffuser was used for the AA4045 liquid metal
inlet.

v. The time of contact between AA3003 solid and AA4045 liquid at the interface during
Fusi onE casting was b e tFigurest®). At tha cedirdi®e5 s e c o

where the temperature was hottest, the average contact time was betweset®nds

(seeTable4-1), which was taken into consideration for tests in Chapter 5.

4.3 Visualization of oxide film motion

While the thermofluid model is a useful tool for predicting temperature and flow distributions
within the FusionE cast ipedictterinfueres of fluid flow,eor mo d e |
any other surfacehenomenojon oxide film motion on the surfacaf the core and clad casting

sumps. Two key physical effects: (i) oxide formation on the core and clad sumps and (ii) motion

of these oxides, while of little importance from a thermofluid standpoint, are expected to play a
major role in interface formation (s&ection 1.4). Therefore, experiments were performed to
explorethe nature of the oxide film motion on the core and slathpsurface by direct video
observation during casting trialsFor casting trial 2 (seeTable 3-2), the clad oxide surface

with marker particleswas recorded;the field of view which was recorded is depidtin

Figure4-10, and labelled FOVY
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Core Launder
Core Feed Tube

Clad
Tundish
Clad

Feed Tube

Mould

Chill Bar

Figure4-101 Schematic ofop view of casting mould showing fiesddf view (FOV; andFOV,)
captured duringasting trials.

A sample of the motion of the surface oxide, aided with the usebaftsilicate(Co,04Si)
ceramic powdes (as described irBection 3.2.1.1) is showin Figure 4-11. The first key
observation was that the motion of the surface oxide on the clad sump was away from the
core/clad interface, and towards the external mould (the down directiBigune 4-11). The
velocity of the surface oxide appeared, qualitatively, to be constant. For three segments in time
during the casting run, ranging-24 seconds in time, the motion was quantified. The results are
shown inFigure4-12. While not entirely constant, the motion of the oxide sump away from the
core/clad interface was similar to the casting speed. This suggests that thewaside
pulled/dragged aoss the surface of the clad sump and towards the external casting rmaidd
was consistent with visual observations. The speed at which the oxide moves was consistent
with the ingot casting speed and not with the clad liquid surface velocity predigieen by
thermofluid model predictionshown inFigure4-4. Additionally, the direction of oxide motion

was consistent with the fluid flow predictions giverFigure4-4.
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Chill Bar Mould Feed

Figure4-1171 Video images of clad sump surface oxideV;) for casting trial 21. (a)t = 0s,
(b)t=15s,and (c)t = 30s.
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The surface oxide on the core alloy liquid sump wae atcorded during casting trials32
and 23. The field of view FOV,, for these recordings depicted inFigure4-10. An example
of the surface oxide motion taken from still images of the recording is shoigure4-13. As
shown, by tracking the movement of inddual particles between video imagdke surface
oxide on the core liquid sump also moves away from the core/clad interfigceowards the
closest mould and ingot surfac®ualitatively, the motion on this sump was not conshatit
time. Periods otime wereobserved wher¢he oxide remained stagnanhe motion of the
oxide appeared to be associated with visual observation of cracking of the surface oxide or
fluctuation of the liquid meniscus at the chill bar or the external casting mould. WHhiem o
the oxide surface was initiated by the aforementioned cracking, the speed of the oxide motion
appeared to be greater than the casting speed.

Analyzing still images of the video recordings, the oxide motion was quantified, and the
results are showm Figure4-14. Spikes in the oxide motion were observed in all three segments
which were analyzed. These spikes were visually linked to eithekimga©or meniscus
fluctuations. Throughout the periods in time between these spikes in oxide motion, the oxide
was relatively stagnant, and much lower than the average casting speed. Again, the observed
oxide motion is not consistenn either speed orirction, with the core liquid surface velocities

predicted fronthethermofluid model calculationseeFigure4-4.
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Mould

Chill Bar

24 mm

Figure4-1371 Video images of ore sump surface oxidgFOV,) for casting trial 22. (a)t = 0s,
(b)t=15s,(c)t= 30s.
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4.3.1Discussion

A schematic of the oxide moti on observed
Figure4-15. For both the core and clad, the oxides on top of their respective sumps moved away
from the chill bar. As suchhis would suggest thdlhe contact condition between the AA3003
solid shelland the AA4045 clad liquid should be free of oxide entrainment from the AA4045
oxide. The AA4045 liquidwill be in intimate contact with the surface of tAA3003 shell

(surface of AA3003 to be examineddatail inSection 4.4.

Chill Bar

Oxides

Voxide < Vcasting

Voxide = Vcasting h

Liquid

I T
CLAD CORE
Figure4-157 Observed direction of oxide motion on core and clad alloy sump surfaces.

While both oxide films were observed tmove away from the chill bathe observed

motion of the core and clad sumf@sin Figure4-15) werephysicaly different. The clad oxide

was observed to move with a more or less constant speed, equivalent to that of the casting speed.

The coreoxide moved in a more sporadic/jerky fashion. It was stagnant at times, with no
observable motion, and when it did eventually move it was coincident with points in time where

fracture of the oxide film was observed.
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The observed motion of the clad suade film can be explained by examining tid
section of a Fusi onE i shgwuntinFiglre4-16.nQn the dad side afs t i n g
theFusi onE ingot, a solid shell solidifies aga
no shell forms at the interfacdhe shell provides an anchoring point for the clad sump oxide to
adhereto (for 3 of the 4 sides, when viewed from abové)s the ingot is cast with speed the
anchored oxide moves with the clad shell as it is adhered to it. If the oxide film remains
unbroken at the meniscus, and is connesteuiltaneouslyo the solidifying shell as well as the
clad sump oxide film, thdownward motion of the shell (from casting) wilfanslate to motion
of the oxide film away from the interfacayith a speed more or less equivalent to the casting
speed Additionally, the predicted fluid flow in the clad sump could potentially aid in the
obseved oxide film motion, as the calculated flgatternsalong the top surface of the sump
runs from the interface to the external mould, Begire4-4. While the surface velocities may
not be accurate, since the thermofluid model does not account for oxide film growth, the surface
velocities would be representative of fluid flow just behethe growing clad sump surface
oxide. That the flow runs away from the interface suggests that the oxide will also have a net
shear acting on its underside, in the direction afs@y the interface, which could aid the oxide

film motion.
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Ingot (Side View)

Anchor points

Mould->

Chill Bar €))

!

Ingot (Top View)

Chill bar surface
(chill bar not shown)

o Y
Liquid Core shell

(b)

Liquid Clad shell
<

Figure4-16i (a) Si de view of FusionE casting proces
on the mould and chill bar and potential anchoring point for oxide films. (b) Top view of
Fusi onE casti ng lformatoreaandiseperiphery of the rhoeld and along

the chill bar.

On the core side, the observed oxide film on top the core sump was noticeably more stable
than the clad oxide. Unlike the cladho t he cor e si de , asoldtshek Fusi
solidifies againsboththe external mouldndthe chill bar thus forming a complete shell around
the peripheryof the core sumpasdepicted inFigure4-16b. Having a solid shell around the
entire periphery of the sump may have contributed to the relative stability of the oxide film on
the core sump in comparison to the clad sump. Additionally, the core liquid was fed into the
mould using a submerged inletby minimizing any turbulence due to the metal inlet flow.

Motion of the oxide film, was predominately away from the chill bar, and seemed to only occur

125



Chapter4Observations from FusionE Casting Trial

when simultaneous cracking of the oxide film was observed. The motion of the surface oxide in
the diection away from the chill bas due to the asymmetry in solidification of the AA3003.

As shown inthe CFD model predictions iRigure4-2 and in the study by Caraet al.[22], the

shell which forms against the chill bar may not be at the same height as the shell which forms
against the external mouldhis is paticularly evident when looking at the 19 contour.
Furthermore, observations by Camtral.[22] fromzincp oi soned sump profiles
casting procesésee Figure 12 and 13 [22]) confirm this asymmetry.Specifically, the shell

which forms against the external mould was found tanfat a slightly higher position in the
mould relative to the shell against the chill bar. As such, this would suggest that the anchor point
on the chill bar is not as strong an anchor as the remaining three sides, and when the oxide film
does crack, it wuld likely be dragged by the stronger anchors, i.e., away from the chill bar.
Oxidation of the AA3003 chill surface

From the observations of the oxide film motion on the core sump, it was evident that the oxide is
either stagnant, or moves away from tlweedclad interface and towards the exterior casting
mould. As the AA3003 shell solidifies against the chill barigure4-15, thermal contraction

of the AA3003 due to density differences between liquid and solid AA3003 should create a small
gap between the chill bar and the AA3003 shell, allowing for air ingress and oxidation of the
AA3003 surface. Assuming air ingress occurs, the thermofluid gires fromSection 4.2 can

be used to calculate the approximate oxide growth on the surface of the AA3003 shell prior to it
coming into contact with AA4045 liquidBefore any detailed observations of the AA3003 chill
cast surface (see the proceedingisalt these oxidation calculations provided a useful first
estimate of the AA3003 surface oxidation that could be expected prior the point where the

AA3003 core shell comes into contact with the AA4045 clad during the Fusion casting process.
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The relevantime for oxidation of the surface of the core ingot shell which eventually
comes into contact with liquid clad is the time it takes for the shell to traverse the vertical
distance from initial solidification: i.ez=0mm, x= 0 mm in Figure4-5, to the point of contact
with the liquid,z=-30 mm x= 0 mmin Figure4-5. Again, using the concept of casting tirme,
being the distance divided by the casting speed we can generate a series of temperature
profiles which can be used to calculate surfacelabon. Using temperature profiles from
casting trial 21 (casting speed of 1.12 mm/s), the resulting oxidation growth is plotted in
Figure4-17. The calculated oxide thickness is relatively insensitive to the position along the
wi dth of the FusionkE. While the oxidation Kk
ingot, due to the corresponding decrease in surface temperatures, this isroimigrahfluence
as the total time available for oxidation is constant and controlled by the casting speed. The

predicted level of surface oxidation is somewhere betweeamdZ0 nm.

The presence and amount of AA3003 surface oxidation will likely playle in the
AA3003/AA4045 bond formation process. The values predictedrigure 4-17 are non
negligible. Furthermore, assuming that the oxide growth is uniformly grown over the AA3003
surface, one can conclude that some physical mechanism is necessary to render the AA3003
surface oxide penetrable or to chemically alter the oxide sutiA&RZO03/AA4045 interaction

can take placésee Section 2.3.3.1)
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Figure4-171 Model calculated core alloy surface temperatures, and corresponding surface oxide
growth. Casting speed of 1.12 mm/s

4.4 Observations of theAA3003 chill cast surface

In this section, analysis of the AA3003 surface strudtaé wascast against the chill bar during

the Ainterrupt ed ol (seeSectian B824L.2)tig preaented Toreiterate,in 2

this test theclad liquid metal flow was stopped during continuous casiiig t he Fu,si onE
in orderto produce a AA3003 surface equivalent to the surface structure which would come

into contact with the liquid clad duringteady staté u s i on E ¢ ateptportiog of the T h e

resulting ingot is schematically depicted kigure 3-8, the specific region of interest is the

36 mm length of ingot, referredéos t he o6 chi | | bard region.
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Macroscopic images dahe AA3003 core surface in contact with tohkill bar surface are
shown inFigure4-18. Figures4-18a and b are photographs of the AA3003 core surtaoen
betweeny =-102 mmandy=+1 02 mm al ong the width ofonthe FI
the far right is from the edge of the ingot. On all samples, there are visible protrusions on the
solidified surfacehowever, here appears to be a lower density of these protrusions near the edge
of the ingot. The density of these protrusidasidefrom the edges of the ingotvas variable,
with no discernable trend with respect to position along the width of the ingot. The area
surrounding these protrusions was relatively smooth, as indicated by the region outlihed on t
second image from the tef These protrusions are consistent with what might be expected to
occur duringlocalfpartial remelting of the AA3003 and exudation of interdendritic liquid at the
surface.

Top of Ingot

10mm ©)

(@ 10mm (b)

Figure4-181 Macro view of surfice of AA3003 shell which was cast against the chill bar and
preserved in casting triat2 (a) and (b) are sections takailong the width of the ingot between
y=-102 mm ang/ = +102 mm. (c) A section takefrom the edge of the ingot.
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As a first means to assess the structure of the surface, it was compared to that of the
AA3003 centrematerial from the same ingot. slhg optical microscopy, shown iRigure4-19,
the difference in structure is readily apparent. The surface structure appears to be much finer,
and the intermetallic phases (dark gray) cover a larger area within the field of view shown.

Using carefully prepared DSC samplégscribed inSection 3.1.3remeling testswere
performed on bulk and surface structure samplége DSC curves obtained from both the bulk
AA3003 stricture as well as the surface structure are shovigare4-20. In Figure4-20a the
DSC results fronthe fast heating tests are shown. In both test samples, there were no observed
signs of early onset of remelting, i.e., at the Scheil calculated solidus temperature of 849 K
(576 °C, sedrigure 2-6) there was no observed deviation of the heat flow from the baseline
value, suggesting no reaction was taking place. Additionally, there was no visible difference
between the two sangd, in terms of the onsef remelting. However, boking at the slow
heating rates tests, shownHigure4-20b, the differences between the bulk AA3003 and surface
structure AA3003 became appareniThe first peak of the curve corresporidsmelting of the
Alg(FeMn) intermetallics, while the second and more prominent peak is the pral@njnum
melting peak. As observed, there was a noticeable difference in the ratiosesmietallic to
primary Al peak heights. For the surface structure DSC samples, the intermetallic peak is much
larger than the corresponding peak in the bulk AA3003 samples. This suggests thgiaime
has a higher volume of intermetallic than the buflesl confirming the observations from

Figure4-109.
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Figure4-191 Longitudinal sections of AA3003, (a) cast against chill bar (right side of figure
was in contact with chill) and (lgentreAA3003 of the core sectian
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«++AA3003 centre —AA300§ chill bar surface structure
T(AC)
500 550 600 650 700 750

Heat Flow (a.u.)

773 823 873 923 973 1023
Exo down T(K)

¢+ AA3003 centre ===AA3003 chill bar surface structure
T(AC)
635 640 645 650 655 660 665

(b)

Heat Flow (a.u.)

908 913 918 923 928 933 938
Exo down T(K)
Figure4-207 DSC results for Fusidh cast AA3003 material. Bulk AA3003 material (dotted

line) and AA3003 cast against the chill bar, taken from casting 1 (black solid (mepamples

heated at 0.83 K/s. (I§amples heated to/8 K in less than 10 minutes than heated through
phase trangon at a rate of 0.017 K/s.
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The onset of remettg was measured, using the method of intersecting marlgees
[100-101. The results are compiled ifable 4-2. Despite the difference in rela#i peak
heights, the onset of remialy for both the surface structure and the bulk ingot samples are
similar. There does appear to b2 & reduction in he onset ofemeling temperaturefor the
chill bar surface structure, for tiest conducted at the 0.83 K/s heating rate. For the low heating
rate tests, this differenage onset of remeilhg between the surface structure and the bulk ingot is
within the tests standard deviatioriThe onset temperatures measured using the intersecting
tangent lines appear to be consistent with eéqailibrium calculated solidus temperature for
AA3003, 915 K (642°C, seeFigure2-6). The deviation of 5 K (°C) may be due to the bias
associated with the tangent line metheden used on DSC curves that exhibit a low initial
deviation/curvature from the baseline signAl.more appropriate method in these cases may be
to use the # derivative of the DSC signal to determine the onset of deviation from the baseline
DSC signal. Regardless, the DSC result&igure 4-20b, suggested there is a microstructural
difference between the bulk AA3003 material and the chill surface structure; which is the
structure which <comes into contachnhg. Wheseh AA4
differences in structure did not relate to measureable differences in the onset of reshédtimg

heating ratesas shown iTable4-2.

Table 4-2 i AA3003 onset ofremeling measurements from Fusfon AA3003 samples
measured with DSCni ndi cates the number of ti mes each
the calculated standard deviation in the meastgsults.

Heating N 1% peak, Onset a0 2"%peak, Onset 6
Rate (K/s) K,(°C) K,(°C)
0.017 | 5 920.2(647.2) 0.3 925.3(652.3) 0.2
bulk 033 | 2 920.6(647.6) 0.05 - -
083 | 1 920.7(647.7) - - -
chill bar 0.017 | 5 919.9(646.9) 0.3 923.3(650.3) 0.4
surface 0.33 1 919.1(646.1) - - -
structure 0.83 1 918.8(645.8) - - -
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A longitudinal section taken through a surface protrusion, shown macroscopically in
Figure4-18, was also prepared and is presenteBigure4-21. The protrusion, clearly labelled
in the figure, has caused a discontinuity on the surface. Any oxide present at the surface, prior to
formation of these exuded spotvould likely be fracture/ruptured. Additionally, a large number
of partially transformed intermetallicfrom Alg(FeMn) to Al;5(FeMn)sSi,, were observed in
the region near the protruded material, examples are encircled in blaElgure 4-21.
Intermetallic materiaWith a thin channelike morphology was also observed in the chill surface
structure and specifically near the protruded surface sitdguare 4-21, indicated with black
arrows inFigure4-21. The shape of these channels suggest that connective pathways between
interdendretic fluid were presentrihg casting. One of the chansé also shown to intersect
the surface, as indicated by the black arrows on the batdfigure4-21. This is quétatively

similar to the spot exudation mechanism discussed by Moristhatia[ 81].
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Z0—0WCIV—HOTT

Casting
Direction

Figure4-2171 Longitudinal samples of AA3003 chill surface structure near a surface protrusion
site.
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The observation of protrusions, partially transformed intermetallics, and intermetallics with
channellike morphology suggeshatsome local remelting of the ch8urface had indeed taken
place during this fAinterruptedod FusionE cast.i
remelting, specifically the protrusions on the chill bar surface, were seen at locations where the
thermofluid calculations did not piet any reheating of AA3003 at the interface. On the
rightmost image ofigure4-18, protrusions were observed to be within ~20 mm from the edge
of the ingot, whereas in thermofluid calculations shown kigure 4-8 predict no reheating

within a 40to 50 mm proximity of the edge of the ingot.

In addition to optical metallographyhe sample surface was examined using a SEM.
Looking at a smooth region of the surfagee., the smooth region of the chill bar surface
structure inFigure4-18b) a typical surface ishown inFigure4-22. Examining themage, the
intermetallicsparticles which are present at the surface are predominantly long and narrow, with
their long axis parallel to the casting direction. In conjunction with the optical metallographs
presented ifrigure4-21, this suggests that the intermetallics at the surface have undergone some
degree of transformation as well. Additionally, instances on the surface where;heMh)
intermetallics have partialljransformed into the Ad(FeMn)sSi, phase, in both the encircled

region inFigure4-22 can be seen
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Figure4-221 Backscattered electron image of surface morphology of AA3003 solidified against
the chill bar. Encircled area shows intermetallic particles partially transfdnomadAlg(FeMn)
to Al 15(Fe,Mn)3Si2.

The surface of a protruded area was also observed with SEMjggege4-23a and b. In
(a) the protrusion is clearly visible in the centre of the sdapy electron image. It appears as a
raised area on the surface. Imagirsinga backscattered electron sigoélthe area enclosed by
the black box in (g)the intermetallics at the surface can be resolved in more.déta{b) we
clearly see that the intermetallics at the surface appear to be partially transformed to the
Al15(FeMn)sSi; phase. This agrees with the observations from @essons made shown in

Figure4-21.
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