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ABSTRACT

Abstract

In lightweight construction, the light metals alumoim and magnesium are employed
to an ever increasing extent, as these materidd®iexa low specific gravity of 2.7
and 1.7 g/cry respectively. Their use in vehicles aims at réuyiéuel consumption,
as less mass has to be propelled. Resources ardastubut the extraction of the raw
metals is energy intensive. For these reasongi®fioe high to work and research on
efficient and economical methods to process thestenmals and thus to reduce the
component’s dimensions. Whenever a single matéoas not satisfy the demands of
a specific application, compound structures mayegse a solution. Especially in
lightweight construction, a multi-material-mix cg@movide ideal specific properties
that are suitable for the conditions to which atparsubjected. Typically such
combinations of dissimilar materials provide desipgoperties in various areas of the
single part.

Compound casting is a process, which yields suchi-material components:
two metal alloys — one in the solid state, the otigeiid — are brought into contact
with each other in such a manner that a diffusiomezforms at the interface. Inherent
difficulties when joining light metals are the n&h oxide layer and its
thermodynamic stability. If it remains on the sotdmpound partner, it persists
during the compound casting process and prohiigsecessary diffusion reaction. A
milestone of this work was the development of aho@tto avoid that problem by
applying a low-melting, reactive metallic zinc dogt The metallic melt, which
comes into contact with this layer, supplies enongat to fuse the outermost regions.
The reactivity — and thus wettability — increasesstically, and the coating material is
alloyed into the bulk of the compound. The transitbetween the two compound
partners is continuously metallurgic, leading to amea-wide material joint. This
method yields, in comparison to conventional apghea such as welding (which is
otherwise used in production of such compoundsyreection without a ‘weak link’.
When it comes to dissimilar materials (Al-Mg) comipd casting, a less reactive
manganese coating was applied to avoid the formadibundesired low-melting
intermetallic phases (IMPs) at the otherwise meadig deficient interface.

The interfacial areas were investigated in detailth optical microscopy,
metallographically cross-section polished interfaaere examined for continuity and
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ABSTRACT

imperfections. Their graded composition was deteeahiby point-, line- and area-
scan energy-dispersive X-ray (EDX) analysis. Mi@aamness measurements
accentuate the mechanical properties of the conthowhich are affected by heat
input during the wetting experiments.

Diffusion of alloying elements yielded heat-tredéalnterfacial areas in AAl
systems, where during tempering precipitation aflhass increasing particles was
demonstrated by microhardness measurements. THiesioiif processes in the
respective transition zones were simulated by tbhdsmamic calculations using the
DICTRA software, going long well with the experintahfindings.

In Mg—Mg systems, no imperfections were detectdbleoptical or electron
microscopy. The solidification sequence at therfate determines the possibility of
shrinkage cavity formation. Via differential scangicalorimetry and EDX analysis,
the compositions of the transition zones were datexd experimentally, and the
chronology of their solidification, as well as tirdluence of the coating material,
were calculated using the Pandat software.

For investigations on the multilayered interfacehia Al-Mg system, mechanical
bending tests and EDX analytical methods with higgolution were employed. The
latter required the preparation of specimens, wiaieha fraction of a micron thick,
with a focused ion beam. It is hardly possible tamn a ‘weak-link’-free joint in such
systems. Compared to other production methodssitleeof the interface was reduced
by two orders of magnitude, and a mechanically daglidification mechanism was

realized at the same time.



ZUSAMMENFASSUNG

Zusammenfassung

Mit einem spezifischen Gewicht von ca. 2.7 bzw. @/@n? gehéren die Elemente
Aluminium und Magnesium zur Klasse der Leichtmetallweswegen diese
Materialien in zunehmendem Mal3e im Leichtbau eieg¢sverden. Dies geschieht
hauptsachlich um Kraftstoff beim Antrieb leichteMaschinen einzusparen. Al- und
Mg-Ressourcen sind zwar weit davon entfernt zugéleu gehen, der grol3e Nachtell
liegt jedoch an der grol3en Menge Stroms, die zwid®ing der reinen Metalle ndtig
sind. Auch deshalb arbeitet und forscht man artulegsfahigen und sparsamen
Methoden, diese zu verarbeiten und moglichst effizdimensionieren zu kénnen.
Eine Kombination von materialspezifischen Eigenfielma in einem einzigen
Verbund-Bauteil zu vereinen ist oft unumgénglicas Gewichteinsparungspotential
ist mit einem Multi-Material-Mix am grof3ten. DiesBissertation behandelt ein
Thema, das die limitierte Anwendbarkeit der beideichtmetalle Aluminium und
Magnesium im Bereich der heute verfigbaren Flugekezh aufgreift, da diese
ausschlie3lich zu Schwachstellen im Bereich derntNdiren.

Ein Verfahren, das die Vorteile verschiedener Fugdiken vereint, ist das
VerbundgielR3en: Hierbei wird unter Entstehung emeiiflachigen Diffusions- und
Reaktionszone eine Metallschmelze an oder um edtese(ebenso metallisches)
Bauteil gegossen. Durch das Vorhandensein eindirlichien, thermodynamisch
stabilen Oxidschicht an deren Oberflache gelangigiser nur unter unbefriedigend
hohem 06kologischen oder 6konomischen Aufwand voerd@i@ oder Chemikalien,
eine metallurgische Reaktion zwischen zwei Teileas adiesen Materialien
zustandezubringen. Ein Meilenstein dieser Arbeitr vebe Entwicklung eines
kombinierten Verfahrens von Vorbehandlungen und cBebtungen, um die
Reaktivitdt — und dadurch die Benetzbarkeit — dezichtmetall-Oberflachen
gegenuber Metallschmelzen so zu erh6éhen, dass Megoiss einfach zu realisieren
ist. Zu diesem Zweck wurden die Legierungen miteeimiedrigschmelzenden
Zinkschicht beschichtet, die dadurch hervorrageBelgetzungseigenschaften zeigten:
Bei ahnlichen Materialien (AAl und Mg—Mg) wurdeiedOberflache komplett
benetzt und ging eine kontinuierlich metallurgiscBendung mit der erstarrten

Schmelze ein. Bei A-Mg Verbundguss kam eine warsg@k reagierende Mangan-
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Beschichtung zum Einsatz, die jedoch eine unemhiesc Entstehung
niedrigschmelzender intermetallischer Phasen edaly verhinderte.

Die so entstandenen Grenzflachen wurden eingehsaigséert: Metallographisch
praparierte Grenzflachen-Querschliffe konnten inchimikroskop auf Kontinuitat
und Fehlstellen untersucht werden. Deren gradidmsammensetzung wurde mittels
energiedispersiver Rontgenanalyse (EDX Analyse) Rankt-, Linien- und
Flachenmessung eruiert. Mikroh&rtemessungen zedjeeAuswirkung des wéahrend
des Benetzungsexperiments verursachten Warmeeantaad die mechanischen
Eigenschaften der Verbunde.

In Al-AlI Systemen, die durch Diffusion der jeweéiy Legierungselemente
warmebehandelbare Grenzflachenregionen aufweisarjevauch die wahrend des
Temperns erfolgte Ausscheidung hartesteigerndeikBhmit Mikrohartemessungen
nachgewiesen. Die Diffusionsvorgange in den jegeili Ubergangsregionen wurden
mittels thermodynamischer Berechnungen simulierglchhe die experimentellen
Ergebnisse gut wiedergeben.

Auch in Mg-Mg Systemen waren licht- und elektronémaskopisch keine
Fehlistellen feststellbar. Die Abfolge der Erstagssequenz an der Grenzflache
bestimmt, ob sich Lunker bilden kdnnen. Mit Differal-Scanning-Kalorimetrie und
EDX Analyse wurden die Zusammensetzungen der Ubhgsganen experimentell
ermittelt, und deren Erstarrungsabfolge sowie dierd¥derung durch das
Beschichtungsmaterial mittels Pandat berechnet.

Bei der Untersuchung der mehrschichtigen Grenzéacm A-Mg Systemen
kamen mechanische Biegeversuche und EDX Analysedeth mit hoherer
Auflosung zum Einsatz. Fiur letztere war es notigobBn mit einer Dicke von
Bruchteilen eines Mikrometers in einer lonenfeiastanalage herzustellen. Es ist bei
diesen Systemen kaum madoglich, keine Schwachstalledar Grenzflache zu
verursachen: Im Vergleich zu anderen Verfahren k®deren Abmessungen um zwei
GroRenordnungen reduziert und zugleich ein Entstgbmechanismus, der aus
mechanischen Uberlegungen gunstig ist, realisiertien.
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Chapter 1

Introduction

1.1 What is ‘compound casting'?

Like every fellow Ph.D. student, | am often ask&uhat is your thesis for?’ — and as
| do not want to answer: ‘Well, it's complex. Oknaginary... ({Thesis}J {R}
wouldn’t be a good sign, eithet)l start to explain what the idea of my projectiad
why there is a need for it. Apparently, thoughfteo fail to find the right words, so
some people keep asking: ‘How are your polymersgiti

Well, at least they remember that | am engagethenfield of materials science!
Indeed, I tell my friends that | work on a joinitgchnique for metallic materials, and
polymers do play a major role in adhesive bondi@gmpound casting itself has
nothing to do with gluing, as you can guess frasnmiame, but can be described as a
process, which takes the advantages of weldinglaading to form a metallurgic
joint.

Welding is a method, where two solid metals areduat the contact areas, and
form a bond when the liquid volume, which is herelgated, solidifies. A welding
seam with limited depth and mechanical propersesreéated, often representing the
weakest spot of this compound. Furthermore, ligbtais such as aluminium are not
easily welded, as an oxide layer with a high mglfgoint always surrounds the bulk
material. If one does not want to melt the partd #re to be joined, and if the joint
needs to cover large areas, one can choose bitazadieve a glued-like all-metallic
compound. However, the surface state is the mogtoitant variable, and

environmentally questionable, highly corrosive #igxare needed very often.

! Tribute to: ‘Piled Higher and Deeper (Ph.D.), tbemic strip about life (or the lack thereof) in

academia, www.phdcomics.colR.= set of real numbers.



Chapter 1: Introduction

There are methods to join components without tltksadvantages, but then, form
and force closure are required to hold the constnudogether. Compound casting
represents an area-wide, continuously metallic,akvdéink’-free joining method,
which can be applied to a multitude of metals dlays. As denoted by its name, one
step of this joining technique comprises a caghragedure. Hence, this method joins
two components at the same time as one of therming lproduced: two metal alloys
— one in the solid state, the other liquid — amulght into contact with each other in
such a manner, that a metallic interface forms. Bbeding relies on the material
connection alone — the casting does not have $p @deound the solid structure.

1.2 The history of the process

The general idea of creating a compound is to coenthie good properties of two or
more materials in one single part. Compound castasybeen used to place ‘inserts’
at locations of castings, where special propedidsinctionalities are needed.

Mainly iron based or composite materials are emgdogis wear-, heat- or corrosion-
resistant, stiff or low-friction reinforcements. t&f, the cast material surrounds these
inserts, leading to a combination of form-, foraed material-closure. The insert pre-
treatments are often energy and cost intensiveedisa® difficult to handle. Beloet

al. [Belov, 2002] describe the process of insert niegdion prior to the casting
process as followsA more reliable metallurgical contact of the insaith the piston
(i.e. cast) material is ensured by the so-called ‘alfin-pragesThis technology
combines the prior degreasing and shotblastindnefiton) insert and its subsequent
holding in a bath with a molten aluminum alloy atesmperature of 700 - 720 °C. ...
During a very short period of time when the insextracted from the aluminizing
bath is put in contact with the melt in the castuildpthe aluminizing layer on the
insert surface must still be liquidFig. 1.1a). The aforementioned ‘alfin-processswa
established in 1969 [Girtler, 1969] and seem tthbdirst process to concur with the
definition for ‘compound casting’: The metallurgid@rmation of interface zones,
where the cast alloy’s components diffuse into sodid material partly via the
formation of solid solutions, and partly via therrfation of reaction phases, is

described. This procedure indeed involves seveghbrlous pre-treatment steps,



1.2 The history of the process

which show its striking disadvantages to other smhs and prove to be a major
handicap for a broad application.

Later, other methods of reinforcing heavily strelstecations were introduced.
The process described by Brandt et al. and Diereliedt al. [Brandt, 1997,
Dienwiebel, 2007] involve short fibre or particleeforms, which are placed into the
mould and infiltrated with high pressure duringteas With this technique, the range
of cast shapes is very narrow, and its applicatsothus restricted, too. However,
these reinforced structures had one single ‘matnaterial, i.e. the aluminium alloy,
and therefore, the interface between cast and csitepstructures is free from
intermetallic phases (IMPs) or other defects.

To stay in the area of lightweight engine constamgtthe company Porsche
manufactured a local metal matrix composite cylnctankcase with the trade name
‘LOKASIL’ in 1996 (Fig. 1.1b) with infiltrated siton cylinder liner preforms to
improve wear resistance and tribological properties

In 2004, BMW introduced a compound cast R6 (6 me-Icylinders, Figure 1.1c)
engine block [Flierl, 2003] with its then new 6&dupé and Cabrio, and is currently
assembled in the majority of the company’s modé&s (nore information visit
www.bmw.com). The engine comprised an aluminium-nesgim crankcase, which
was manufactured by spray-coating the aluminiuneringan assembly comprising
cylinder liners, cooling water ducts and crankshearings) and casting the newly-
developed, creep-resistant magnesium alloy AJ62ribesl by Barilet al. [Baril,
2003] around it. Compared to its predecessor,titaseew benchmark for specific
power (63 kw/dm) and decreased its fuel consumption by 12% atvenadl weight
of 161 kg (weight reduction of 10 kg), as Klutieg al. reported in the engineering
journal ‘Motortechnische Zeitschrift’ [Kluting, 2G(.

Again, the construction relies on all three formfsc@sure, because of the
formation of intermetallic phases at the interfa¢égwo dissimilar metals (here: Al
and Mg; for the ‘alfin-process’: Fe and Al). Howevehe construction was
accomplished with the help of highly computerize@iBCand simulation tools, which
kept the interface thin and leak-proof. Micromovense which could cause

compound failure, were avoided thereby.
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a)
Fe-rings

Al casting

Mg casting
Al cylinder liners

Fig. 1.1, a - c: Fe-Al compound piston, producethine
‘alfin-process (a). Partially reinforced ‘LOKASIL’
aluminium compound (b). BMW R6 Al-Mg compound
cast engine block (c).

With these examples, the development of the compaasting process is outlined.
Still, the main idea of a connection with matedmdnding alone has never been
applied — all these constructions rely on forced Borm-closure. Even worse (at least
for the idea of a material joint), the latter asgtpf the main construction parameters!
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Fig. 1.2: The space frame construction of an aliumnchassis. Sheet
material (green) and extrusions (blue) are weldedasst nodes (red).
(Resource: Audi AG)

In 2005, the Austrian Research Centers GmbH (AR&s)ched a project entitled
Austrian Lightweight Structures (ALWS), founded Itye Austrian government's
department for traffic, innovation and technolo®uiidesministerium fir Verkehr,
Innovation und Technologie, BMVIT): This technolomgytiative considered solutions
for lightweight constructions in the automotive ustly by means of multimaterial
mix. The projects comprised twelve partners in stduand academy, and one of
eleven sub-projects (Sub C: This PhD thesis at FliHch, with partners LKRand
ECHEM?® had the goal to develop compound casting processlessarious metallic
substrates and melts.

This thesis is about developing strategies for caumgd casting with aluminium
or magnesium based substrates (the previously areti‘inserts’) and aluminium or
magnesium based melts (i.e., A-Al, Mg-Mg and ABMg

2 ARC Leichtmetallkompetenzzentrum Ranshofen Gmbbistfach 26, 5282 Ranshofen, Austria.
www.lkr.at
3 Kompetenzzentrum fiir Angewandte Elektrochemie Gmiiktor-Kaplan-Str. 2, 2700 Wr. Neustadt,

Austria. www.echem.at
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1.3 Why light metals?

The main goal of modern automobile development he teduction of fuel
consumption. One possibility to achieve this isomstruct vehicles with less mass by
the use of light materials or a mixture of suched@dminantly made of heavy iron-
based alloys (with a specific weight pfe = 7.9 g/cni), metallic components have
constantly been replaced by light metals, suchl@asiaium (a = 2.7 g/cm) and
magnesium @ug = 1.7 g/cml). From 1970 to 1995, the amount of aluminium in an
average European car has risen from 30 to 65 [@allE997] and until now to over
150 kg. With respect to different mechanical proipsr a component is up to 40%
lighter when made of aluminium instead of iron. Nthe production of their A8
model beginning in 1994, Audi introduced the AugaSe Frame (ASF, Fig. 1.2) — a
car body made of aluminium alloys exclusively, wheheet structures and extruded
profiles are welded to complex node castings. Sifitkon welding requires
specialized operators to ensure good welds, lagdding was applied from 2002.
This car comprises aluminium constructions withotaltweight of 550 kg, which
approximately corresponds to 35% of the total netigit. The space frame
technology was also applied to construct the magmebody of Audi’'s one-liter-car
— a groundbreaking lightweight construction withaaingly low fuel consumption of
0.99 I/km!

All these examples have one thing in common: ligletals are used with the aim
of weight reduction and bringing down fuel consuimpt Compound casting could
further improve the mechanical properties of thending, and thus give new
possibilities to optimize the construction in terrak lower weight and superior

functionality.

1.4 Aims and outline

Aims of the thesis

The goal of this thesis is a new approach to fatdibonding via compound casting,
by combining surface treatment processes to sagmfly increase wetting properties
of the substrate material, to avoid the inclusidroxides and to prevent excessive

formation of intermetallic phases.
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1.4 Aims and outline

First, chemical and electrochemical as well as heséitment procedures were
established to generate reactive surfaces on alumirand magnesium alloys.

Second, a non-isothermal device for wetting expenite and compound production
was developed, comprising a horizontal furnacearapde manipulator and a quartz
glass tube to handle small amounts of metallic snefior the AlAl system,

experiments were scaled up close to industrial dgoas, performing compound
casting in a squeeze-casting machine at the prpgetter LKR. Third, the interfaces
of the hereby produced compounds were investigatednetallurgical methods,

including Optical and Scanning Electron Microscd@®@M and SEM, respectively),

Energy Dispersive X-ray (EDX) spectroscopy, Diffeiial Scanning Calorimetry

(DSC), Focused lon Beam (FIB) milling and microheeds measurements. In the
end, diffusion processes during compound casting anbsequent annealing
treatments were numerically simulated, and comparddexperimental findings.

Surface pre-treatment procedures

Pickling solutions containing zinc ions were usedéplace the naturally occurring
oxide layer of aluminium and magnesium alloys hyetallic zinc coating. The main
process is a redox-reaction, which ensures a degallic deposit. In section 2.2,
aqueous solutions for the varying substrate allases listed and the reactions are
discussed. Subsequent galvanization proceduredesaéded in sections 2.2 and 2.3,
where the dissimilar challenges of the three compdaystems Al-Al, Mg—Mg and
Al-Mg play the major role. Adhesion characterist&osd measures to increase these

are explained in section 2.4.

Wetting experiments and sample production

Sessile drop wetting tests are usually conducteteuisothermal conditions. As the
substrate and droplet materials have the samenmegdbints, wetting experiments in
this work have to be non-isothermal. Therefore.etus to control the substrate’s
temperature by limited heating time was installadai horizontal furnace and is
detailed in section 3.3. By pushing the substré&telet from ambient conditions into
the heated area of the furnace and waiting forreaicetime, the temperature of the
substrate was different from that of the melt (thusn-isothermal). After the
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positioning of the droplet onto the substrate, ¢cbenpound could be retracted from
the heated zone with the same mechanism.

Interface analysis

The hereby-produced samples were analyzed wittowarmethods, focussing on
interface integrity, microstructure, compositiondamechanical properties. Most
investigations were done on cross-sections of preeimens, which had to be cut in
halves and metallographically prepared. The infi@enf heat treatment procedures
on the composition, size and mechanical propeaiesl—Al interfaces was explored

and is described in sections 4.2 and 4.3. In sedid, a characterization of the
chemical composition in Mg—Mg specimens is detailedrthermore, phases at the
interface of A-Mg samples were analyzed by EDX,iawhinvolved special ion

milling preparation methods for small samples waththickness of a fraction of a

micron (section 6.1).

Calculations on interface composition

Several couple compositions were investigated i tiesis. However, there are a
multitude of aluminium and magnesium alloys withhage variety of alloying
elements, which are possible candidates for comat@qgplications. At the interface,
interdiffusion causes a zone of element concentragradients. This is not only an
indication of a successful compound cast bonding, @yovides the opportunity to
selectively modify this area’s mechanical propsrtie.g. via artificial ageing of
aluminium alloys (discussed in section 4.5).

Some binary alloys have therefore been used asyatstial both in experiment
and simulation with the aim to verify the posstigilof numerical replication of the
interface formation processes in real compounds. d$sists estimations of interface
width and phase formation, and helps to keep exyserial efforts to a minimum for

assessing future compound systems.

Outline of the thesis

In the following, Chapter 2 describes the methoals doating the aluminium and
magnesium alloy substrates and circumventing tlodlem of natural oxidation via

deposition of metallic layers. Furthermore, thelleinges of excessive formation of
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IMPs at the interface of AMg couples and the 8oluapproaches are detailed in
this section. In Chapter 3, results of wetting ekpents for AAl, Mg—Mg and Al-
Mg couples are shown. Interface formation and theperties are discussed for each
of these compound compositions in chapters 4 tee€pectively. Thermodynamic
calculations of interdiffusion at the interface am@npared to experimental findings
and thus assessed for predictions using softwats.tGhapter 7 is used to summarize
and conclude the thesis.

1.5 Wetting and diffusion

A detailed understanding of the mechanisms, whicd iavolved in bonding
formation, is of vital importance to locate potahfor improvements or reasons of
failure. The intensity of the reactions at the rfaee between a solid and a liquid
determines the joint’'s properties to a great extAfgo, it dictates the formation of
IMPs, which may cause mechanical problems. In ¢flewing, an introduction to the
basics in wetting reactions from an energy pointietv is given, and the connection
between these and the measure for wettabilityywbiging angle, is explained. At the
end of this section, the possibilities to simuldiéusion events at the interface, and
thus its composition after the compound castinggss, are delineated.

Wetting

The nature of an interfacial interaction to joinotwnaterials can be chemical,
physical, or simply mechanical. Joining processssilting in physical or chemical
bonding, such as solid-state diffusion, brazing emshpound casting, are ruled by the
general thermodynamic principle of energy reductibe elimination of two surfaces
to form an interface reduces the total Gibbs freergy G of the system, which
Nascimentcet al.[Nascimento, 2003] expressed as

G=G’+ Ay, (1.1)

with the Gibbs free energy of the system assumdentical surface and bulk
propertiesG’, the solid-liquid interfacial are& and interfacial energy. The last term

in equation 1.1 describes the excess energy dile toresence of an interface.
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liquid metal ¥ liquid metal
v v
< }/sv }/sv < };sl
%
solid substrate solid substrate

Fig. 1.3: Contact angl@of a sessile drop on a solid substrate. Good ¢)oor (r)
wetting. The interfacial energies are represented vactors with lengths

gualitatively related to the respective energy gslu

In thermodynamic balance, the interfacial enerdetgrmine good or poor wettability
(Fig.1.3). Non-reactive wetting leads to the follogrexpression of the wetting angle

@(Young's equation):

cog6)= (v - ys')/y'v , (1.2)

with &\ ) and y, being the solid-vapour, solid-liquid and liquidpaaur interfacial
energies, respectively.

The sessile drop method, which was developed bifBekt and Adams in 1883
[Bashforth, 1883], is an important way to obtairs@hbte values for surface and
interface energies. An angle of 70° is consideoegtpresent the threshold for wetting
to take place [Moorhead, 1986].

In our experiments, we assume that the outermostoms of the substrate are
fused, and that the wetting event is accompaniethéyplending of this layer with the
melt droplet. A reaction will therefore influencan@ actually facilitate) wetting,
which adds a term to the driving force for wettingthe form of a variation of the
Gibbs free energy. This terG,, however, can only be roughly estimated due to
unassessed correlations of interfacial reactionsetiing kinetics [Eustathopoulos,
1998]. The various reactions that can take pladevdmn solid and liquid have been
summarized by Nascimentet al. [Nascimento, 2003], who also schematically
described various stages of reactive wetting. Insystems, we observe total wetting
for A-Al and Mg—Mg couples, which indicate stromgerfacial reactions. In the Al-
Mg system, the coating material has only very Baiisolubility in the melt, which
prevents an intense reaction and thus leads toebiggetting angles. Still, the

1C



1.5 Wetting and diffusion

reactivity is great enough to ensure a metallulgpaiding between substrate and

droplet.

Diffusion and Thermodynamic calculation tools (TC/DCTRA/Pandat)*

With the same principle of energy reduction asrelted for wetting reactions, one
can calculate diffusion, solidification and phaseration processes in a multitude of
systems. Diffusion and mobility data for light mistand alloys are accessible, and
several programs to do calculations on them ardaéne, such as TC/DICTRA and
Pandat.

To set the parameters for an interface diffusidoudation, some assumptions and
simplifications have to be made, partly due to lidewy alloy compositions and
wetting kinetics, restrictions in sample handlingdalack of process parameter
control, and partly due to limitations of the ussaftwares. Therefore, the sample
volume of interest is confined to a sub-millimetamge, where temperature gradients
and variations in cooling rates can be neglected.

Calculations on diffusion of alloying elements agrisample production have
been done with ThermoCalc/DICTRA (Al-Al) and Panddg—Mg), whereas
subsequent heat treatments were simulated ancdgperimentally only for A-Al
compounds. A detailed description of calculationd aorresponding results is given
in sections 4.4 and 5.3 for A-Al and Mg—Mg couplespectively.

4 TC/DICTRA: ThermoCalc Software, www.thermocalc.se.

Pandat: CompuTherm LLC, www.computherm.com.
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Chapter 2

Strategies for developing

coating systems

To enable a metallurgical reaction at the surface of light metals and thereby generate
good wetting properties towards metallic melts, the natural, ever-present
oxide/hydroxide layer has to be overcome and replaced permanently. The following
chapter gives an overview of surface treatments and introduces the strategies for
developing coating systems for the application in compound casting. The challenges
that we met (2.1) lead to specific coating systems for each of the three compound
systems Al-Al, Mg—Mg (2.2) and Al-Mg (2.3). The coatings are investigated by
analyzing polished cross-sections with optical (OM) and scanning electron
microscopy (SEM), and glow discharge optical spectroscopy (GDOS). Heat
treatments, used to increase adhesion of the coating on magnesium substrates and
spalling tests of coatings are carried out (2.4). A short conclusion of the successive

surface modifications summarizes the findings at the end (2.5).

15



Chapter 2: Strategies for developing coating systems

2.1 Challenges

2.1.1 Surfaces of light metals

Neither You nor me have ever touched metallic aluminium. This light metal, as any
other of this material class (p < 4.7 g/em’), is covered with a few nanometers
(naturally) to several hundreds of pm (depending on surface treatments) thick oxide
and/or hydroxide layer. If it is removed by mechanical, chemical or electrochemical
methods, the underlying aluminium atoms react instantly with oxygen or oxygen
containing molecules from the environment to rebuild this coating (i.e. passivation
layer). Actually, this can be called a corrosion product, but it is thermodynamically
stable, inert, very hard (9 Mohs), and has a very high melting point (2050 °C,
compared to the melting point of 660 °C for Al).

Besides the low specific weight, the surface of aluminium is its key success
factor. With anodic and thermal modifications, a huge variety of surface structures
can be achieved. In nearly every aluminium application, the oxide layer plays a vital
role. Methods to increase or decrease the thickness, density, porosity and roughness of
the oxide layer all result in a highly specific functionality of the aluminium surface.

None of the methods that modify the oxide layer constantly remove this coating.
The deposition of a metallic coating, however, often implies a replacement of the
oxide. This is done for applications aiming at increasing resistance towards abrasion,
corrosion or heat, increasing electrical conductivity, weldability or hardness,
decreasing friction or simply for decorative aspects, as summarized by Huppatz
[Huppatz, 1996]. Chemical treatments to deposit metallic layers on light metal
surfaces via ion exchange reactions have been developed for electroindustrial
applications, for example to improve electrical conductivity at a contact. In section
2.2, the application of such treatments and further tasks to improve these coating

systems is demonstrated.

2.1.2 Zinc as alloying element in light metals

Together with a low melting point and other properties explained in this chapter, it
would be desirable to use a coating, whose composition plays also a role as alloying
element. Zinc (7, = 419 °C) is used in commercial aluminium and magnesium alloys

with equal importance: In aluminium based cast and wrought materials (Zn is the
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highest solubility (up to 70 at-%) in Al. temperature.

main alloying element in cast 7xx.x and wrought 7xxx series). Zinc has the best
solubility in aluminium (Fig. 2.1) of all elements, making it a valuable component in
cast and wrought alloys. It gives the possibility of natural and artificial ageing
(precipitation hardening) in combination with magnesium. The strength is
substantially improved by the formation of MgZn, precipitates. Furthermore, it
increases the solution potential for use in protective cladding and sacrificial anodes
[ASM, 1993].

Natural ageing (e.g. in the 7075 alloy) refers to spontaneous formation of a
Guinier-Preston (GP) zone structure at room temperature, which result from clustering
or segregation of solute atoms to selected atomic planes, depending on the alloy
system [Polmear, 1995]. These GP zones resist dislocation movement through the
lattice better than alloy atoms in solution, making the material stronger. However, as
under these conditions the alloy would practically never become stable (in contrast to
copper containing alloys of the 2xxx series), it is rarely used in the naturally aged
temper, but rather artificially aged [ASM, 1993].

When exposing the alloy to elevated temperatures, metastable coherent (i.e. with
the same crystal structure as the solvent phase) transitional precipitates form and
contribute to precipitation strengthening. Further heating increases their size and
converts them to the equilibrium phases, which generally are not coherent, and thus
soften the material again. In any case, a solution heat treatment at high temperatures
to maximize solubility followed by a quench to obtain a supersaturated solid solution

is performed prior to ageing.
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Chapter 2: Strategies for developing coating systems

In magnesium alloys, zinc (designated with the letter ‘Z’ in ASTM alloy definitions,
e.g. AZ91 stands for Mg—9Al-1Zn, ZK31 for Mg—3Zn—1Zr) has beneficial influence
on castability, strength, and other mechanical properties at room temperature. The
newest high-purity (HP) generation of the alloy ZK60 exhibits, apart from major
strengthening effects, excellent casting properties even for most complex and thin-
walled components, which is partly the consequence of the formation of a eutectic at
340 °C in the binary Mg—Zn system (Fig. 2.2). However, microporosity and
susceptibility to hot cracking are disadvantages when alloying this element. In
wrought alloys, zinc is the second most important component after aluminium

[Kainer, 2000].

2.1.3 Zinc as coating material

If zinc is applied as a coating, it is usually done to protect the underlying material —
most often steel — from cathodic corrosion: If the surface is penetrated by a scratch, it
self-heals without the need of maintenance. About 50% of the worldwide zinc
consumption is for corrosion protection, and over 90% of these layers are deposited
via hot-dip galvanization, where a structure is immersed in a bath of liquid zinc.
Today, the boilers for this process measure up to 20 meters and may contain 700
tonnes of zinc. This method is most suitable for coating large quantities of sheet or
wire [Johnen, 1981].

Other techniques to deposit a metallic zinc layer exist; the most important being
galvanization, flame spraying and powder plating. These are suitable for coating small
areas or piece numbers, which is most interesting for this project. As the shape of the
specimens for this thesis is very simple (platelets of 2 mm x 20 mm x 100 mm for the
coating process), galvanizing is a straightforward approach and easy to realize. Acidic
and alkaline cyanide-free electrolytes are commercially available. In Figure 2.3, the
Pourbaix-diagrams of aluminium and magnesium are shown. These indicate regions
of immunity, passivation and corrosion in aqueous solutions. The region of
passivation for aluminium, an amphoteric material, lies between pH values of 4 and
8.5, whereas the surface of magnesium passivates above pH 10 only. Therefore,
different electrolytes have to be used for these materials to avoid the evolution of gas
(which usually occurs when metal corrodes) during plating and thus poor adhesion or

even complete delamination.
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From mild acidic solutions, zinc can only be deposited with a very high excess
voltage. As the metal is at hand in simple, heavily dissociate salts, plating is effected
with nearly one hundred percent of current yield. No or only marginal amounts of
hydrogen is co-precipitated. Apart from zinc salts other components for uniform
deposition such as conduction salts, complexing agents for glossy appearance and
additives for improved anode dissolubility have to be added. These baths are generally
easy to handle and to maintain, deposits are smooth and dense, and show only little
danger of hydrogen embrittling the substrate material.

Alkaline electrolytes may contain cyanides, which would require special
equipment and precautions due to the toxicity of these components. Therefore,
cyanide-free solutions were used here. The current density is relatively low, and the
purity of the initial ingredients is crucial to achieve good plating results. Nevertheless,
the advantage of leaving out wastewater cleaning is superior to the disadvantage of
unstable bath conditions, as despite this, dense and homogeneous zinc layers were
obtained with these baths. Compositions of the plating electrolytes, which were
products of the company SurTec1, and the process parameters are given in Table 2.1.

In combination with the processes to replace the oxide layer with a metallic zinc
deposit, which are described in section 2.2, zinc plating via galvanization gives us a

strong tool to improve reactivity and thus wettability of light metals.

Table 2.1: Compositions of zinc galvanizing electrolytes and parameters

on aluminium (SurTec757) on magnesium (SurTec704)
85 g/l ZnCl, - 1.5 H,O 120 g/l NaOH
210 g/l KCI 12.5 g/l ZnO
22.4 ¢/l H3BOg4 50 g/l Na,COs
50 ml/l SurTec757 1 10 ml/l1 SurTec704 1
4 ml/l SurTec757 11 10 ml/l1 SurTec704 R
400 s, 25 °C (i.e. room temperature, RT) 1 ml/1 SurTec704 11
pH=5-6 500 s, RT
S=6A/dm’ pH=13
S=2 A/dm’

! Surface Technology GmbH, Surtec-Str. 2, 64673 Zwingenberg, Germany. www.surtec.de
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Fig. 2.3: Pourbaix (or Potential/pH) diagrams of Al (1) and Mg (r) in water at 25 °C.

Aluminium is amphoteric, whereas magnesium passivates only at high pH values.

2.1.4 Specific prerequisites for compound casting dissimilar materials

Bringing the surface into contact with a metallic melt generates further challenges.
Tight bonding is a function of wettability, and thus reactivity. The formation of
undesired products at the interface needs to be prohibited by precautious choosing the
right, or a particular combination of several, coating elements. This becomes
especially important if the joined materials are dissimilar, e.g. iron and aluminium
[Fragner, 2006; Dybkov, 1990; Mehrer, 1997; Eggersmann, 2000; Yajiang, 2005;
Choe, 2008] or aluminium and magnesium [Schubert, 2001; Kliting, 2005;
Borrisutthekul, 2005; Mahendran, 2008; Paramsothy, 2008], where the interface is
composed of several IMPs, which usually exhibit poor mechanical properties. There,
the coating is assigned another function: instead of purely enhancing the reactivity, it
has to protect the underlying substrate from excessively blending with the melt. This
has to come about without cutting too much on wettability, which severely narrows
the prospects of finding a mechanically acceptable candidate. An approach towards

such a coating is described in section 2.3.
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2.2 Strategies for surface modifications to join similar materials

2.2 Strategies for surface modifications to join similar

materials

For this project, processes that constantly remove the oxide layer by replacement with
metallic depositions are of great importance. If a metallic melt is cast onto a light
metal substrate, the oxide would persist due to its thermal stability and thus prevents a
metallurgic connection needed for material closure (see section 1.2). Novel
combinations of coating techniques together with heat treatments (in the case of Mg—
Mg couples) were the key factors to successfully facilitate a wetting reaction on light
metal surfaces.

In the following, the development of tailor-made surface modifications for the

application of compound casting is described.

2.2.1 Aluminium alloys’

Oxide layer

A method widely applied — the so-called ‘zincate process’ — is described by various
authors [Saito, 2005; Qi, 2002a; Tang, 2001; Robertson, 1995]. The use of this
process has been reported for Ni plating of aluminium surfaces in electrical
applications [Chen, 2006; Monteiro, 1991] and for pre-treatments prior to
electroplating [Pearson, 1997; Qi, 2002b; Armyanov, 1982]. It replaces the Al,Os-
layer of aluminium alloys with a metallic Zn film, via two parallel chemical reactions.
The first is an etching procedure, which removes the aluminium oxide layer; the
second is a redox reaction, where metallic Al oxidizes and dissolves (see eq. 2.1) and
zincate anions dissociate and are reduced and deposited as a dense metallic layer (egs.
2.3 and 2.4, respectively) [Zipperian, 1987]. This process was carried out here with a
single solution containing NaOH and Zn anions with the trade name ‘SurTec652’
(Table 2.2). When working with zincate(Il)-anions, enough OH™ ions have to be
present, as otherwise, the tetrahydro-complex [Zn(OH)4]* prevails. This is achieved

by working at a pH of 12 or more. In addition to the process’ simplicity, this treatment

2 K.J.M. Papis, B. Hallstedt, J.F. Loffler and P.J. Uggowitzer. Interface formation in aluminium-
aluminium compound casting. Acta Mater. 13 (2008), 3036-3043.
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does not require the special atmospheres, which are otherwise used to avoid

aluminium oxide formation [Polmear, 1995].

Oxidation (anodic reaction):

Al +40H" — [A(OH), T +3¢" (2.1)
[AI(OH), ] — AlO; +2H,0 (2.2)
Reduction:
Zn(OH)}™ — Zn> +40H" (2.3)
Zn* +2¢ — Zn (2.4)

()

Sum (cathodic reaction):

[Zn(OH), T +2¢ — Zn  +40H" (2.5)
Total reaction:
241+ 3[Zn( OH), T < 3Zn () ¥ +2[AI(OH), T +40H" (2.6)
Anodic side reaction for H,-production:
Al+30H™ — AIO; + H,0+ 4 H, 1 +2¢ (2.7)

The plating reaction is kinetically controlled via local nucleation, and continues as
long as the solution containing zincate ions has direct contact to aluminium oxide. It
thus leaves a dense metallic Zn layer with a thickness of about 200 - 300 nm on top of
the bulk metallic aluminium. On some substrate alloys, however, the reaction lasts
longer, as the deposits do not form a dense layer. This leads to a thicker coating with

coarser zinc crystallites (Fig. 2.7).
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2.2 Strategies for surface modifications to join similar materials

This method can be applied to various substrate alloys. For reasons of availability,
alloying elements and commercial use as sheet or extruded material, AIMgl® was
mainly used for wetting experiments and sample production. Some successful coating
and casting experiments (investigations on the influence of component size on the
diffusion at the interface, see section 4.6) were done with the wrought alloy AlMg3*
and the foundry alloy AlSi7Mg’, without substantially altering the solution

compositions.

Important surface condition

The treatment works well only if one starts with thin oxide layers. Sheet aluminium is
produced via rolling, which always leaves behind irregular layers of oxides, lubricant
remainders and other inclusions with a thickness of several microns. It is therefore
necessary to remove this ‘rolling layer’, either mechanically or chemically, and clean
the surface thoroughly prior to immersion in a zincate solution. This was done here
with a mild pickling solution at 55 °C, applying ultrasound for 15 minutes to remove
lubricant contaminations. Subsequently, the rolling layer was etched away in a strong
alkaline NaOH solution (100 g/l, pH > 13) for 1 minute at 55 °C. The pickling layer,
which builds up during this process, was removed by etching in 35% nitric acid at
room temperature for 30s. Between each of these important cleaning steps the
samples were rinsed in deionized water for 1 minute. Compositions of solutions and
parameters are given in Table 2.2 on page 28. After these pre-treatments, the platelets
showed a surface with smooth etching pits (Fig. 2.4), ready to be zinc-coated by the
zincate process described above. Figures 2.5, 2.6 and 2.7 show the zincate treated

surfaces of the alloys AIMgl, AIMg3 and AlSi7Mg, respectively.

? AlMgl, i.e. Al-alloy (AA) 5005, is composed of: 1.0 Mg, 0.4 Fe, 0.25 Si, 0.15 Mn, (balance Al) — all
in mass-%

* AlMg3 (AA5754) is composed of: 3.1 Mg, 0.4 Fe, 0.4 Si, 0.5 Mn, (balance Al) — all in mass-%

> AlISi7Mg (AA357) is composed of: 7.0 Si, 0.5 Mg, 0.15 Ti, (balance Al) —all in mass-%
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> = 011

Fig. 2.4: After pickling and cleaning the Fig. 2.5: The zincate treatment replaces
substrate, its surface structure appears the aluminium oxide layer with a poly-
evenly etched. crystalline, metallic zinc film of 200 -

300 nm thickness, here on AlMg].

Fig. 2.6: Zincate treated surface of alloy Fig. 2.7: Zincate treated surface of alloy

AlMg3. The Zn layer appears fine- AlSi7Mg. The layer’s porous structure
grained and dense. leads to coarser crystallites and a

thicker ‘primer’.
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Layer thickness and melting point

For the application in compound casting, the reactive surface layer has to persist until
the metallic melt is touching. In a die casting mould, temperatures of around 250 °C
prevail, which would cause the thin Zn layer obtained by the zincate process to be
alloyed into the substrate. As zinc has a very high solubility in aluminium (Fig. 2.1),
reoxidation of the Al-substrate can occur if it completely diffuses into the bulk
substrate at these elevated temperatures.

The coating thickness was therefore increased to 5 - 10 pm. Johnen [Johnen,
1981] described several techniques to do this, ranging from hot-dip galvanizing to
flame spraying, powder deposition techniques and galvanization methods. We chose
zinc galvanizing to be the most straightforward method to uniformly cover the flat
surface of the sheet material used as substrate in this project. This technique is most
suitable to coat small areas of flat specimens, and is applicable with rather simple
devices in a laboratory, whereas other methods would require massive and more
expensive tools.

To galvanize a conductive substrate, a simple electrolytic cell can be used. Its
setup is very simple if working in a single chamber device (Fig. 2.8). With
temperature, current, bath movement and plating area, there are some parameters,
which need to be adjusted according to the electrolyte’s specifications.

A commercial zinc electrolyte was used for optimum coating appearance and
density (SurTec757, Table 2.1). The Zn deposits originating from the zincate process
represent an ideal surface for good adhesion of the galvanizing layer — a ‘primer’, so
to speak. The resulting layer thickness was adjusted according to the current density,
checked by glow discharge optical spectroscopy (GDOS, Fig. 2.10) and optical
microscopy (Fig. 2.11), and determined to be ideally around 10 um (current density
=600 A/m*, t=400s, T=25°C). Small amounts of carbon (up to 0.4%) were
present in the coating: a result of the electrolyte’s composition, which did not affect
the coating’s function. The obtained coating appeared glossy, dense and fine-grained
(Fig. 2.9).

Another important factor when choosing the appropriate element as coating
material is its melting temperature. If, during the compound casting process, the melt
touches the substrate’s surface, it is crucial to liquefy the outermost microns to

enhance blending. With 419 °C (Fig. 2.1), the melting point of zinc is about 300 °C
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lower than the processing temperature of aluminium based melts (700 - 750 °C), and

therefore beneficial for reacting with these.

2.2.2 Magnesium alloys6

Oxide layer

Similar procedures to replace the oxide/hydroxide layer are described by Chen ef al.,
Zhu et al., Taylor and Jelinek [Chen, 2006; Zhu, 2006; Taylor, 2001; Jelinek, 2005]
for magnesium alloys. An immersion solution containing zincsulphate anions,
buffering agents and emulsifiers was prepared for carrying out the ion exchange
reaction, much the same means to replace the oxide/hydroxide layer with a metallic
one as applied for aluminium. Similarly, a pickling process occurs parallel to the
redox-reaction forming the zinc coating.

Commercially available AZ317 and ZK31® wrought magnesium alloys in extruded
state were used as a substrate for experiments. With magnesium alloys, the pre-
treatments are much more sensitive to alloy composition than when working on
varying aluminium alloys. Two very different sets of solutions, listed in Tables 2.3
and 2.4, were applied to achieve similar results. These are either commonly applied
solutions or partially adapted from the works of Jelinek, Chen ef al. and Zhu et al.
[Jelinek, 2005; Chen, 2006; Zhu, 2006].

Micrographs of immersed samples are shown in Figures 2.12 and 2.13. On ZK31,
uncoated areas can be seen. These are locations of secondary phases, which are
revealed by the activation treatment. The immersion process affects only primary Mg
solid solution. To optimize the adhesion of subsequently deposited material, the total
area of uncoated surface should be kept to a minimum. However, complete coverage
can only be achieved with single-phased alloys, and good adhesion can even be
achieved with some uncovered spots if the subsequent plating is done meticulously. In

combination with a heat treatment, the adhesion can be further increased (Fig. 2.14).

8 K.J.M. Papis, J.F. Loffler, P.J. Uggowitzer. ,Interface formation between liquid and solid Mg alloys —
An approach to continuously metallurgic joining of magnesium parts’. Materials Science and
Engineering: A, 527 (2010) 2274-2279.

" The alloy AZ31 is composed of: 3.0 Al, 1.0 Zn, (balance Mg) — all in mass-%

¥ The alloy ZK31 is composed of: 3.0 Zn, 0.6 Zr, (balance Mg) — all in mass-%
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Table 2.2: Compositions of solutions and parameters for surface treatments of

aluminium alloys

Cleaning Pickling Activation Zincate treatment
Gardoclean 854/5 100 g/l NaOH  35% nitric acid a) 50 g/l ZnO
(Chemetall GmbH, pH>13 pH<1 230 g/l NaOH
Germany) 60 s 30s [Saito, 2005] or

pH ~10 55°C RT b) 200 ml/I SurTec 652
15 min pH > 12

55°C 60 s

Ultrasound RT

Table 2.3: Compositions of solutions and parameters for AZ31 surface treatments

Pickling [Jelinek, 2005] Activation [Chen, 2006]  Immersion [Zhu, 2006]
200 ml/l glacial acetic acid 65 g/l K4P,07 30 g/l ZnSO4
50 g/l NaNOs 7 g/l KF 120 g/1 K4P,07
30s 15 g/l Na,COs 7 g/l NaF
RT 120 s 5 g/l Na,CO;s
75 °C 180 s
80 °C

Table 2.4: Compositions of solutions and parameters for ZK31 surface treatments

Pickling Activation Immersion
90 ml phosphoric acid 1.5% H,SOq4 28 g/1 ZnSOy4
10 ml H,O dist. pH=10.79 97 g/l K4P,04
30s 20s 3 g/l LiF
RT RT 5 g/l Na,COs
30s
65 °C
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Fig. 2.12: Immersed AZ31 surface. The Fig. 2.13: Immersed ZK31 surface.
treatment replaces the magnesium oxide Second phase areas are exempted from
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Fig. 2.14: SEM images in BSE mode.
Building up an intermetallic interlayer via
heat treatments increases the adhesion of the

zinc coating.
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Oxidation, reduction, and the total reaction at the substrate’s surface are summarized

as follows:

Oxidation:

Mg(s) +20H™ — Mg(OH), + 2¢” (2.8)

Dissociation of zinc sulphate:

ZnSO, + H,0 — Zn* + HSO; + OH~ (2.9)
Reduction:
Zn* +2¢” —Zn © (2.10)
Sum:
ZnSO, + H,0+2¢” — Zn g+ HSO, + OH™ (2.11)
Total reaction:
Mg +ZnSO, +H,0+OH < Zn | +Mg(OH), + HSO; (2.12)

These reactions continue to run as long as some primary magnesium is in direct
contact with the solution, much the same as during the zincate processing of
aluminium. Again, the layer that is obtained by this procedure is about 200 - 300 nm
thick. The basic concept of this redox-reaction applies to both substrates used herein,
ZK31 and AZ31, as the immersion solutions were only slightly different (in contrast

to the cleaning and activation steps).

Layer thickness

The immersed magnesium alloys were zinc galvanized — analogue to aluminium
beforehand — to increase the zinc layer’s thickness after immersion. A different
mechanism of oxide layer formation on a magnesium surface prevails: In acidic and

neutral solutions, corrosion occurs instead of passivation. The latter starts only above
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a pH value of 11.5, as depicted in the Pourbaix-diagram (Fig. 2.3). Therefore,
electrodeposition with the previously used electrolyte would result in a poorly
adhering coating. A commercially available alkaline galvanizing solution was used for
plating magnesium alloys (SurTec704) to a thickness of 2 - 5 um (Fig. 2.14). For
composition and process parameters see Table 2.1 in section 2.1.3. Subsequently, a
heat treatment was applied to the substrate to increase the adhesion of the coating (see

section 2.4).

2.3 Strategy for surface modifications to join dissimilar
9,10

materials Al and Mg

2.3.1 Introduction

In addition to the basic challenge of constantly removing the oxide layer, another
important issue has to be dealt with when joining dissimilar metals: the formation of
‘unfavourable’ intermetallic compounds at the newly created interface. As described
in section 1.2, there have been attempts to compound cast magnesium alloys to
aluminium inserts. These lead to products that excellently comply with guidelines for
lightweight construction, but not necessarily with our definition of a sound compound
cast component.

Other techniques aiming at joining aluminium to magnesium parts comprise
friction stir lap joining [Chen, 2008], laser beam welding [Schubert, 2001;
Borrisutthekul, 2005], diffusion bonding [Mahendran, 2008] or even hot coextrusion
[Paramsothy, 2008]. All of these report the formation of IMPs, as predicted from the
Al-Mg phase diagram in Figure 2.15, to a greater or lesser extent. Although the
stoichiometry of AlsMg, suggests a simple structure of this phase, and thus the
possibility of more or less ductile fracture behaviour, the unit cell is reported to count
1168 atoms by Urban et al. [Urban, 2004] amongst others. The mechanical properties
are very poor, and fracture occurs extremely brittle. Even worse, the melting point is

more than 200 °C lower than those of the pure elements (7l = 660 °C,

’ K.JM Papis, J.F. Loffler and P.J. Uggowitzer. Light metal compound casting. Sci. China Ser. E
Technol. Sci. 52 (2009), 46-51.
1K .J.M Papis, J.F. Loffler and P.J. Uggowitzer. Interface formation in Al-Mg compound cast couples.

(in preparation).
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Fig. 2.15: The aluminium-magnesium phase diagram.

Note the low liquidus temperatures of the IMPs.

Tnmg) = 650 °C,  Trmampy =437 °C). This contributes substantially to the creep
susceptibility of cast magnesium alloys containing aluminium, where Al-Mg IMPs
form at the grain boundaries and soften considerably above 110 - 120 °C [Spigarelli,
2001] — a useful temperature range for an engine block cast, as mentioned by
Pekguleryuz et al. [Pekguleryuz, 2003], lies around 150 - 200 °C. Thus facilitating
grain boundary sliding, the product fails even at reduced loadings.

Creep resistant, Al containing cast Mg alloys have been developed by Noranda
(Noranda Aluminium, Inc.) for the AlI-Mg compound cast BMW engine block (see
section 1.2). Baril et al. [Baril, 2003] reported an impeding effect of some elements on
the formation of low-melting AI-Mg IMPs by selectively bonding the aluminium,
which is inherently used for casting technology reasons, to another component —
strontium or calcium — under the formation of hard, lamellar, grain boundary pinning
intermetallics.

This approach is successful for bulk alloys, but can it help to avoid the formation
of undesired phases when compound casting magnesium to aluminium? Would a
strontium coating be a solution to protect the substrate effectively enough to prevent
interface failure? An attempt to circumvent these problems and to facilitate Al-Mg
compound casting without excessively forming IMPs from the liquid phase is

described in the following.
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Fig. 2.16: A magnesium alloy droplet on AlMgl substrate. Catastrophic failure

due to pronounced formation of IMPs from the liquid phase.

. §db§ftfafe

Tl

Fig. 2.17: Close-up on the layered structure of the
intermetallic interface between aluminium substrate

and magnesium droplet.
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2.3.2 Prerequisites for a protective layer

Besides the necessity to permanently replace the Al,Os; layer on aluminium surfaces
by a dense metallic coating, which can effectively be achieved via the zincate process
described in section 2.2.1, there are several additional prerequisites when working
with dissimilar materials. To illustrate the severity of the issue, unsuccessful results
from wetting experiments without taking precautions are briefly delineated:

The previously described Zn coating on AlMgl substrate increases wettability
tremendously, both for aluminium and magnesium melts. However, when one looks at
the interface of Al-Mg couples produced with this coating, a thick interfacial layer,
consisting of intermetallic phases, jumps into one’s eye. The attempt to decrease the
size of this layer by controlling the process parameters is not sufficiently successful:
The width of the IMPs is decreased from 800 to 300 um at best.

Furthermore, the interface shows very poor mechanical properties, as illustrated
in Figures 2.16 and 2.17. There, one can see multiple cracks, which form during
sample production already. The Mg melt liquefies the Al substrate excessively, by
reason of a 220 °C lower melting point of the IMPs hence formed (Al-Mg phase
diagram, Fig. 2.15). Therefore, the interfacial material solidified last, and, due to
solidification shrinkage, high tensile stresses build up after crystallization. These lead
to immediate failure of the interfacial IMPs.

These drawbacks are created by the excellent reactivity of the applied zinc layer
and the fact, that aluminium and magnesium form IMPs with low melting points. An
effort had thus to be made to modify the intermetallic compounds at the interface, and
to prevent the substrate material from being liquefied by the magnesium melt. Binary
phase diagrams of metal-magnesium were analyzed for various points. In the

following, the prerequisites for such a coating system are listed:

* The coating material has to exhibit a higher melting point than the processing
temperature of magnesium.

* The liquidus temperature should not be lowered by adding magnesium (i.e. no
eutectic system).

* There has to be some solubility at elevated temperatures to ensure wetting.

* No IMPs form in this system.

* The material has to be applicable as a coating.

34



2.3 Strategy for surface modifications to join dissimilar materials Al and Mg

1400 T T T T T T T T T
L2
1300+ L|
71246 °C
1200 1198 °C
. (5Mn) —»
— / 1128 °C 1138 °C
O 41004 | 1087 °C (yMn) —
[0)
—
B 1000
o
(0]
g— 900 (BMn) £
()
)
800
707 °C
70077
650 °C f 651°C (aMn)—>
M
600 "7( g)| T T T T T T T T
10 20 30 40 50 60 70 80 90 100
Mg atomic percent manganese Mn

Fig. 2.18: The magnesium-manganese phase

diagram, which shows no formation of IMPs.

The only element that complies with these prerequisites is manganese. The

magnesium-manganese phase diagram is shown in Figure 2.18.

2.3.3 Electroplating of manganese from aqueous solutions

After deposition of the 200 - 300 nm thick zinc coating by means of the zincate
process, a 3 - 4 um thick Mn layer was applied electrochemically. The electrolyte’s
composition and the process parameters are listed in Table 2.5. These are partly
adapted from the works of Gong et al. and Boshkov [Gong, 2001; Boshkov, 2003].

With these settings, current efficiencies of up to 70% were reported by Gonsalves
et al.,, Mendonza de Araujo et al. and Boshkov [Gonsalves, 1990; Mendonca de
Araujo, 2006; Boshkov, 2003]. This efficiency is hard to achieve, as manganese is the
element with the lowest standard hydrogen electrode (SHE) potential of -1.18 V
depositable from aqueous solutions (compared to -1.66 V for Al) [Vanysek, 2009].
The electrolytic cell that was used here comprised a single chamber. Therefore, much
more hydrogen was generated, and the efficiency dropped to 25%. The time to deposit
a certain layer thickness was thus increased, but the result was a dense layer,
nevertheless.

Various current densities S have been evaluated, with 600 A/m” yielding the best
results (Fig. 2.19). Inappropriate process parameters (too low pH value, too high/low
current density) result in unfavourable coatings. As Gong et al. [Gong, 2003]

reported, certain additives have beneficial effects on metal deposition due to their
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activity as complexing agents. For applying manganese as a coating, EDTA"
improved the mechanical properties and homogeneity of the deposits but didn’t have
any influence on current efficiency or coating appearance in our experiments.
Therefore, manganese galvanizing was performed without additives.

The intention was to keep the coating’s thickness at a minimum, as mechanical
properties of manganese are comparably poor. With a 3 - 4 um thin coating (see

Figure 2.20), its protective qualities already come into effect.

Table 2.5: Composition of electrolyte and parameters for Mn electrodeposition

Manganese electrolyte Coating parameters
0.6 M MnSO. S=600 Am™
1 M (NH4),SO4 pH2.5-6
(0.05 M additive EDTA) 800 s
RT

Fig. 2.19: Mn coating morphologies at different conditions: (left)
current density S= 650 A/m?, pH = 6.4 (silvery, polycrystalline,
matte: good result); (middle) S=650 A/m?, pH=2.1 (shiny,
domain-like micro-structure: bad result); (right) S=3300 A/m?,
pH = 6.4 (black, cellular, glossy: bad result).

""EDTA stands for ethylenediaminetetraacidic acid, [CH,N(CH,CO,H),],
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Fig. 2.20: The thickness of the protective manganese

coating is around 3 - 4 pm.

2.4 Mechanical properties of platings

With the aim to develop a combination of light metal pre-treatments for application in
compound casting, coating systems that tailor the surface properties of the substrates
were applied to aluminium and magnesium alloys. These coatings are of stable and
durable nature, which is a benefit for transportation or storage of treated components.

Important aspects for handling these are robustness and adhesion.

Zinc on aluminium

In section 2.2.1, the layered structure of zinc coatings was described. The first, thin
metallic coating originating from the zincate treatment, acts as a priming layer
towards further depositions, much the same as when painting a surface that needs a
pre-treatment to avoid peeling of the paint. Figure 2.5 shows the fine-grained
crystalline structure of this layer, which covers the entire surface. The final zinc
coating is shown in Figure 2.11. No spallation could be seen when the substrate was
bent (Fig. 2.21a). The observed excellent adhesion of the galvanized coating could be
a result of the roughness and sometimes slightly porous nature of the first layer, which

can be observed on AISi7Mg substrate in Figure 2.7.
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Fig. 2.21, a - c: Coated samples after bending. Zinc on aluminium (a), zinc on
magnesium (b) and manganese on aluminium (c). None of these coatings start to peel

off the substrate.

Zinc on magnesium

The function as a ‘primer’, as mentioned for coating of aluminium substrates, was less
pronounced for magnesium substrates, which implicates a treatment to increase
adhesion. A heat treatment procedure was applied to the coated substrate, heating it
for three hours to 285 °C. An intermetallic Mg—Zn interlayer (predominantly MgZn;,
measured by Energy-Dispersive X-ray Spectroscopy (EDX)), which was formed
during this procedure via diffusion reaction, creates a firm chemical bond between
coating and substrate (Fig. 2.14). Adhesion was improved, and bending tests show,

that the substrate material breaks before the coating starts to chip (Fig. 2.21b).

Manganese on aluminium

Manganese is a brittle material: one cannot expect the coating to deform in a uniform
way as the substrate. With bad adhesion, this would result in large areas of coating
detachment, and thus to compound failure if such a component would be deformed.
Similarly to galvanic zinc layers on zincate treated aluminium substrates, the adhesion
is very good (Fig. 2.21¢). The bending results in microcracks in the layer, but not in a

loss of contact to the substrate.
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2.5 Conclusions

Strongly adherent, dense and smooth metallic layers have been deposited
electrochemically onto pre-treated, oxide-free light metal surfaces. Reoxidation is
prevented permanently, and combined with an increased reactivity towards metallic
melts by facilitating (partial) fusion of the coating/substrate, the surface of the
aluminium and magnesium alloys that are used in this work are prepared for the
purpose of compound casting.

The success of applying a firmly adhering metallic coating is strongly dependent
on pre-treatments, involving cleaning, etching and ion exchange reactions. These
create an effective support for subsequent galvanizing layers. If needed, adhesion can
further be increased via simple heat treatments at moderate temperatures, as applied to
magnesium substrates.

When it comes to joining dissimilar metals, the formation of low-melting
intermetallic compounds at the interface needs to be suppressed to avoid compound
failure already at low stress levels. This has to be done without cutting down too
much on reactivity and thus wetting properties. A protective manganese coating was
applied electrochemically. This element was chosen after assessing several of the
binary Mg—-Mn system’s characteristics, such as solubility, melting temperature,
formation of IMPs and deposition potential. With this coating system, Al-Mg
compound casting displaying a very thin interface is feasible. The melt will thus

solidify without forming brittle intermetallic components.

39



References to Chapter 2

References

Armyanov, S., Vangelova, T., Stoyanchev, R. Pretreatment of Al-Mg alloys for
electrodeposition by immersion zinc and electroless nickel. Surface Technology,

2:89-100 (1982).

ASM Speciality Handbook: Aluminum and Aluminum Alloys. In: Davis, J.R. (ed.),
ASM International, Materials Park (USA), p. 784 (1993).

Baril, E., Labelle, P., Pekguleryuz, M.O. Elevated temperature Mg-Al-Sr: creep
resistance, mechanical properties, and microstructure. JOM, 11:34-39 (2003).

Borrisutthekul, R., Miyashita, Y., Mutoh, Y. Dissimilar material laser welding
between magnesium alloy AZ31B and aluminum alloy A5052-O. Science and

Technology of Advanced Materials, 2:199-204 (2005).

Boshkov, N. Galvanic Zn-Mn alloys--electrodeposition, phase composition, corrosion
behaviour and protective ability. Surface and Coatings Technology, 2-3:217
(2003).

Chen, J., Yu, G., Hu, B., Liu, Z., Ye, L., Wang, Z. A zinc transition layer in
electroless nickel plating. Surface and Coatings Technology, 201:686-690 (2006).

Chen, Y.C., Nakata, K. Friction stir lap joining aluminum and magnesium alloys.

Scripta Materialia, 6:433 (2008).

Choe, K., Park, K., Kang, B., Cho, G., Kim, K., Lee, K., Kim, M., Ikenaga, A.,
Koroyasu, S. Study of the interface between steel insert and aluminum casting in

EPC. Journal Of Materials Science & Technology, 1:60-64 (2008).

Dybkov, V.I. Interaction of 18Cr-10Ni stainless steel with liquid aluminium. Journal

of Materials Science, 3615-3633 (1990).

Eggersmann, M., Mehrer, H. Diffusion in intermetallic phases of the Fe-Al system.
Philosophical Magazine A-Physics Of Condensed Matter Structure; Defects And
Mechanical Properties, 5:1219-1244 (2000).

40



References to Chapter 2

Fragner, W., Zberg, B., Sonnleitner, R., Uggowitzer, P.J., Loeffler, J.F. Interface
reactions of Al and binary Al-alloys on mild steel substrates in controlled
atmosphere. In: Mai, Y.W., Murch, G.E., Wohlbier, F.H. (eds.), Materials Science
Forum. Trans Tech Publications Ltd., Ziirich (CH), p. 1157-1162 (2006).

Gong, J., Zana, 1., Zangari, G. Electrochemical synthesis of crystalline and amorphous

manganese coatings. Journal Of Materials Science Letters, 21:1921-1923 (2001).

Gonsalves, M., Pletcher, D. A study of the electrodeposition of manganese from
aqueous chloride electrolytes. Journal of Electroanalytical Chemistry, 1-2:185
(1990).

Huppatz, W., Paul, M., Friedrich, S. Oberflichenbehandlung von Aluminium. In:
Lehnert, W., Drossel, G., Liesenberg, O., Huppatz, W., Paul, M., Friedrich, S.,
Kammer, C. (eds.), Aluminium-Taschenbuch Band 2: Umformen, Giel3en,
Oberflichenbehandlung, Recykling und Okologie. 15" ed. Aluminium-Verlag
GmbH, Diisseldorf (D), p.437-551 (1996).

Jelinek, T.W. Vor- und Zwischenbehandlung der Ware. In: Jelinek, T.W. (ed.),
Praktische Galvanotechnik. EFugen G. Leuze Verlag, Bad Saulgau (D), p. 147-210
(2005).

Johnen, H.J. Zink. First ed., Metall-Verlag GmbH, Berlin (D), p. 347 (1981).

Kainer, K.-U. von Buch, F. Stand der Technik und Entwicklungspotenziale fiir
Magnesiumtechnik. In: Kainer, K.-U. (ed.), Magnesium - Eigenschaften,
Anwendungen, Potenziale. DGM/Wiley-VCH, Weinheim (D), p. 1-24 (2000).

Kliting, M., Landerl, C. Der neue R6-Ottomotor von BMW. Motortechnische
Zeitschrift, 11:(2005).

Mahendran, G., Balasubramanian, V., Senthilvelan, T. Developing diffusion bonding
windows for joining AZ31B magnesium - AA2024 aluminium alloys. Materials &

Design, 4:1240-1244 (2008).

41



References to Chapter 2

Mehrer, H., Eggersmann, M., Gude, A., Salamon, M., Sepiol, B. Diffusion in
intermetallic phases of the Fe-Al and Fe-Si systems. Materials Science and

Engineering A, 889 (1997).

Mendonca de Araujo, J.A., Reis de Castro, M.M., Cunha Lins, V.F. Reuse of furnace
fines of ferro alloy in the electrolytic manganese production. Hydrometallurgy, 3-

4:204 (2006).

Monteiro, F.J., Barbosa, M.A., Ross, D.H., Gabe, D.R. Pretreatments To Improve The
Adhesion Of Electrodeposits On Aluminum. Surface And Interface Analysis,
7:519-528 (1991).

Paramsothy, M., Srikanth, N., Gupta, M. Solidification processed Mg/Al bimetal
macrocomposite: Microstructure and mechanical properties. Journal of Alloys and

Compounds, 1-2:200-208 (2008).

Pearson, T., Wake, S.J. Improvements in the pretreatment of aluminium as a substrate
for electrodeposition. Transactions Of The Institute Of Metal Finishing, 93-97
(1997).

Pekguleryuz, M.O., Labelle, P., Vermette, P. Magnesium-based casting alloys having
improved elevated temperature performance, oxydation-resistant magnesium alloy
melts, magnesium-based alloy castings prepared therefrom and methods for

preparing same. Patent AU2002349224, 34 (2003).

Polmear, I.J. Light Alloys - Metallurgy of the light metals. Third ed., Arnold, London
(UK), p. 362 (1995).

Qi, G., Chen, X., Shao, Z. Influence of bath chemistry on zincate morphology on
aluminum bond pad. Thin Solid Films, 1-2:204-209 (2002a).

Q1, G., Fokkink, L.G.J., Chew, K.H. Zincating morphology of aluminum bond pad: its
influence on quality of electroless nickel bumping. Thin Solid Films, 1-2:219-223
(2002b).

42



References to Chapter 2

Robertson, S.G., Ritchie, .M., Druskovich, D.M. A Kinetic And Electrochemical
Study Of The Zincate Immersion Process For Aluminum. Journal Of Applied
Electrochemistry, 7:659-666 (1995).

Saito, M., Maegawa, T., Homma, T. Electrochemical analysis of zincate treatments

for Al and Al alloy films. Electrochimica Acta, 5:1017 (2005).

Schubert, E., Klassen, M., Zerner, 1., Walz, C., Sepold, G. Light-weight structures
produced by laser beam joining for future applications in automobile and aerospace

industry. Journal of Materials Processing Technology, 1:2 (2001).

Spigarelli, S., Regev, M., Evangelista, E., Rosen, A. Review of creep behaviour of
AZ91 magnesium alloy, produced by different technologies. Materials Science and

Technology, 6:627-638 (2001).

Tang, Y.C., Davenport, A.J. The effect of heat treatment and surface roughness on the
zincate treatment of aluminium alloy 6082. Transactions Of The Institute Of Metal

Finishing, 85-89 (2001).

Taylor, S.R. Coatings for Corrosion Protection: Metallic. Encyclopedia of Materials:

Science and Technology. Elsevier Science Ltd, Oxford (UK), p. 1269-1274 (2001).

Urban, K., Feuerbacher, M. Structurally complex alloy phases. Journal of Non-
Crystalline Solids, 143 (2004).

Vanysek, P. Electrochemical Series. In: Lide, D.R. (ed.), CRC Handbook of
Chemistry and Physics. CRC Press/Taylor, Boca Raton (USA), p. 8-22 (2009).

Yajiang, L. Diffusivity of Al and Fe near the diffusion bonding interface of Fe3Al
with low carbon steel. Bulletin of Materials Science, 1:69-74 (2005).

Zhu, L., Li, W., Shan, D. Effects of low temperature thermal treatment on zinc and/or
tin plated coatings of AZ91D magnesium alloy. Surface and Coatings Technology,
6:2768-2775 (20006).

Zipperian, D.C., Raghavan, S., Pritzker, M.D. Physical And Chemical Characteristics
Of The Zincate Immersion Process For Aluminum And Aluminum-Alloys. Journal

Of The Electrochemical Society, 8B:C437-C438 (1987).

43



44



Chapter 3

Wetting properties of modified

light metal surfaces

The profound insight into the procedures to modsiyrface properties towards
increased reactivity and thus wettability given ahapter 2 is the basis for
understanding the subsequent Al-Al, Mg—Mg and Al-ddgnpound casting process.
This chapter covers materials selection in sec8dh and wetting experiments in
section 3.3, focussing on the experimental setugrgss parameters and assessments
of the wettability of the various modified substraurfaces. The end of this chapter
comprises an overview of investigation methods dre tcouples’ bonding

characteristics (3.4), and short conclusions orefperimental findings (3.5).



Chapter 3: Wetting properties of modified light aleturfaces

3.1 Introduction

In order to evaluate the performance of the preshpapplied coating systems, i.e.
their influence on reactivity between substrate arglt, wetting experiments were
performed. In the following, the strategies towasdgificant conclusions by efficient
materials selection and process parameters ardedetdhe different compound
compositions imply individual solutions for thesaribles, which leads to unequal
aims for each of them.

Joining methods for all-aluminium constructions @avot experienced major
changes lately — although there are well-refinedcesses indeed, optimized for
particular applications — which set the objective tiois work comparably high.
Compound casting has to improve the transition betwthe two compound partners
significantly. Therefore, the investigations on Al-couples focus on understanding
the formation of the interface systematically ahdroughly, as well as modifying its
properties via targeted selection of alloying elateeand subsequent tempering
procedures, including simulations of these incidefihe comparison of experimental
findings and calculations on the diffusion processmcurring during couple
production and heat treatments allows for prechation interface microstructure and
composition if new alloys were to be used. Thid tdlp to significantly cut down on
experimental extensiveness. The present work wae dwstly with binary alloys to
keep the number of variables low and the effectsth&f varying composition
attributable.

Magnesium joints are less well understood, andntlagerials are usually more
susceptible to process imprecision. It is of giegtortance to facilitate compound
casting, with the aim to understand the charatiesif bond formation and the
influence of various alloying elements on the ifaee structure. In the majority of
cases, commercially available alloys were thus tiselg—Mg experiments.

A completely different view on joining is broughtp uwhen dealing with
dissimilar materials. The predominant issue isrevent the formation of low melting
IMPs at the interface. This work aims at creatingghat bond between substrate and
melt in A-Mg compound cast couples, by protecting substrate efficiently with a
sufficiently reactive, and thus wettable, manganesating. The focus lies on
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3.2 Selection of materials

investigating the interface’s integrity and composi, and on determining the

location of the ‘weak link’.

3.2 Selection of materials

A multitude of cast and wrought aluminium and meane alloys exist. The
individual alloying elements (and even more impotifatheir combinations) strongly
affect the material properties. The combinationglefments for this work are chosen
for several reasons. First, general differencesomposition between wrought and
cast products prevail: Wrought alloys generally iekhsuperior workability and
plastic deformation properties, whereas it is nrogiortant for foundry alloys to have
high castability and a reduced affinity for hot rieg. Therefore (and due to
economical issues), wrought products are gendeslyalloyed than cast products.

Second, the higher amount of alloying elements laésa reductive effect on the
melting temperatures of the latter. This impactecpss temperatures (and thus
increase the devices’ wear-lifespan) and the tifreeaast product to solidify, which is
vitally important for both ecological and econonhiezasons.

Third, compound casting creates a zone where alipgilements are blended.
With highly variable melt consistencies, as effattd for aluminium alloys in this
work, the interface composition is adjusted in sacimanner, that its mechanical
properties can be selectively and systematicallgimaated, most effectively via heat
treatment procedures. This could be a major adgandaer other joining processes,

where the presence of an interface is of no beoeéiven undesirable.

3.2.1 Aluminium alloys

With magnesium as the main alloying component ia 8xxx and 5xx.x series
(wrought and cast products, respectively), this emat has markedly increased
strength without unduly decreasing the ductilityg. dombination with some other
elements (e.g. Si, Zn, Cu), magnesium creates t&silplity of precipitation
hardening, which is the main reason why experimentsis work are primarily done
with the commercial alloy AlIMgl (or AA5005, see ten 2.2.1).

Together with copper (2xxx and 2xx.x series), magma forms precipitations in

the aluminium matrix (S-phase AuMg). However, alloys containing exclusively 4 -
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10% copper were the first to be widely used, as #lement alone allows for
precipitation hardening (ACu pre-precipitation) and improves strength andlhess
in as-cast and tempered conditions [ASM, 1993].t&takty of aluminium alloys is
reduced by the addition of copper, while resistandesot tearing is increased.

The effect of zinc on magnesium containing alunmmialloys (7xxx and 7xx.x
series) was explained in section 2.1.2. Zinc isstho interesting component for the
melt in wetting experiments. Phase diagrams of mlium and magnesium with zinc
are shown in section 2.1, Figures 2.1 and 2.2.

Silicon is the most effective element in improvirasting characteristics. Fluidity
and hot tear resistance are greatly enhanced, wimakes aluminium-silicon
compositions (4xxx and 4xx.x designation for thedoy alloys, 6xxx and 3xx.x for
Al-Si alloys containing also other elements) thestrmrominently used in all casting
processes. This is why: At a concentration of 8%, the Al-Si phase diagram
(Fig. 3.1) shows a eutectic with a temperature7af 8, which is substantially lower
than the solidus of pure or low-alloyed aluminiué®@ - 630 °C). Cast alloys cover
the hypo- and hypereutectic silicon range up to 29%e relationship between
cooling rates and fluidity determine the range ot@tent for the various casting
processes. Another benefit of alloying siliconhs reduction of specific weight and
coefficient of thermal expansion (CTE).
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The melts used in this work were pure 99.98%-aliumin (Al) for reference, and
aluminium alloys with 7 mass-% Si (AlSi7), 7 mass2% (AICu7) and 7 mass-% Zn
(Alzn7), respectively. The different solidus temgieires of these alloys, as well as
the diffusion characteristics of the individualralents are expected to have varying
effects on the interfaces’ microstructures and dismns.

3.2.2 Magnesium alloys

Again, the effect of the coating material zinc (deated with the letter ‘Z’) on
magnesium alloys has been explained in sectio.2tlis a common element in cast
and wrought products, as it improves castabilgystle and fatigue strength [Kainer,
2000].

The most important and widely used alloying elenfentmagnesium products is
aluminium. Its increasing effect on strength wascdvered as early as in the 1920s,
and these alloys were distributed under the wedkkm name ‘Elektron’. The raised
hardness is attributed partly to solid solutiondesing and partly to the formation of
the IMP AkoMgi7 (A-Mg phase diagram, Fig. 2.15). The melting temgpure is
reduced significantly, which leads to pronouncegrinvement of castability, but
lowers the alloys’ creep resistance, because ofreédeced strength of these IMPs
above 120 °C [Spigarelli, 2001]. Lwt al. suggested introducing precipitates with a
higher thermal stability (increased melting or deposition temperature), via
alloying of e.g. Th, Ca, Ce and Y, for automotived aaerospace applications at
elevated temperatures [Luo, 1994].

This issue was recently attended with lively ins¢ras described in section 2.3.1,
with the development of a new family of creep-resis alloys, containing strontium
or calcium to restrain the formation of A-Mg IMP#vestigations on phase
equilibria in the Mg—Al-Sr(—Ca) system startedhe early 1980s by Makhmudet
al. [Makhmudov, 1981 and 1982], but it was only frohe tyear 2000 on, when
studies of the AJ and AX series (A = Al, J = Srz)XCa) intensified by an increasing
number of researchers [Grobner, 2003; Baril, 200kguleryuz, 2003; Sato, 2005;
Parvez, 2005; Jing, 2006; Aljarrah, 2007; Trojan@@07; Medraj, 2007]. Barét al.
and Pekguleryuzt al. focussed on determining the influence of the AlF&i1o on
formation of the binary ABr compound and a ternary, not yet thoroughly ifiedt
Mg—Al-Sr phase, and their effect on creep properie various Mg—Al-Sr alloys.
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Amongst others, Jin@t al. described the grain boundary pinning effect ofséhe
thermally stable precipitates, whereas Satt@l, Grobneret al. and Parvez and co-
workers focussed on determining the (still not @&y characterized) ternary
compound, suggesting considerable terminal sotybdaf Al in the binary Mg;Sr,
phase.

The alloy AJ62 was chosen for this work due taeishnical relevance, and with
respect to its solidus temperatur€“®? of about 530 °C, which is below that of the
substrate’sT¢"“*! ~ 560 °C,Ts?%! = 555 °C); 99.98% pure magnesium was used as a
reference and because of its melting temperatu@®f°C, which is higher than the
liquidus temperature3, of the substrates. Successful experiments witlrpicast
alloys were done as well, but interface propertiegsre mainly investigated in
AZ31/Mg and AZ31/AJ62 couples.

3.3 The wetting experiment®*>

A sessile droplet wetting experiment is usually elamder isothermal conditions.
Obviously, as stated in section 1.4 ‘Aims of thedis’, this is not possible here, as we
deal with similar materials as both the substrate the droplet. The experiment has
to be carried out non-isothermally. Furthermoreg tmelt solidifies almost
immediately after being placed onto the solid skatbst These issues implicate an
assessment of the wettability only at a terminadst i.e. after the sample has left the
heated area of the furnace and cooled down. listout, that for similar material
compounds (AAI and Mg—Mg), the wettability is leadr excellent (complete and
spontaneous wetting < 10°) or nearly non-existent (no reaction witle gubstrate at
all, 8> 135°, see Figure 1.3). Therefore, wettabilitytloedse compounds can only be
classified as ‘complete’ if a reaction takes planéjcating a significant reduction of

free energy upon contact.

1 K.J.M. Papis, B. Hallstedt, J.F. Loffler and PUlggowitzer. Interface formation in aluminium-
aluminium compound casting. Acta Mater. 13 (208886-3043.

2 K.J.M. Papis, J.F. Léffler, P.J. Uggowitzer. ,Irfce formation between liquid and solid Mg alleys
An approach to continuously metallurgic joining ofagnesium parts’. Materials Science and
Engineering: A, 527 (2010) 2274-2279.

3 K.J.M Papis, J.F. Léffler and P.J. Uggowitzeretfice formation in Al-Mg compound cast couples.

(in preparation).
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3.3 The wetting experiment

3.3.1 Installation of a non-isothermal setup with a horizontal furnace

A tool to drop small amounts of metallic melts omteubstrate did not exist before
this project started, and an instrument that alldevssessile droplet testing at high
temperatures was developed and assembled. The gmtupetting experiments
comprises a horizontal furnace with a device dexighoth to drop metallic melts
onto a substrate and to break and shear the oxilefhthe molten metal. For this
purpose, a quartz glass tube with a diameter oh6was narrowed at one end. As
shown in Figure 3.2, the alloys were melted indius syringe-like tube, and pushed
out using a boron nitride (BN) plunger. If the melhis magnesium-based, the inside
of this quartz tube had to be coated with a BN sprgprevent a reaction between the
alloy and the tube wall. An overview of the whofgaratus is shown in Figure 3.3.

furnace
@D [
A X
|_| substrate | $2mm
furnace

Fig. 3.2: Setup of the horizontal furnace for wegtexperiments. The heated area
is illustrated, where a plunger pushes the mebbugh the narrowed tip of a
guartz glass tube. The droplet has a clean swibea it touches the substrate.

Fig. 3.3: The furnace with quartz tube, manipulkstor
and turbo pump.
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Chapter 3: Wetting properties of modified light aleturfaces

Upon dropping onto the substrate’s surface, nonth@foxide layer debris from the
melt is present at the interface. Atmosphere coitippsand temperatures of melt and
substrate can be adjusted, and this setup candaefosall the materials described
here.

3.3.2 Parametersfor compound production

Wetting tests were carried out with platelets o200 x 2 mnT as substrate, zincate-
or zincsulphate-treated (Al and Mg based substratesspectively) and
electrochemically zinc- or manganese-coated (fonilar or dissimilar material
compound casting, respectively), as describeddtioses 2.2 and 2.3.

At a furnace temperature of 700 °C (Al) to 750 ®@g] and an inert argon
atmosphere (99.998% Ar, 1.2 bar) due to the pdsgimf melt oxidation with
previous evacuation to at least 5 xX°>I@ibar, the cast alloys were melted and dropped
onto the substrate platelets (droplet weight: 1.0.%g (Al), 0.7 £ 0.1 g (Mqg), i.e.
approximately of same volume than the substrateiciwwere previously pushed into
the furnace and heated for 30 s (Mg) to 60 s (@kemperatures between 250 °C and
400 °C. These parameters were determined to besuable for sample production
and close to realistic values, as in industry ngstnoulds are usually pre-heated to a
temperature range of 250 - 300 °C, and lower teatps¥s led to droplet
solidification prior to the wetting event.

After the wetting incident, the specimens weregullbut of the heated zone to
cool down. The process to retract the specimems fhe heated zone took about three
to five seconds. Depending on melt composition, #ng liquidus temperature, the

droplets started to solidify not earlier than atiaradditional two seconds.

3.3.3 Light metal couples

Compounds of similar materials

The zinc coating significantly enhanced the wetfimgperties of the aluminium and
magnesium substrates. The wetting angles of adlsiigated couples reached values
of below 10° after the Zn coating (see Figures &8m 3.5), indicating strong

interfacial reactions and complete or perfect wetti
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3.3 The wetting experiment

Fig. 3.4: Poor wettability of the untreated AlMglbstrate with oxide layer
(left); excellent wettability of the Zn-coated strase (right).

Al-Al couples with excellent wetting properties weachieved with the following
compositions of substrate/droplet: AIMgl/Al, AIM@Cu7, AIMgl/AISi7,
AIMgl/AISi12, AIMgl/AlSi17, AIMgl/AlZn7. The firstfour were investigated in
depth.

Complete wetting of the substrate was achieved whin following Mg—Mg
couples: AZ31/Mg, AZ31/MgAl7, AZ31/MgzZn7, AZ31/AJ62 ZK31l/Mg,
ZK31/MgAl7, ZK31/MgZn7. Investigations focussed othe compound with
commercial alloys, AZ31/AJ62, and on AZ31/Mg refeze couples.

Compounds of dissimilar materials

With the protective manganese coating, the wettghsl not as good as with the zinc
coating, which purely aims at increasing the s@faeactivity. However, the
wetting angles were still very low microscopica(lyig. 3.6). This indicates an in

Fig. 3.5: Poor wettability of the untreated AZ3bstrate with oxide
layer (right); excellent wettability of the Zn-cedt and heat-treated
substrate (left).
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“‘Mn coating .
s R TR .»-——-.'_

N
L

Al substrate | _' Sy

Fig. 3.6: The Mn coated AlMg1 substrate is wettgdhe
MgAI7 melt. A low wetting angle at microscale is
observed in this optical micrograph.

comparison to AAl and Mg-Mg experiments reduckd{ moderate reaction of
magnesium with manganese, as expected from thiedmsolubility and from the lack
of intermetallic compounds in the binary systeme(f&ure 2.18 in section 2.3.2).
This trade-off in wetting properties is presumallgood compromise between high
reactivity and low material blending.

Good results, meaning satisfactory wetting propgrtivere obtained with couples
of AIMg1l/Mg, AIMg1/MgAI7 and AIMg1/MgZn7.

3.4 Interface microstructure and composition

The samples were cut in halves perpendicular to ititerface for further
investigations. After polishing, they were analyzéml a Scanning Electron
Microscope (SEM, Camscan Series 4) with Energy &msige X-ray (EDX) analysis,
and microhardness (HV0.05) was measured acrossintieeface. Hereby, the
interface’s chemical composition and its integritye. the existence of undesired
phases, residues of the coating and other imp@&fetwere determined.

In general, the microstructure of the interfacedion is directly connected to its
composition. As this is commonly known for the ussbbys, and the compound
casting process affects the composition and miarostre of the interfacial region
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only, the focus lies on determining the effectlod zinc coating on the development
of the interface together with the concentraticedggnt of alloying elements.

Investigations on interface composition comprisalyses via EDX in point-,
area- and linescan, as well as element mapping snodleese give averaged
information on phase compositions with a resoluiod penetration depth of several
pum (depending on acceleration voltage) in up to tdimensions. Detailed
information of this method can be found elsewh&eddhew, 2001].

Additionally, the findings from EDX measurementsreveollected and compared
to microhardness data, in respect to the laterabsiing of alloying elements from the

compounds’ interface.

3.5 Conclusions

Aluminium and magnesium alloys were chosen with #ma to yield significant
results in terms of investigating diffusion effectherefore comprising the most
important elements such as copper, magnesiumgrsibnd zinc (for Al alloys), and
aluminium, strontium, zinc and zirconium (for Mdaogls). With a device for non-
isothermal wetting experiments that was developmedttis thesis, excellent results
were obtained in the A-AlI and Mg—Mg systems. Wagbtimal process parameters,
wetting angles of 10° and less were achieved.

In the A-Mg system, the Mn coating was appliednvitie aim to protect the Al
substrate from being liquefied by the Mg melt, ahds inhibit the formation of a
thick interface consisting of brittle low-meltinylPs. This was achieved with a 3 to
4 um thick Mn coating, which proved to be enough dffectively protecting the
substrate without completely sacrificing good weitlty. Thereby, AlMg
compounds were successfully fabricated at a laboraicale.



References to Chapter 3

References

Aljarrah, M., Parvez, M.A., Li, J., Essadiqi, E.,eNraj, M. Microstructural
characterization of Mg-Al-Sr alloysScience and Technology of Advanced
Materials 4:237 (2007).

ASM Speciality Handbook: Aluminum and Aluminum Alle. In: Davis, J.R. (ed.),
ASM InternationalMaterials Park (USA), p. 784 (1993).

Baril, E., Labelle, P., Pekguleryuz, M.O. Elevateinperature Mg-Al-Sr: creep
resistance, mechanical properties, and microstreictOM, 11:34-39 (2003).

Goodhew, P.J., Humphreys, J., Beanland, R. ElecMmroscopy and Analysis.
Third ed.,Taylor & Francis,London (UK), p. 251 (2001).

Grobner, J., Kevorkov, D., Chumak, I., Schmid-FetRe Experimental investigation
and thermodynamic calculation of ternary Al-Ca-Mgape equilibriaZeitschrift
fur Metallkunde 9:976-982 (2003).

Jing, B., Yangshan, S., Shan, X., Feng, X., TianEaiMicrostructure and tensile
creep behavior of Mg-4Al based magnesium alloy$ alkaline-earth elements Sr
and Ca additiongviaterials Science and Engineering; A2:181 (2006).

Kainer, K.-U., von Buch, F. Stand der Technik undtviicklungspotenziale fur
Magnesiumtechnik. In: Kainer, K.-U. (ed.), Magnesiu- Eigenschaften,
Anwendungen, PotenzialBGM/Wiley-VCHWeinheim (D), p. 1-24 (2000).

Luo, A., Pekguleryuz, M.O. Review: Cast magnesidloya for elevated temperature
applicationsJOM, 5259-5271 (1994).

Makhmudov, M.M., Bodak, O.l., Vakhobov, A.V., Dzfayev, T.D. Phase-Equilibria
In The Mg-Al-Sr SystemRussian Metallurgy6:209-212 (1981).

Makhmudov, M.M., Vakhobov, A.V., Dzhurayev, T.D. &xination Of Quasibinary
Sections Of The Mg-Al-Sr SysterRussian Metallurgyl:122-124 (1982).

Medraj, M., Parvez, M.A., Essadiqi, E., Li, J. N@lases in the Mg-Al-Sr system.
THERMEC 20061-5:1620-1625 (2007).

5€



References to Chapter 3

Parvez, M.A., Medraj, M., Essadiqi, E., Muntasar, Bénés, G. Experimental study
of the ternary magnesium-aluminium-strontium systdournal of Alloys and
Compoundsl1-2:170 (2005).

Pekguleryuz, M.O., Labelle, P., Vermette, P. Magmasbased casting alloys having
improved elevated temperature performance, oxydagsistant magnesium alloy
melts, magnesium-based alloy castings preparedeftber and methods for
preparing same. Patent AU2002349224, 34 (2003).

Sato, T., Mordike, B.L., Nie, J.F., Kral, M.V. Anleetron microscope study of
intermetallic phases in AZ91 alloy variani$éagnesium Technology 200%35-440
(2005).

Spigarelli, S., Regev, M., Evangelista, E., Ros&nReview of creep behaviour of
AZ91 magnesium alloy, produced by different teclog@s.Materials Science and
Technology6:627-638 (2001).

Trojanova, Z., Kral, R., Chatey, A. Deformation betour of an AJ50 magnesium
alloy at elevated temperaturdglaterials Science and Engineering; A-2:202
(2007).

57



58



Chapter 4

Aluminium-aluminium

compound casting

By applying the surface treatments described imptha2, Al-Al compounds were
successfully produced using various alloying eletmém the melt and the substrate.
The first section 4.1 of this chapter outlines tinéerfacial microstructure and
composition of all-aluminium couples. After undeirgp heat-treatment procedures
(solution annealing and artificial ageing, sect#®f), the interfacial regions, where
diffusion of the main alloying elements occurreghibit significant changes in their
mechanical properties (section 4.3). The castirgdy laeat-treatment procedures were
simulated by means of diffusion kinetics calculadsection 4.4), and the results are
discussed in section 4.5. Thereafter follows a esmn of scale-up experiments,

performed at the project partner LKR (4.6), andrsbonclusions (4.7).
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4.1 Microstructure and composition of Al-Al

compounds-??

After compound casting in the horizontal furnacehichh was set up for non-

isothermal wetting experiments, the interfacialagref the various AlAIl couples

were analyzed in detail. The process of castingelt anto a metallic substrate has
major impact on the microstructures and compostiah both parts, mainly in

proximity of the interface. These in turn determthe mechanical properties of the
compound. The focus lies therefore on investigatioegarding variations of grain
structures and the transition of alloying elemendsn substrate to droplet. A fine
grasp of the interfacial area’s properties is dsabd by optical and scanning
electron microscopy in combination with EDX anafysand thermodynamic

simulation of the diffusion processes at the joint.

4.1.1 Microstructure

Micrographs of the samples show that the interfadeee of oxide inclusions, pores
and other undesired defects after the compoundhggstocess (Figs. 4.1, a - h). For
the AIMg1/AICu7 and AIMg1/AlSi7 couples a continuotransition from the single-
phase substrate to the partially eutectic drolatsbe observed (Figs. 4.1, a - d). For
the AIMgl/AlZn7 couple only slight formation of smed phase is visible directly at
the interface (Figs. 4.1, e and f), while for th®Mg1/Al reference pair a reaction
zone about 150 pm wide with little eutectic frantie clearly distingushable between
substrate and droplet (Figs. 4.1, g and h).

1 K.J.M. Papis, B. Hallstedt, J.F. Loffler and PUlggowitzer. Interface formation in aluminium-

aluminium compound casting. Acta Mater. 13 (208886-3043.
2 K.JM. Papis, J.F. Loeffler, P.J. Uggowitzer, Wadpner, H. Kaufmann. Production of composite

casting part for motor vehicles, comprises remowhgnminium oxide from joining zone of solid body,
treating the zone with zinc solution, depositingaliee layer on the layer, and contacting the basti
melt. Patent application, AT504923-A1 (publisheddB52008).

3 H. Kaufmann, K.J.M. Papis, J.F. Loffler, P.J. Ugijaer, W. Fragner. Verbundgussteil. Utility
patent, AT010478-U1 (published 15.04.2009).

6C



4.2 Heat treatments of aluminium couples

Summing up, the compounds’ interfacial structura b@ described as one single
matrix material with two areas of composition (swdt® and droplet) and state
(wrought and cast), with an uninterrupted, gradeaddition inbetween. The location
of this zone can be easily distinguished in theragaphs shown in Figure 4.1 if the
microstructures of the compound partners vary Saamtly (e.g. AIMg1l/AICu7 or
AIMg1/AISi7).

4.1.2 Composition of the interfacial area

A typical EDX mapping of an AIMg1/AlSi7 couple’stirface in the as-cast state is
illustrated in Figure 4.2. Zinc from the coatingutwh hardly be detected by EDX
analysis, indicating little to no negative influenof the surface treatments on the
guality of the joints. If any, traces of Zn werdealged in the primary Al phase at the
droplet’s side of the interface, which can be hbittted to the high solubility of this
element in aluminium. From a microstructural pectpe, the transition from single-
phased substrate to the eutectic structure ofriyget is around 50 um, and hardness
measurements of the non-solution annealed T5 @ate section 4.3.2) are expected

to have approximately the same outcome.

4.2 Heat treatments of aluminium couples

Similarly to commercial alloys, heat treatmentsevapplied to A-Al compounds. As
in the diffusion reaction zone around the interfattee alloying elements of the
compound partners blend, the possibility of preéafjon hardening is explored via
bringing the compounds to the temper states T5 @fd and quantified by
microhardness measurements. These experimentharsubject of the following
sections.

To determine diffusion zone dimensions and the ekegyf interdiffusion of
alloying elements experimentally, AlAl couples KJ1/Al, AIMgl/AISi7,
AlMg1/AICu7 and AIMg1/AlZn7) were heat treated aftite interface’s mechanical
properties were investigated. According to industeat treatments, T5 and T6 states
(without and with solution annealing before aridicageing, respectively) were
established for the interface compositions, wheat treatable compositions formed

after sample production.
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substrate : = SOOrij substrate

AN (P
o s

r

- 500 ym  substrate o

substrate

e) AlZn7 ) AlZn7
. substréte - 500 um ‘su‘bstrat_e vﬂ 50 um

9) Al99.98% h) AI99.98%
.Substrate . OOpym  substrate . 50um

Figs. 4.1, a - h: Optical micrographs of compouastsamples: AIMgl substrate and Al
cast alloys with 7% Cu (a, b); 7% Si (c, d); 7% @nf); and pure Al (g, h). The images
of higher magnification on the right give a detdileew of the various interfaces.
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4.2 Heat treatments of aluminium couples

Fig. 4.2: EDX mapping and optical micrograph
of Al (red) and Si (green) on an AIMg1/AISi7
sample. Zn is not detected.

Table 4.1: Parameters for sample production antthestment procedures.

solution annea- ageing ageing time [h]

castalloy o (16 only) temp.[rc] 29€Ngsteps(nl ) 157ond T6
AICU7 190 36,912 15 9

AISi7 gOSOhC 170 36,912 15 9

AlZn7 air 120 8 16, 24,32, 40 24

Al4 170 3,6,9 12, 15 9

In a furnace, the samples were solution-annealegD@t’C, whereas age-hardening
treatments were performed in an oil bath at tempera commonly used for heat-
treatment procedures. In Table 4.1, these heatmesds are listed. The ageing
temperatures and times varied for each couple ceitigoo according to treatments
for commercial alloys with similar compositions awith Si, Cu and Zn as primary
alloying elements [ASM, 1993].

Microhardness (HV 0.05) was measured at variousmies from the interface

before and after solution annealing, and in thes®of the age-hardening treatments.

* The numbers for pure Al as were taken to be coafparto at least one of the other specimens.
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4.3 Microhardness around the interfacial area

4.3.1 T6 temper

Figure 4.3, representative for all compound variadi shows the hardness variation
during age hardening of the AIMg1/AISi7 couple afelution annealing. The lower
data points indicate the hardness values of thedullstrate. As expected for the non-
age-hardening AlMg1 alloy the hardness stays neastant, this is in fact the case
for all couples and hardening procedures. The ugptr points reflect the substrate’s
hardening condition at a position about 50 um frtma interface. A significant
hardness increase can be observed, which is sitailliat expected in age-hardening
AISiMg alloys (a hardness increase towards T6 dandi followed by a hardness
decrease due to over-ageing). Obviously, the haglimerease near the interface is
caused by diffusion of Si from the droplet into thastrate.

The substrate of all couples was affected by défusof Si, Cu and Zn,
respectively, from the droplet into a region ldsant 200 um from the interface. For
the as-cast and solution-annealed conditions nonifis@nt difference in
microhardness was recorded along the whole cragmseof the substrate platelet.
However, with ageing treatments a significant hasgnincrease was initiated close to
the interface. This effect is less pronounced ifsotution annealing was performed
prior to artificial ageing, i.e. in the T5 statauch hardness increase in the vicinity of
the interface was not only observed for the sutestrat also for the droplet, meaning
that Mg also diffuses from the substrate into thaptbt. Figures 4.4, a and b, illustrate
the hardness profiles perpendicular to the interfac both T6 and T5 temper states.
The hardness increase at the interfacial regiors tha width of diffusion zones
become apparent when hardness values along thelesangross-sections are
compared.

The hardening effect is highest for the AIMgl/AlCaiid AIMg1l/AISi7 samples,
and less pronounced for AIMg1l/AlZn7 and AIMgl/Al.dan be assumed that Si, Cu
and Zn form precipitates with Mg (and Al), for exple 3’ (Mg.Si), S’ (ALCuMg)

> K.J.M. Papis, B. Hallstedt, J.F. Loffler and PUlggowitzer. Interface formation in aluminium-

aluminium compound casting. Acta Mater. 13 (208886-3043.
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4.3 Microhardness around the interfacial area

andn’ (ZnoMg) [Polmear, 1995] as the hardening phases inMdSiAlZnMg and
AlCuMg alloys, respectively.

It is worth noting that the positions of the harsimepeaks vary slightly. In
AIMg1/AICu7 the peak lies 50 pm off the initial erface position towards the
droplet, and in pure Al towards the substrate. Abdg1/AISi7 the hardness peak is
also slightly shifted towards the substrate, wiide Zn-containing samples it lies

directly at the interface.

4.3.2 T5 tempef

At the T5 state of AI-Al couples, the hardness ifsfare displayed in a region of
150 um to both sides of the interface, the sulestsatd the droplet material (Fig.
4.4b). The Cu containing samples are the hardektibdhe substrate (due to a higher
ageing temperature compared to the other couptet)rathe droplet. AIMg1/AlSi7
compounds show a little peak directly at the irstegf as do Zn containing samples.

A very different image can be drawn for the sampih pure aluminium. The
substrate was once again partially melted to ahldeptabout 150 pm upon contact
with the droplet, causing this commercial alloyswlidify with a certain amount of
eutectic phase. There, the hardness reaches alaxgimum (86 HV) compared to the
substrate and droplet values of 50 HV and 21 H%peetively.

100

— @ - 50 um from interface
901 @® bulk substrate % - _

Hardness [HV]
3
AN
Q-
\
\
'_

13-

ascast solution aged3h aged6h aged9h aged12h aged 15h
annealed (=T6)

Fig. 4.3: Vickers hardness (HV0.05) plot of AIMg15A/
samples, measured 50 um from the interface andilika b

substrate.

6 K.J.M Papis, J.F. Loffler and P.J. Uggowitzer. htignetal compound casting. Sci. China Ser. E
Technol. Sci. 52 (2009), 46-51.
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Figs. 4.4, a and b: Hardness profiles T6 (a) and()5 measured across the

interface (former substrate surface at positioof @Il sample compositions.

Analogue to the T6 temper, it is very interestiogabserve how the substrate is
affected by the droplet’s alloying elements clasé¢hte interface. In Figures 4.5, a - c,
hardness measurements in the bulk and 50 um frenmtarface in the substrate are
plotted versus advancing artificial ageing. The sageing temperatures as for the T6
temper were taken. The missing solution annealasydmajor impact on scattering
of the values on the one hand, and on the magnatittee ageing effect on the other
hand.

Samples containing copper show a slight hardenifecteafter the hardness
dropped significantly going from the as cast stat¢he first annealing step. Silicon
also has a hardening effect, which peaks aroundTHheondition and decreases
subsequently, much the same as for the T6 tempeteds pronounced. Zinc has the
same effect on the substrate as copper, with muate mistinct scattering. As for
couples with a pure aluminium droplet, the integfaear area of the substrate was
liquefied down to 150 um, as shown in Figures 4.Bnd h. Therefore, this region
exhibits higher hardness than the remainder ofcttrapound, which is plotted in
Figure 4.4b.
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4.4 Calculations on diffusion processes during wdttg
experiments and heat treatment$

The casting and heat-treatment procedures of Ateshpounds were simulated by
means of diffusion kinetics calculations. The s@bdtion of Cu, Si and Zn

containing droplets and the blending of alloyinggneénts at the interface was
investigated, along with the widening of the difrszone during solution annealing.

4.4.1 DICTRA calculations on diffusion processes iAl-Al couples

To verify diffusion zone extensions and thus theaasf expected hardness increase,
one-dimensional diffusion simulations were perfodmesing DICTRA software
[Andersson, 2002]. The thermodynamic data werentdkem the COST Il database
for light-metal alloys [Ansara, 1998], and the d#ion data from the mobility
database for aluminium alloys developed in a thegi®rikhodovskyPrikhodovsky,
2000]. Both the solidification and solution annegliprocesses were calculated to
illustrate the distribution of the alloying elemsrdt the compounds’ interface during
sample production and heat-treatment procedures.dfffusion cell was set up as
shown in Figure 4.6.

The starting temperature for diffusion simulaticdhsing solidification (i.e. the
casting process) was chosen to lie below the solofuthe substrate and slightly
above the liquidus of the melts (Table 4.2). Chagghe start temperature within this
range had no significant influence on the simutatiesults. The liquidus of AlZn7
overlaps with the solidus of AIMgl, and thus thatstemperature was chosen within
this narrow gap. The liquidus of pure Al obviousdilys higher than the substrate’s
solidus. Therefore it was not possible to perfoaidgication simulations with the Al
99.98% material.

" K.J.M. Papis, B. Hallstedt, J.F. Loffler and PUlggowitzer. Interface formation in aluminium-

aluminium compound casting. Acta Mater. 13 (208886-3043.
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4.4 Calculation on diffusion processes during wetixperiments and heat treatments

Table 4.2: Liquidus and solidus temperatures oflloys used, and starting
temperature for DICTRA simulations.

Alloy Liquidus [°C] Solidus [°C] DICTRA start [°C]
AlMg1 655 645 .

AlCu7 642 548 643

AISi7 617 577 621

AlZn7 649 633 647

For the simulation, the following simplifying assptions were made: (i) the
solidification front is reasonably planar; (ii) teas no major influence of convection;
and (iii) only the fcc and liquid phases are prés@aithough the cooling rate varies
during solidification, a fixed cooling rate hastie chosen for DICTRA simulations.
A value of 1 K/s was taken for all casting simwas, which is a rough appraisal of
the cooling rates occurring in the experiments.

Because of all the simplifying assumptions the $&mn of the solidification
needs to be regarded as semi-quantitative. It nisy [@e necessary to consider a
temperature gradient within the diffusion cell. 918, however, not possible using the
DICTRA software. Subsequent simulations of the tsmfuannealing were performed
at 500 °C for 30 minutes using the element distidou profiles arising from

solidification simulations.

interface
solid liquid
200 ym 1000 uym
1% Mg 7% (Cu, Si, Zn)

Fig. 4.6: Setup for the DICTRA cell;
200 um of solid to the left of the interface,
and 1000 pum of liquid to the right.
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Fig. 4.7, a - c: Concentration profiles after siblition (dashed lines) and after
solution annealing (solid lines). The substratetosthe left of the interface; the
droplets are on the right; a) AlCu7, b) AlSi7, dyA7.

4.4.2 Zones of diffusing alloying elements

The results of the DICTRA calculations are plothed=igure 4.7, a - ¢c. The dashed
curves show the composition profiles in the as-stetie, and the solid curves after
solution annealing. Considerable diffusion of alt@yelements from the droplet into
the substrate and vice versa occurs in the vicioftghe interface. Diffusion zones
form during solidification to an extent between| 3@ (Cu, Zn) and 100 um (Si) into
the substrate and 100 um (Mg) into the dropletut8m annealing increased the
diffusion zones to 50 - 200 pm into the substratt200 pm into the former melt.

4.5 Discussion

At the elevated temperatures during couple prodoctind solution annealing, an
exchange of alloying elements occurs through theimaous metallic interface. On

the one hand, Cu, Si and Zn from the droplet déffudo the substrate; on the other,
Mg from the substrate diffuses into the dropleterBfiore concentrations gradually
change over the interface, creating an area ohagdenable compositions. The width
of these areas was determined by hardness measuseiheepends on the diffusion

distances, which were verified for each alloyingeneént by simulations using

DICTRA software.
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4.5 Discussion

45.1 Microstructure

It is generally observed that during solidificatiand solution annealing, Mg and Si
diffuse faster than Zn and Cu [Prikhodovsky, 20P0jmear, 1995]. This becomes
evident if we examine the DICTRA results in Figur&. The AIMgl/AlSi7 couple
exhibits the widest diffusion zone, and the AIMgIZA7 couple the smallest. The
microstructures shown in Figures 4.1, a - d reftbet concentration gradients at the
interfacial region of the AIMg1l/AICu7 and AlMgl/Ai% couples by the continuous
transition from the single-phase substrate to tlatiglly-eutectic droplets. The
eutectic phase formation in the interface region lba examined in more detail by
means of Scheil-GullivErsimulations using the Pandat software (see sebti®n An

Al alloy with 0.5 mass-% Cu and 0.5 mass-% Mg, \whis the composition of
copper-containing samples exactly at the interfactglifies with 1 mol-% of eutectic
Al2Cu ©). The bulk AICu7 forms about 2 mol-% of this edieantermetallic phase.
Thus the copper gradient is discernible by the enintariation of the eutectic phase
in Figures 4.1, a and b. For AIMgl/AISi7 samplese tlalculated interface
composition is about AlSi0.5Mg0.5. Upon solidificat, little (= 2.5 mol-%) eutectic
is formed, but its fraction increases rapidly wih content; at 2 mass-% Si the
eutectic fraction is already 6%. Thus the transitione of AIMgl1l/AlSi7 samples
appears relatively thin in the micrograph, as thteeic is already highly visible at
low Si content.

Very little second phase can be detected in AIMdANX samples (Figs. 4.1, e
and f). Directly at the interface there is abol& thass-% Zn and 0.5 mass-% Mg.
According to Pandat calculations about 0.25 molf%Ad Zn).Mg will form, but only
directly at the interface. In the bulk droplet mdermetallics will precipitate, as the
concentration of Mg is too low.

For the pure Al melt the latent heat during soigdifion is released at 660 °C,
causing a holding period at this high temperatue thus an increased heat transfer
into the substrate, which obviously results in iparhelting of the substrate’s surface.
As shown in Figures 4.1, g and h, a region of abbh@ um features eutectic
intermetallics, which were identified as containinge/Si or Mg/Si (EDX
measurements). Scheil-Gulliver calculations for A%5005 substrate confirm the

8 The Scheil-Gulliver equation describes solutesteitiiution during solidification by assuming a lbca

equilibrium at the solid/liquid interface. It givasgood approximation to the non-equilibrium realit

71
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formation of about 0.7 mol-% pre-eutectici/e; phase and 0.5 mol-% eutectic
Mg.Si.

4.5.2 Hardening behaviour at the interface region

It is reasonable to assume that a minimum elemamtantration is required for the
formation of effective hardening precipitatgs, (Mg.Si), S’ (ALCuMg) andn’
(ZnoMg), in the substrate and the droplets. If the lowencentration limits of
alloying elements for commercial age-hardening Wdys are considered (Table 4.3)
and applied to the concentration profiles in Figdrg, a - ¢, a hardness increase can
be predicted for the regions adjacent to the iatexf This can be done for both
tempers, T6 and T5 (with and without solution atingaat 500 °C, respectively, prior
to artificial ageing).

T6 temper

In T6 condition, the width of these regions frone tinterface into the substrate is
about 30 um for AICu7 and 120 um for AISi7, and 00 (AICu7) and 70 um
(AISi7) into the droplet. This lies within the samrange as the results from
microhardness measurements, where a significariinbas increase is observed at
distances of less than 200 um from the interfate tine substrate and into the former
melt (Fig. 4.4a).

The lower concentration limit of Mg in heat-trea@lyYxxx alloys, however, is
higher than the amount of Mg in the substrate Ussm@, AIMgl. Thus not enough
magnesium was provided from the substrate to forsigaificant amount ofy’
(Zn,Mg) precipitates (Fig. 4.7c). Because of this, oalglight hardness increase is
observed in a narrow region around the interface.

The hardness profile for the AIMg1/AICu7 couplesisifted towards the droplet
side, and for the AIMg1/AISi7 couple slightly tovdsrthe substrate. In the following
this phenomenon is discussed in more detail. Cwagoing aluminium alloys are heat
treatable even without magnesium. The hardeningglo& typed (Al.Cu) forms in
the droplet area of the samples. Due to the presehtg the S’ phase (ACuMg)
appears close to the substrate, where the hardnessase is more pronounced.
Copper does not diffuse far into the substrate. &igg), and therefore the highest HV
values can be detected at the droplet’s side ohtkeeace.
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4.5 Discussion

Table 4.3: Lower and upper concentration limitsatidying elements in commercial

aluminium alloys.

wrought and cast Al-alloy series mass-% Cu, Si, Znmass-% Mg
2XXXI2XX. X 0.1->7Cu 01-18
BEXXX/3XX.X 0.2 ->7 Si 0.2-15
TXXXITXX.X 0.8->72Zn 15-40

The presence of magnesium is especially importaradeing of 3xx and 6xxx alloys.
This is obvious when examining the mechanical priggseof conventional AlSi7Mg
alloys with varying Mg content, which lies betwe@35 wt.-% (A356) and 0.55 wit.-
% (A357). The strength increases by nearly onektlgoing from the lower to the
higher Mg concentration [Kaufmann, 2007]. Becaulke precipitation phase in
AIMg1/AlSi7 is B’ (Mg2Si), from Figure 4.7b, one would expect the hardresak to
lie at the substrate’s side of the interface. Thihowever, not the case (Fig. 4.4a),
which can be explained by the fact that the optirmib of magnesium to silicon in
the incoherenf” precipitations at hand is not 2:1, but rathet [IMurayama, 1999].
Therefore the highest HV values are detected djrettthe interface, with a slight
shift towards the substrate.

Although the reference couples (AIMg1/Al) showed #xpected properties in the
bulk areas, i.e. low hardness in the droplet antstamt hardness in the substrate, the
hardness close to interface was slightly highentimathe bulk. This indicates the
presence of a hardening phase in the vicinity efitherface. In contrast to the other
couples, the hardness increase was located iruttstrate only, whereas the hardness
values in the droplet rapidly decreased to the balke. This can be explained by the
above mentioned structural modification of the rmaface region of the substrate
induced by local melting during solidification dfe liquid droplet (Fig. 4.1, g and h).

TS5 temper

Simulations of the diffusion of alloying elementsirilg the compound casting
process without solution annealing are illustratedrigures 4.7, a - c, plotted with
dashed lines. In the as cast condition, from wiitkicial ageing is performed to get
to the T5 temper, the regions of continuous trasitof alloying element
concentration are narrower than in the solutioneated condition. This is reflected in
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narrower areas of less pronounced hardness incieas€u and Si containing
samples, which is illustrated in Figure 4.4b.

Similarly to T6 condition, not enough magnesium wa®vided from the
substrate to form a significant amountrgf(ZnoMg) precipitates in AIMg1/AlZn7
couples, which leads to a small hardness increaleat the interface. The fact that
copper containing samples exhibit the highest hessins due to the formation of
AlICu species, as described for T6 condition. There,droplet even reached a higher
hardness. A gradual change in hardness from stdbstrahe droplet was measured,
with the interface hardness lying in between thedees (75 HV), indicating that no
significant blending of the alloying elements hallein place (compared to T6, where
there is a distinct peak of hardness at the irntejfa

The same mechanisms of hardness increase take afeabserved for these
couples in the T6 condition. With the lack of enbugg to significantly add to
hardening in the droplet, mainly the pha®e(Al.Cu) is believed to cause the
droplet’s above-average hardness. Similarly to nlasiens at the T6 samples, Si
containing couples show a hardness peak directiigeainterface. This is effected by
the equal distance of Si and Mg diffusion alreadtgrathe casting process, and
indicates a small amount of interdiffusion, formiNg—Si precipitates as described
above.

The same is true for Zn containing couples, whidhilegt the peak hardness at the
interface. The distinctive hardness peak at the gIMIZn7 couples’ interface even
without solution annealing confirms the presencditté second phase already after
sample production. This is supported by the optierograph in Figure 4.1f, where
this specimen’s interface is shown in the as aastition.

The substrate is generally slightly harder thamra#fiolution annealing, which
effectively softens the material. During ageindl@0 °C, it hardens apparently more
than if aged at lower temperatures, which is badkethe hardness values displayed
by the copper containing samples.
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4.6 Upscale Al-Al compound casting

After the successful wetting experiments and sasnpleduction/characterization

with Al-Al couples, experiments at a scale closentbustry were performed together
with the project partner LKR, a specialist in cagtand shaping light metals, using a
UBE350 HVSC squeeze casting machine. The scopamaaers and results of these
experiments are described shortly.

4.6.1 Aims and parameters

Compounds with the following compositions were proed: AIMg3/Al
AlIMg3/AICu7, AlMg3/AISi7, AlMg3/AlSil2, AIMg3/AlSil7, AIMg3/AISi7TMg (all
squeeze-cast) and AISi7Mg/AISi7 (permanent moulkticg). The AIMg3 substrate
(here: insert) shape was designed to comprise thifesrent wall thicknesses (i.e.
insert sizes): 3, 6 and 12 mm (Fig. 4.8).

Solidification of the melt is substantially fastaen it is cast into a mould rather
than onto a flat surface. Therefore, the amountié&, during which metallurgic
bonding in a compound cast structure can formess,land the influence of the
substrate’s temperature on the formation of thet jgi greater for the former process.
Various insert pre-heating temperatures were thagiated. Furthermore, the melt is
cooled upon contact with the mould and the indeoth of which are heated up
simultaneously. The bigger the volume of the insx less the temperature in this
volume (and, more importantly, its surface) willei It was assumed, that there exists
a critical wall thickness of the insert (this degemainly on pre-heating of the insert
and the melt temperature), above which good bongiiligno longer occur in a
compound casting sense.

The aims of these tests was to investigate thadanfie of different quantities of
heat capacity, which is controlled by varying theart's wall thickness, on interface
formation and bonding quality.

The inserts were pre-treated in the same way aplételets for laboratory-scale
Al-Al experiments: they were cleaned, pickled, atectreated and zinc-electroplated
(see section 2.2.1). Table 4.4 gives an overview irsert, melt and casting

parameters.
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Fig. 4.8: the shape of the AIMg3 inserts
comprises three different wall thicknesses: 3, 6
and 12 mm, at a length of 40 mm.

Table 4.4: Parameters for industrial scale expertsiwith AIMg3 inserts.

cast alloys| AlCu7, AlSi7/12/17, Alzn7, AISi7TMg, Al

insert pre-heating None, 100 °C, 300 °C
cast alloy temp} 700 °C, 750 °C

pressure 890 bar (after complete filling, prior to solidiition)

filling velocity | 0.11 m/s (initial), 0.08 m/s (final)

4.6.2 Interface at varying insert size

The influence of varying insert thickness and theeying heat capacity on
interdiffusion depths, which determine the bondmgality, was investigated on
specimens prepared by the squeeze-casting machmeefinal shape of the cast
compound part is illustrated in Figure 4.9. Thetlyesults concerning connection of
melt material to the insert were obtained with imhgemperatures of 100 °C and
300 °C, and a melt temperature of both 700 °C &@I°C. Castings produced with
insert temperatures of 25 °C (RT, i.e. no pre-ngatsometimes fell apart without
significant stress application.

The zinc layer was (partly) sheared off during tasting process no matter the
insert temperature. This can be seen on the backsithe specimens, where a bright
shadow appears around each insert (Fig. 4.9). @méake this as proof that the melt
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4.6 Upscale Al-Al compound casting

was hot enough to liquefy the outermost layer efittserts, which is a prerequisite to
obtain good bonding.

In Figure 4.10, micrographs of the interface irfedént parts of an AIMg3/AISi7
compound are shown. The varying width of alteredrastructure gives an idea about
diffusion zone width and thus blending of alloyielgments. Results from laboratory
experiments concerning the individual diffusion esrof the different couples agree
with the findings of the upscale experiments.

The smaller the wall thickness is, the deeper te# snalloying elements diffuse
into the substrate. This impacts the bonding quaddit the insert’'s 12 mm thick areas,
the solid insert’'s surface cannot reach sufficiEmperatures to guarantee a tight
connection, whereas at the thinner areas, a canifhtransition is observed in all
investigated compound compositions.

Fig. 4.9: The compound cast component with an inser
featuring various thicknesses. The Zn coating alyti
shears off when liquefied by the melt.

sl

" AlMg3 insert . "_' AIMg3 InSej't 4 |——‘-;| ,AIM 3|nsert g e ..,_..
J i

S3mmthick, 0 AOGUERR | emmithiok . \100Pm L A2mmithick 17 + 100 pm
Fig. 4.10: Mlcrographs of the interfacial areasdii7 castings with varying AIMg3
insert thickness. The thinner the substrate, thitebie bonding properties.
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The composition of the former melt is altered tongoextent, as a fraction of the
alloying elements diffuses into the substrate. Géter the bonding is (e.g. with a thin
insert), the stronger this effect is observed. sTis demonstrated by the
microstructure of the AISi7 melt at the interface 3 mm thick inserts. There, the
substrate is heated more by the melt, which in sofidifies less rapidly. Therefore, a
coarser structure of grains and eutectic is obseraad together with the slightly
altered composition, the appearance of the intafacea is quite different.

4.6.3 Interface formation in squeeze-cast compounds

Upscale A-AlI compound casting experiments prowve femsibility of an industry-
sized process. With classical alloys for insertbA@3) and melt (Al + 7, 12 and 17%
Si), the best results regarding bonding quality achieved. Nevertheless, tight
bonding is also realized with the other alloys, athiis a consequence of the
substantially improved reactivity of the insertigface due to the combination of pre-
treatments and surface modifications.

Already during laboratory-scale AAl compound aagtexperiments, it became
obvious, that only a sufficiently high substratenperature allows for complete
wetting. Squeeze casting aims at reducing produdtioe via fast filling velocities,
and a short interval of solidification is beneflci&his means, though, that the time,
where the solid insert is in contact with the ladjgast alloy is low, providing enough
heat to fuse the coating of thin inserts only. Asoasequence, the bonding is best
with 3 mm thick inserts, as illustrated in Figur&Gl

There are several possibilities to deal with tegue. If the inserts are heated to a
higher temperature prior to compound casting, & bf the melt could be enough to
liquefy the coating. As pre-heating is economicallyd practically feasible only to
certain temperatures, this is not the optimal aptBy alloying other elements, such
as tin, the coating’s melting temperature can beesfed, thus reducing the amount of
heat that is required to fuse it upon contact with melt. Other issues would arise,
though, such as the formation of new phases.
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4.7 Conclusions

With a combination of pre-treatments — comprisimkiing and activation processes,
a redox-reaction to replace the naturally occuroxgle layer with a dense metallic
zinc deposit, and a zinc galvanizing procedure mpete wetting was achieved both
at laboratory and close to industrial scales (inoa-isothermal wetting experiment
and using a squeeze-casting machine, respectiviedgether with the project partner
LKR, a patent application was filed to protect tinéellectual property of these
findings.

Investigations on cross-sections of the interfasepwed quickly, that the
interfaces were free from imperfections (most int@otly oxide layer residues and
shrinkage cavities) and showed a continuously roeggd transition from substrate to
melt alloy. The compositions and mechanical progemf the various compound’s
interfaces were studied in detail. It was founat #50 - 200 um thick transition zone
forms upon compound casting and subsequent hedinieat procedures, depending
on the alloying elements’ diffusivities. Within ghzone, the mechanical properties
may vary significantly from the surrounding bulklwmes, as the alloying elements
from either compound partner blend, which may dtety lead to particle
precipitation at elevated temperatures, and thudemang. Diffusion zone widths
were simulated for many of the produced compoungles using DICTRA. These
results go along well with experimental findings tre interface’s composition.
Therefore, in combination with the process paramsethis calculation method is
most suitable to predict diffusion zone widths lanainium alloy combinations of
future Al-Al compound casting examinations.

It has been shown, that the outermost micronse@ttibstrate need to be fused in
order to obtain a sufficiently strong reaction. sTewvas achieved for all couples at
laboratory scale. When compound casting is appigdg a squeeze-casting machine,
the volume of the insert is critical for an effeetibonding reaction to occur, as the
amount of heat, which is necessary to fuse the layer of the substrate, depends on
its absolute heat capacity, and thus thickness.
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Chapter S

Magnesium-magnesium

compound casting

With the surface pre-treatments from section 2.2.2, magnesium-magnesium
compound casting was facilitated, as described in chapter 3. In the following, the
investigations on composition and microstructure of these couples are detailed (5.1).
Microhardness measurements of the transition between substrate and melt are shown
in section 5.2. Thermodynamic calculations on the enthalpy of the system at the
wetting incident are characterized in section 5.3. These focus on the solidification
sequence of the composite’s interface after casting, and help to determine the area,
which is last to solidify. The results are summed up and discussed (5.4), followed by a

short conclusion at the end of this chapter (5.5)
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Chapter 5: Magnesium-magnesium compound casting

5.1 Composition and microstructure of the interfacial

areal

With the compound cast Mg-Mg couples (as described in chapter 3), investigations
on interface structure and composition were performed. Figures 5.1, a - f, show
optical micrographs of the interfacial areas that are free from oxide inclusions,
cavities or other undesired imperfections. The transition between substrate and droplet
can be easily distinguished in couples with different microstructures on either side of
the interface: The ZK31 and AZ31 alloys show very little visible structure. MgZn7
and AJ62 are eutectic systems, whereas the microstructure of the pure Mg droplet in
Figures 5.1, e and f, appears without contrast. It is especially difficult to make out the
interface in these AZ31/°Mg’ samples.

With EDX spectroscopy and microhardness measurements, an overview on the
compounds’ composition and properties was obtained. In ZK31/MgZn7 couples, the
information that the elemental analysis yields is not more than what can be seen in
optical micrographs. Hardness measurements also show similar results as discussed
for other couples. Therefore, only the samples with AZ31 as the substrate material
(AJ62 and pure Mg as the melt) are discussed more closely.

EDX mappings of AZ31/Mg and AZ31/AJ62 couples are shown in Figures 5.2
and 5.3. In AZ31/AJ62 couples, the transition from the single-phase substrate to the
former droplet, which has a hypo-eutectic microstructure, is well-defined and can be
distinguished easily (Fig. 5.2). No undesired phases or shrinkage cavities were

detected, and the former Zn/MgZn,-coating seems to have vanished.

" K.J.M. Papis, I.F. Loffler, P.J. Uggowitzer. ,Interface formation between liquid and solid Mg alloys —
An approach to continuously metallurgic joining of magnesium parts’. Materials Science and

Engineering: A, 527 (2010) 2274-2279.
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5.1 Composition and microstructureof the interfacial area

Fig. 5.1, a - f: Optical micrographs of the interfacial areas of Mg-Mg
compound cast couples. ZK31 substrate with MgZn7 droplet (a, b), AZ31
substrate with AJ62 (c, d) and pure Mg (e, f). The images of higher

magnification on the right give a detailed view of the various interfaces.
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Fig. 5.2: EDX mappings of an AZ31/AJ62 sample at the interface. Zn is detected

in the eutectic phases mainly.
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5.1 Composition and microstructureof the interfacial area

Fig. 5.3: EDX mappings of an AZ31/°Mg’ sample. In BSE mode, no interface is
seen. The substrate’s Al content reveals the location of the interface. Zn 1is

detected in the substrate mainly.
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EDX measurements reveal the location of Zn in the eutectic phase at the AJ62
droplet’s side with no enrichment at the ‘fuse line’, which indicates complete
dissolution of the coating into the melt prior to solidification. Obviously, this reaction
leads to the exceptional wetting properties of the coated substrate, as wettability is a
strong function of interfacial metallurgical reactions.

The AZ31/‘Mg’ samples showed an equally favourable transition; the EDX
mappings (Fig. 5.3) reveal the location of the interface, which cannot be identified in
SEM (backscattered electron (BSE) or secondary electron (SE)) images — there is
simply no detectable contrast between the substrate and the droplet. Only the Al
signal indicates the area of the substrate material (AZ31). Also here no undesired
phases or shrinkage cavities were detected. However, a different location of the
dissolved Zn coating can be revealed. In contrast to the AZ31/AJ62 couples Zn is
slightly concentrated in the surface region of the AZ31 substrate, but does not form an

undesired eutectic phase.
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Fig. 5.4: Microhardness versus distance from interface

(AZ31/AJ62: hexagon. AZ31/°Mg’: circle).
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5.2 Microhardness around the interfacial area

5.2 Microhardness around the interfacial area

Microhardness measurements (HV0.05) in Figure 5.4 show a zone of continuous
hardness alteration between the bulk of the substrate and the former liquid phase.
Coming from the substrate’s side, the HV wvalues are initially constant, then
continuously increase (AZ31/AJ62) or abruptly decrease (AZ31/°Mg’) at the interface
(indicating a change in microstructure), and finally, within a few tens of micrometers,
change to the hardness of the bulk droplets. This gradient indicates the “fuse zone”,

which is about 100 - 200 um wide for both couples.

5.3 Pandat calculations on the enthalpy of interfaces in

Mg-Mg couples2

Calculations on Mg—Mg compounds focus on the solidification intervals of the
various alloys and their impact on the amount of liquid phase at the interface directly
after the wetting event. This is believed to affect the solidification sequence of the
compound, depending on melt composition and process temperature.

Pandat (integrated computational environment for phase diagram calculation and
materials property simulation of multi-component systems. CompuTherm LLC,
Madison, USA) is a powerful tool to calculate phase fractions in light metal alloys,
their compositions and other values, such as enthalpies of the species at varying
temperatures. Investigations on phase formation strongly rely on accurately knowing
the state of the material of interest, i.e. whether it is solid or (partially) liquid. The
enthalpy of the compound immediately after the wetting event gives a clue on the
appearance of the interface’s composition and microstructure after complete
solidification eventuates. Therefore, calculations on the solidification intervals were

performed.

2 K.J.M. Papis, J.F. Loffler, P.J. Uggowitzer. ,Interface formation between liquid and solid Mg alloys —
An approach to continuously metallurgic joining of magnesium parts’. Materials Science and

Engineering: A, 527 (2010) 2274-2279.
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Figs. 5.5, a and b: Enthalpy of the substrate AZ31 versus temperature (a);
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compound at the wetting incident.

90



5.4 Discussion

With a melting temperature of 420 °C for Zn and a melting point of 590 °C for MgZn,
(see Fig. 2.2 in section 2.1.2), the thin coating will not persist as such after the wetting
event, but will be alloyed into the liquid phases. For the alloy AZ31 the solidus and
liquidus temperatures (75!, 7.*%*") are 560 °C and 631 °C, respectively. In AJ62,
solidification occurs between 614 °C (7.*'*?) and 530 °C (7%, with about 20%
eutectic fraction, whereas pure Mg solidifies at 649 °C (71™®). The outermost
micrometers of the substrate are fused partially during the initial stage of the casting
process. Assuming that droplet and substrate have the same volume, one can estimate
the total enthalpy H of the system to lie in the middle of the values for solid AZ31 at
250 °C and for the melt at 750 °C. This is illustrated in Figures 5.5, a and b.

The enthalpy of the melt is nearly independent on its composition, and the
average (i.e. 0.5 x (Hmelt + Hsubstrate), assumed to be valid close to the interface) is
calculated to be around 18 kJ/mol for all compounds. From the curves in Figure 5.5b,
where the solidification ranges of the three alloys are shown, one can read the
solid/liquid fraction after contact in the substrate and droplet areas. The substrate will
be approximately 25% liquid in both cases, which is the reason why even the thin
MgZn?2 interlayer disappears. The AJ62 droplet will be liquid to about 40%, and the
Mg droplet will be nearly completely solid.

5.4 Discussion

We observe the dissolution of the Zn/MgZn,-coating into the bulk during casting. The
distribution of Zn around the interface varies along with the position and width of the
solidification intervals and thus with the heat, which is transferred to the substrate by
the droplet alloys AJ62 and pure Mg. The substrate will fuse partially, and the melt’s
composition determines the mechanism of solidification and the distribution of Zn

from the coating.

5.4.1 Interface composition

We will now consider the solidification sequence and the corresponding Zn
distribution after the compound casting experiment. In AZ31/*‘Mg’ couples complete
solidification occurs first in the droplet (there is only very little Mg to solidify), and

the interface-near region of the substrate is the last volume to solidify. Because of
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MgAI6Sr2-Zn

LIQUID+HCP
HCP+LIQUID+Mg,;Sr,

HCP+A,Sr HCP+LIQUID+AI,Sr

Temperature [C]

HCP+AI,Sr+TAU_AIMgSr

wt-% Zn

Fig. 5.6: Calculations with Pandat show, that the solidus
temperature of the AJ62 alloy decreases with increasing zinc

content.

element partitioning during this process, i.e. higher Zn solubility in the liquid than in
the solid, Zn is detected mainly in the substrate’s ‘fuse zone’. The concentration level
is supposed to stay well below the solubility limit (6 wt-%) as no second phase is
observed.

In AZ31/AJ62 couples the solidification sequence is different. Here, after heat
equalization the liquid fraction in the substrate (}’LAZ31 ~25%) is lower than in the
AJ62 droplet (fLAJ62 ~40%) and thus complete solidification occurs first in the
substrate, and the remaining liquid will be localized in the AJ62 droplet. Accordingly,
due to the element partitioning Zn will be concentrated in the residual liquid, which is
the eutectic of AJ62.

So far the experimental observations are confirmed by the thermodynamic
considerations. However, there is still one important question that needs to be
discussed: Is the interface prone to formation of shrinkage-cavities? That might be the
case if the interface region solidifies last. Such situation exists for the AZ31/‘Mg’
couple, or for all couples where the solidus temperature of the ‘liquid partner’ is
higher than that of the substrate. Ever though we do not observe cavities in our

experiment — maybe because of favourable conditions of heat release — the problem
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5.5 Conclusions

has to be considered whenever a melt with high TS is used. With commercial (low-
alloyed wrought or high-alloyed cast) alloys, however, this will practically never be
the case. Thus the bulk ‘liquid partner’ will solidify last, which avoids the formation
of shrinkage cavities at the interface.

In the vicinity of the interface of the AZ31/AJ62 couples some Zn was detected in
the eutectic of AJ62. Thermodynamic calculations using Pandat software, shown in
Figure 5.6, indicate a decrease of the solidus temperature with increasing Zn content,
and thus the aforementioned cavity problem may occur. Differential Scanning
Calorimetry (DSC, Seiko Instruments SSC/5200) measurements of an interface-near
sample section showed that the onset of 7 is at 509 °C, i.e. slightly below the Ts of
Zn-free AJ62 (520 °C measured with DSC, 525 °C calculated, Fig. 5.6). This
indicates very dilute Zn-concentrations at the interface of below 1 wt-%, which can be

considered to be harmless with respect to the formation of imperfections.

5.4.2 Interface microhardness

Microhardness measurements help to consolidate the observations made with SEM
and EDX. The continuous change in composition in the AZ31/AJ62 couple is
reflected by the gradually increasing hardness values towards the cast alloy. The
hardness of 62 - 65 HV is in good accordance with available data [Meridian Inc.,
2009]. Obviously the slightly increased Zn content has no hardening effect. For the
AZ31/*Mg’ samples the hardness values spread at the interface due to the partial
fusion of interface-near regions, whereas in the ‘Mg’ droplet hardness reaches values
of approximately 35 HV. Also here we do not observe a significant influence of the
marginally segregated Zn in AZ31 close to the fuse line.

As such, the coating material has only a minor influence on the compounds’
microstructure and mechanical properties. This finding is a consequence of the
coating’s complete dissolution into the bulk compound and of its significant influence

on the substrate’s wetting properties.

5.5 Conclusions

A metallurgical reaction at the modified surface of magnesium alloys leads to

complete wetting of the substrate by magnesium melts. Investigations on the cross-
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Chapter 5: Magnesium-magnesium compound casting

sections of these Mg—Mg couples reveal the continuously metallurgic transition from
one bulk volume to the other, without the formation of undesired imperfections within
the interfacial region. The coating’s material influences the compound’s composition
as well as the mechanical properties only marginally, as EDX and microhardness
measurements show.

The solidification sequence is of high importance for compound casting, as it
determines the possibility of shrinkage cavity formation. As we did not observe such
cavities in any of the samples that were produced during the presented work, we
believe that this problem is not a severe threat to industrial applications. However, it
is advisable to be aware of this issue whenever a melt material is used that exhibits a
significantly higher solidus than the substrate. This combination of materials will not
occur when using commercially available alloys, which are usually low-alloyed
wrought and higher-alloyed cast products.

Calculations of the interfacial area’s heat contents point at a partial fusion of the
substrate material directly after the wetting event. These findings go along well with
experimental observations, where a complete dissolution of even the intermetallic
MgZn; interlayer (which forms during heat treatments of the plated substrate to
increase the coating’s adhesion, see section 2.2.2) occurs during the casting process.
With this result, the potential reduction of the AJ62 alloy’s solidus, as calculated with
the Pandat software, remains no danger to this material’s mechanical properties at
elevated temperatures [Flierl, 2003; Baril, 2003; Spigarelli, 2001], because of the very
dilute Zn-concentration at the interface of below 1 wt-% within the microstructure in
vicinity of the interface.

Microhardness measurements reflect the continuous transition of the compounds’
mechanical properties, which occurs within 50 - 100 um of the interface. As a
consequence of alloying element diffusion from one component to the other, one can
think of selectively modifying the interface’s strength or toughness via properly
choosing the alloy compositions and heat treatment procedures after compound
production, similarly to Al-Al compound casting. The scale-up experiments that were
performed with those compounds could be repeated with magnesium alloys to show

the feasibility of commercially implementing Mg—Mg compound casting.
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Chapter 6

Aluminium-magnesium

compound casting

The characterization of the interfaces in Al-Mg ps with a thin protective Mn
interlayer will be discussed in this chapter. Theuls of the first section 6.1 lies on
investigations of interface composition and itsusture. With the help of XRD
measurements after various periods of heating dla¢ed substrate, the growth (and
consumption) of intermetallic compounds at therfiatee is documented (6.2). To
round off the experimental part of this work, berglitests were performed and
described in section 6.3, with the aim to deterntime weak link of these Al-Mg
couples. The mechanisms and kinetics, which deterniie formation of the interface
structure at hand, are explained theoreticallyertisen 6.4. A discussion of the results

in section 6.5 is followed by short conclusionghoa$ topic (6.6).
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Chapter 6: Aluminium-magnesium compound casting

6.1 Formation of interlayers in Al-Mg compoundsg?

6.1.1 Aims and procedures

A very different image from what we have seen socén be drawn for compound
structures of the dissimilar materials aluminiumd amagnesium. The AlMgl
substrate was effectively protected from gettintp icontact with the droplet of
magnesium melt. A distinctive interlayer of mangaaevith virtually no composition
gradient towards the droplet material prevails.sTisi a logical consequence of the
reduced solubility of manganese in magnesium (Bifj). As wetting is observed
indeed (Fig. 3.5), some sort of blending has touoecmnetheless, which has to be
revealed by other means than optical microscopy.

Investigations focus on composition and mechangraberties of the Mn-Al
multi-layered interface in compound cast Al-Mg clasp For localizing the ‘weak
link’ of these structures, three-point bendingdesére performed with specimens that
were cut out of the samples from wetting experiraemb further assess the interface
composition, coated substrate platelets were aedlpy X-ray diffraction (XRD). In
order to initiate the growth of IMPs and thus siatalthe heat transfer from the melt
droplet to the substrate during casting, they weat-treated at 450 °C for various
periods prior to XRD measurements. These parametersdifferent from those
applied during compound production, where they werated during 30 s at 700 °C
before the droplet was placed on the coated substidis was done to obtain
sufficiently slow interlayer growth and thus to akle to observe changes in phase

configuration.

6.1.2 Composition of the layered structure at thegint

On the other side of the manganese layer, towdrdsatuminium substrate, the
growth of multiple phases is possible (see Figurk, &l-Mn phase diagram or
[McAlster, 1990]). The gradual formation of theddR layers during a wetting
experiment (heating the substrate at 700 °C fog 8Ad placing the melt droplet onto

1 K.J.M Papis, J.F. Loffler and P.J. Uggowitzerehface formation in Al-Mg compound cast couples.
(in preparation).

2 K.J.M Papis, J.F. Loffler and P.J. Uggowitzer. htignetal compound casting. Sci. China Ser. E
Technol. Sci. 52 (2009), 46-51.
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6.1 Formation of interlayers in AI-Mg compounds

it) is illustrated in Figure 6.2. At least thredfelient tonalities in backscattered-mode
SEM images of the interface can be observed, iidgahe development of a
composition gradient and the subsequent formatioleMn IMPs via diffusion
reaction during compound casting. The Mn layer alsloibits a region with different
composition than the bulk coating.

From EDX measurements with 5 kV acceleration veltégsually 10 - 20 kV)
and thus less activated volume (i.e. higher regwljt more exact (but still rather
variable) compositions of these phases were datednand are listed in Table 6.1.
Figure 6.3 shows an SEM micrograph with backscadteelectrons detection
(illustrating mass contrast), with EDX mappingstoé same area. These illustrate the
chemical consistency, which shows a gradient on AkMn side. Each layer is
labelled with the adequate composition or phase.

Table 6.1: Compositions and related phases at kHdA\interface.

measured composition [at-%] Proposed phase Thealebmposition [at-%]

Mn 86.4, Al 12.0 B-Mn Mn 59.5 - 96.0, Al 4.0 — 40.5
Mn 30.7, Al 68.9 AdiMn, Mn 26.7, Al 73.3
Mn 25.6, Al 72.6 1 (AdoMns) Mn 20.8, Al 79.2
Mn 1.3-18.3, AI81.3-90.0  AVn Mn 14.3, Al 85.7

(rest: Zn, Mqg)
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IMPs, mostly rich in aluminium, may form.
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in furnace for 30s
lum  w/o heating in furnace for 15s in furnace for 30s + liquid Mg

Fig. 6.2: Sequence of REM images in BSE mode, wheses contrast is seen.
During a compound casting experiment (heating @&f ¢bated substrate in the
furnace for 30 s, then placing the Mg droplet otite substrate), A-Mn IMPs

grow in layers from the coating (bright = heavien lsltoms) in direction of the Al

Substrate.

Mn layer

Al Mn, (= w)

AlMn

(Al_Mn)

Al substrate

2um EHT = 20.00 kv Signal A=QBSD  Date :30 Jan 2008
Mag = 1354 KX |—— WD= 7mm File Name = MgonAIMn_35 tif

Fig. 6.3: The layered structure of AMn IMPs be@sapparent after the wetting
experiment. On the left, an SEM image in BSE madabelled with the potential
phase designations. The compositions of Mg, MnArete mapped via EDX and
show gradients of 6 um between Al and Mn and 1 gtwéen Mn and Mg (right).
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6.1 Formation of interlayers in AI-Mg compounds

Fig. 6.4: A thin section of an A-Mg specimen whin and Al-Mn IMP layer. The
lamella is cut out of the bulk and thinned witha@dssed beam of &aons, and
subsequently analyzed via EDX and BSE-SEM.

% e
fo AL, 2

Fig. 6.5: The Mn (also illustrated in the backgrduand Al

composition profiles across A-Mn IMPs, measured by
EDX on a thin specimen. Three distinct areas of
compositions are observed.

A further improvement of resolution can only be iagbd by measurements on thin
samples. As the preparation of TEM samples by aotveal methods (diamond
thread cutting, dimpling, ion milling) is very diguilt with the brittle, layered structure
at hand, Focused lon Beam (FIB) lamella cutting agslied.

The FIB is a micro-machining tool. It cuts into @esimen via bombardment of
the surface with a beam of gallium ions that aelcated by an electric field from a
liquid metal ion source and focussed by electr@stamhses on the desired spot. With
this technique, a section of an A-Mg compound®rface was prepared. Such a
specimen is illustrated in Figure 6.4, and compmsiprofiles of aluminium and

manganese across the interlayer's, measured by E@Xhown in Figure 6.5.
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6.1.3 Growth of interlayers consisting of multiple MPs

A-Mn IMPs appear between coating and substra&r afhmpound casting. These
nominally brittle intermetallic compounds do notrfofrom the liquid phase, which
would be the case if no measures to protect thetiib had been taken, as discussed
in section 2.3.2. Moreover, no cracks are obsemdtis layered structure, but care
has to be taken not to apply too big stressesetantierface during sample preparation.
It has been shown theoretically and practically gy, 1985, 1990 and 2001;
Nijokep, 2001; Fragner, 2006] that the interface lsa kept thin if more than one IMP
is formed.

An explanation of this phenomenon from a kinetinpof view will be given in
section 6.4. A brief summary will help to understadhe mechanisms of simultaneous
growth within a multiple-layered interface: Not aflthe phases from a phase diagram
need to appear, as their growth or consumptioneterchined by the diffusion
coefficients of adjacent layers. Initially, assumidiffusion reactions to take place,
linear growth of IMPs is predicted, until the layeach a certain critical thickness
after which parabolic growth takes place. The ttars from linear to parabolic
growth (where the diffusion rate equals the reactite) is specific for each phase.
Therefore, one or more of them can be consumednglunterface formation
[Shatinsky, 1976]. As diffusivity is dependent dre tparameters within the adjacent
phases, multiple layers of intermetallic phases imager each other from growing
and thus generate thin interfaces compared toesiagérs.

6.2 XRD analysis of intermetallic interlayer growth

Indeed, as the Mn coated AlMgl substrate is sudetd elevated temperatures, Al
Mn IMPs start to form. It appears, that the injiedppearing phases are not the same
than the ones, which are present at the end odpipéed heat treatments. In Figure
6.6, XRD measurements visualize this phenomenotheapeak originating from the
AlgMns (y2) phase more or less disappears in favour of sgfraim the phases

Al1oMn3 (1) and AMn, which are richer in aluminium.
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Fig. 6.6: XRD plots showing the changes in layemposition as the
heat treatment of the Mn-coated Al-substrate (8t°45) proceeds, which

simulates the supply of heat during the compoustirgaprocess.

Nevertheless, all these as well as other phaseassewickness is below the device’s
limits of detection, may be present as well; EDX asiw@ements and SEM
micrographs suggest the presence of at least ihte@netallic compounds between
coating and substrate. Signals from the manganesting and from the aluminium
substrate are detected throughout the experimdmthwmeans, that the interlayer

composition changes, while the bordering phasesirethe same.

6.3 Bending tests

6.3.1 Introduction

Al(Mn—)Mg compound rods with variable cross-settd - 2 mmx 2 mm) were
tested in a three-point bending equipment. The afhthese tests were to determine
the ‘weak link’ of the compound, i.e. which location the compound the crack
chooses for initiation, and whether the failurenituenced by the interface thickness.
However, due to varying specimen dimensions, measemts were not intended to
determine fracture toughness values or exact me&sharof crack propagation.

In compounds featuring thin interfaces, the overa#ichanical properties are

expected to change to ductile behaviour below &aitesize of the brittle interface
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Chapter 6: Aluminium-magnesium compound casting

due to a shielding effect [Wang, 1978; Suo, 198@tcHinson, 1991]. Cannaat al.
describe various mechanisms of crack propagatinaluding fracture toughness
measurements [Cannon, 1991]. They concluded, tmatkg in ductile/brittle
compounds under monotonic load usually propagatienbrittle material, but not

directly at the interface.

6.3.2 Experimental results

The bending machine (Kammrath & Weiss Tensile/Casgion Module 1000N) is
illustrated in Figure 6.7. At a bending velocity @2 - 0.5 um/s, the compound was
determined to be broken when the stress droppetfisantly, as some slip of the
clamps may be recorded as slight, more or lesspalatecrease of load. Figure 6.8
shows a typical stress-strain curve, where the Isgiotted versus bending distance
at constant bending rates. The initial slope ofdee gradually decreases due to the
generally uniform slip of the clamps. The specim&rese unloaded after sample

failure at the same rate as loading occurred.

- - p—
o B o a7 Ve 1 Lo 4ok B AT RS de v 7 S o

Fig. 6.7: The tensile/compression module with aoBp bending

mounting.
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6.3 Bending tests

As shown in Figure 6.9, the predominant locationféolure is the coating, including
the IMPs. The crack propagates in several mannewst often, it alternates between
two or more of the brittle phases (coating and IMRs some samples, the Mn layer
stays intact, whereas the main location of failuse found to be within the
intermetallic interlayer. The crack infrequentlyopagates along an interface, or

deviates into the ductile substrate or droplet.

100

force [N]

/
/
/
0 10 20 30
displacement [um]

Fig. 6.8: Recorded force versus lever
displacement with a bending rate of 0.2 um/s.
The dashed line illustrates the unloading
behaviour, also at 0.2 pm/s.

15.0kV 16.8mm x500 PDBSE 7/9/2009 100um 15.0kV 14.7mm x500 PDBSE 7/9/2009 100um

Figs. 6.9, a and b: Micrographs of a fractured AlMgZn7 compound. The crack
remains within the IMPs, rarely deviating into ttlectile substrate (a), or alternates
from substrate to droplet within the brittle Mn alivP layers (b).
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6.4 Interface formation in systems with intermetalic

phases

A metallurgic reaction between two dissimilar matisroften involves the formation
of one or several additional phases. These geweddlogate the compound's
mechanical properties, if they are on hand as éraoyus layer. As this is the case in
Al-Mg compounds that are produced and analyzedhis wWwork, the theoretical
characterization of the growth kinetics needs taubderstood. A model for layered
phase growth in a binary system with one and nlaltiptermetallic phases is
therefore explained in this section.

In our AMg system with a permanent protective tc@pat the interface, the
possibility of multiple IMP formation via diffusiomeaction exists. In theory, all
possible phases that appear in an equilibrium pbaggam will form to a certain
extent, but at the end of the reaction diffusiolngesses, only a limited number
prevails. The reason for this phenomenon lies e fdcts, that diffusion through a
certain phase is dependent on the diffusivitieshm adjacent phases, and that the
common parabolic layer growth model fails to in@uditially occurring mechanisms,
which are controlled by the reaction rate. To exypthis, a simple binary system A-B
with one intermetallic component and no solubility the terminal phases is
considered for a start (Fig. 6.10) according totiBkhy et al. [Shatinsky, 1976].

Intermetallic phases usually exhibit a narrow cosiflmn range and nearly
constant molar volume, which sustains the assumpifoconstant flux through the
layer during growth. Conservation of matter (ed) @nd the Fick's laws (egs. 6.2 and
6.3) are given below. The first Fick’s law descsleediffusion flux, which is constant
in time. In contrast, the second Fick's law givesetation between concentration
differences for varying time and location, andstlates thus instationary diffusion
processes. There are a couple of analytical andencah approaches to solve this
equation, but they are all strongly dependent ahqodar boundary conditions.
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Fig. 6.10: Schematic concentration profile in adoynsystem with one
intermetallic component and no terminal solubilitih case of a
composition range in the compoundB\ a describes the average atomic

composition.
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From these equations, we express the motion ahtedacel (A - AyB) relative to a
reference x° in terms of the fluxes of both species and theimpnt stoichiometric
factor.

dXa _ d(X, _Xg):
dt dt

a a _ 7 o 7 o
_QAJAI + aQAJBI = QA[DA EAJ - aQAEDB ?
|

5 jl (6.4)

J represent the fluxed) the diffusivities,c the concentrations an@ the molar
volumes of the particular species. A similar equattan be written for interfadé

(AqB - B). The directions of the interfaces’ movemesdtermine growth or
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consumption of the intermetallic layer, and by @mation of matter (eq. 6.1), the
kinetics for a simple model are herewith determiriéds can be written as

Ky~ Qoo | poefs (6.5)
dt a oX oX

In a simplified way, this equation has the form of

kﬂ
dX, _ Ko (6.6)
dt X,

where k* is the parabolic growth rate constant fogBA which is a function of
temperature and chemical potentials, t&g. can be measured from experiments,

which usually result in a parabolic equation of fibien
2kit=X,’. (6.7)

Now, if saturated terminal solubility is consider@€g. 6.11), the equations have to
be normalized to find the interface rate of groveth before. This is because the
factors involving diffusion in the terminal phas#sn’'t enter the mass balance at the
interfaces. Otherwise, within the terminal phasesvicinity of the interfaces,
supersaturation or diffusion up a chemical potémt@uld be caused.

U

c !

A;B
AB AB

X0 X X X0 X
X X, X

o

Fig. 6.11: Schematic concentration profile in aalpjnsystem with one

intermetallic component and with terminal solulgilit
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Fig. 6.12: Schematic concentration profile in aapnsystem with two

intermetallic components and with terminal solupili

If there are two (or more) intermetallic layers hwgaturated terminal solubility (Fig.
6.12), there are more partial reactions at thefates, and reaction constants have to
be described by a system of subconstants to betabllistrate layer growth. The
parabolic growth rate constants contain terms, lwhiosolve diffusivities of the
adjacent phases. Such subconstants can be detérirane diffusivity measurements
and the partitioning factors from the appropriateaby phase diagram.

In reality, the process of layer growth at an atitayer thickness of zero involves
a chemical reaction. In the beginning, diffusiomotigh a thin layer is much faster
than this reaction, and the growth rate is limibgdthe reaction rate. If a critical layer
thickness is reached, the diffusion rate, whichrelges with increasing diffusion
distance, equals the reaction rate. From ther¢henintermetallic layer grows with a
parabolic law, as derived above.

The same is true for the interface on the othex sidthe considered phase. The
critical thickness will usually be different, juss the diffusivities for the distinct
components. It is therefore possible, that at #ngiriming of interface formation, two
layers start to build up first. When one of theractees the critical thickness, it may
be ‘consumed’ by the other growing layer. Therefaoret every possible IMP (read
from a phase diagram) forms necessarily, but thEosipe is true: Most often, in a
binary couple with a multiphase system, there amesof the intermetallic phases
missing! Examples of this matter of fact are désadiin detail by Fragnest al.,
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Chapter 6: Aluminium-magnesium compound casting

investigating interface reactions between binamymahium alloys and mild steel
[Fragner, 2006].

It is obvious, that a system with multiple layerayrgrow at a much smaller rate
than if a single phase forms. This can be used dwstcain the formation of
excessively thick interfaces between two componewtsch is our approach to

improve mechanical properties of the AMg compaund

6.5 Discussion

6.5.1 Microstructure and composition

As manganese shows only limited solubility in magam, the reactivity of the Mn
coating towards Mg melts is moderate to low. Itsigfficient to generate a tight
bonding, but the transition from the coating to theplet material, where there is
equal concentration of these two elements, is maryow (< 1 um). It is assumed, that
only very little of the coating is alloyed into timeelt during sample production, and
that at the interface, solid solutions of Mg and\in, according to the phase diagram
in Figure 6.1, are present.

Due to the heat transfer from melt to substratenduihe casting process, solid-
state diffusion of manganese into aluminium an@ wiersa occurs. This results in a
concentration gradient and initiates the formatafna layered structure of IMPs.
Depending on the amount of transferred heat, wisckdue to little variations in
droplet size, the interface thickness varies betwdand 6 um. According to previous
explanations about the formation of multi-phaseetay not all of the theoretically
existing IMPs were found after the casting procdastead of 5 (AIMn, A, U
(= Al;oMn3g), Al11Mns and y» (= AlgMns)), only 3 (AkMn, p and AliMng) were
revealed by EDX. This is further confirmed by XRRasurements (Fig. 6.6), where
the initially appearingy. phase (AIMns) gradually vanishes during the advancing
heating.

The fact that the aluminium-rich compoundsMh (maybe with AJ,Mn) is much
larger than the manganese-rich IMPs (Fig. 6.3) esigg an unbalanced, high
diffusivity of Mn in this compound. This brings ugpncerns about pore generation
due to volume changes and vacancy supersaturdiiemperg, 2009] on the side of
the fast diffusion species (in this case most pobbavin), as the terminal
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concentration difference is much larger than 10%tdRson, 1969]. However, the
formation of these so-called Kirkendall voids wast mbserved, ensuring a tight

connection between all interface layers.

6.5.2 Mechanical properties

Due to difficulties to obtain equal sample dimensidy the wetting experiments, the
tested rods exhibited also varying and not easletermine cross-sections. Therefore,
bending curves could not be quantitatively evallate identify a material's
characteristic, nor could they be directly comparedach other. As mentioned in the
aims for the bending experiments, the focus liesletermining the fracture location
in these compounds. Figures 6.9, a and b show thleatweak link’ of the A-Mg
compound is obviously located somewhere in thdldrihases. The predominant
positions where failure occurs are the Mn coatingd aA-Mn intermetallic
compounds, without preferred phase.

In the works of the group around R. H. Dauskardiri@n, 1991; Ritchie, 1993;
Mroz, 1998; Dauskardt, 1998], the fracture behavmuductile/brittle compounds is
discussed. There, the interlayer was the ductilesphHowever, similar cracking
modes are observed, such as the periodic switatfitige crack from one side of the
interlayer to the other, as observed in the presemk in Figure 6.9b. Such complex
cracking configurations are believed to be theioragf high toughness values. If a
procedure can be found to promote such fracture\betr, this could be a possibility
to improve the compound’s mechanical propertiesiogntly.

As the total interlayer thickness after compounsting is between 5 and 10 pm,
mechanical properties of AMg compounds with atpecove Mn coating could be
further improved by choosing milder processing temapures and an even thinner
coating. With some optimization, the total thickeesf the brittle phases could

possibly be reduced to 2 - 4 um.

6.6 Conclusions

The production of A-Mg compounds with mechanicalipund interfaces was
faciltated by a combination of surface treatmentemprising a permanent

replacement of the oxide layer with a metallic Zpdsition and a subsequent Mn
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galvanizing procedure. This thin coating provedptotect the substrate efficiently
from being affected by deep liquefaction upon contgth an Mg melt. This coating
system was filed as a patent proposal with thetaiprotect the intellectual property
for future implementation of this process in anusttial application.

The IMP interlayer, which no longer forms from ddlcation of a liquid but via
solid-state diffusion, is not subjected to largédstication shrinkage stresses, which
would otherwise have catastrophic consequenceketaniechanical integrity of the
compound. Its thickness is reduced by two ordemnafnitude roughly, from more
than 500 pm (AMg IMPs) to 5 - 10 pum (Mn coatingdaA-Mn IMPs). Bending
tests show a considerable amount of deformationrbefailure, which in turn is
mostly brittle. Nevertheless, onsets of toughnaeseeasing fracture mechanisms are
observed, which could lead to even better mechkhmcaperties if further
optimization of the interface can be achieved.

In order to obtain reliable information on the m&ee’'s composition, the
resolution of EDX measurements is increased byyapgplow acceleration voltages
and by performing analysis on a thin sample prepdme FIB lamella cutting. The
observation, that only three of the six possiblagds (as of the binary phase diagram)
prevail, is in theory explained by initially lineand subsequently parabolic reaction
diffusion layer growth. After this, theory was exipeentally demonstrated via XRD
measurements on Mn coated Al substrates, whicheaetreated to initiate interlayer
growth, and which equally show the consumption rofially appearing IMPs in

favour of the prevailing layer components.
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Chapter 7

General conclusions and outlook

A series of surface pre-treatments were applieligtd metal substrates in order to
increase the reactivity and thus the wettabilitywdods metallic melts. Thereafter,
wetting experiments were performed to investighteibfluence of these coatings on
wetting properties. This was done by non-isothersgalsile drop experiments, in a
device designed during the present research prgetitis purpose, at typical process
temperatures for commercially used alloys. Compogadt couples, comprising
aluminium-aluminium,  magnesium-magnesium and  aliumAmagnesium
compounds, were successfully produced with thisipseThe diffusion reaction
processes at the interfaces were assessed by tharamic calculations with
DICTRA (Al-Al compound casting) and solidificatiocharacteristics of the various
alloy combinations by Pandat (Mg-Mg compound cagtsoftware programmes. The
experimental results were examined by optical dedtren microscopy, as well as
EDX and mechanical analysis. A major point of iat#rlies on solidification
shrinkage and the possibility of thus resultinggsoat the interfacial region. Through
adequate alloy selection in the case of similaremet compounds, or via the
application of a protective coating in the casedssimilar compounds, this was
successfully avoided.

This final chapter concludes the experimental figdiand discussions, and gives
a short outlook on the work to be done for furtbaderstanding of the compound

formation processes.



Chapter 7: General conclusions and outlook

7.1 Surface modifications of light metals

The naturally occurring and thus always presend@xayer on light metal surfaces
represents the most important feature of thesgsatbloncerning corrosion resistance
and inertness towards the environment. It also ries; however, the inherent
difficulty when such a material is to be joined m&tallurgical reactions, occurring in
brazing, welding or compound casting, where twoainaitoys — one in the solid state,
the other liquid — are brought into contact witltleather in such a manner, that a
metallic interface forms.

Via a series of wet-chemical and electrochemicafase treatments, this oxide
layer was successfully and permanently removedepldced by a 200 - 300 nm thin
metallic zinc coating. The procedures comprisedtlipig and activation processes as
well as redox (ion exchange) reactions. It was thuhat upon heating thus prepared
alloys prior to being brought into contact with tmelt, the zinc coating disappeared
from the surface due to its most distinctive sdltybiThis problem was overcome by
increasing the coating’s thickness via galvanizing.

In the case of compound casting of the dissimilatemals aluminium and
magnesium, special precautions had to be takenvddad ghe formation of low-
melting, brittle IMPs during the casting procesise Dptimal element for a protective
coating proved to be manganese, which could beiegppia galvanizing from an
agueous solution. The main factors for choosing thaterial were a higher melting
point than the compound casting process’ temperatus formation of IMPs with
magnesium, some solid solubility in magnesium, #red possibility to easily apply
this element as a coating.

With these pre-treatments, coatings were applietighd metal surfaces, which
made them highly reactive and thus exhibiting @unding wetting properties towards
metallic melts, avoiding excessive IMP formationtlre case of joining dissimilar
metals. Their excellent adhesion to the substrateéich was partially achieved
through application of a heat treatment, make theelby coated structures easy to
handle and thus widely applicable.
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7.2 Aluminium-aluminium compound casting

7.2 Aluminium-aluminium compound casting

In order to assess basic diffusion phenomena amd tiee possibility to visualize
these by hardness measurements of precipitatioshehad interfaces, binary alloys
with commercially important alloying elements, cammg copper, silicon and zinc,
were used as droplet materials. Excellent wettgbf the zinc coated AlMgl
substrate is observed for all of these alloys,catiing strong interfacial reactions
between substrate and melt.

As a result, a continuously metallurgic interfaoeried. Micrographs show these
interfaces, which are free from oxide layer resglugr other imperfections.
Microhardness measurements illustrate, that thé&usion zone, where alloying
elements of either compound partner blend, can dm-theated if desired. The
interfacial area shows significantly differing mecical properties than the bulk in
terms of hardness, which means, that they can Ibetisely tailored to comply with
the requested purpose. Furthermore, the coatingriabtlissolved completely into
the compound bulk, as no trace of zinc could bedetl by means of EDX analysis.
By choosing an element with expanded solid solybii aluminium, its influence on
the compound’s composition, microstructure andmaltely, mechanical properties
remains marginal.

The diffusion of alloying elements during the waftiexperiments and subsequent
heat treatments were simulated by thermodynamigadations utilizing the software
package DICTRA from the company ThermoCalc. Thethidf the calculated
diffusion zones were comparable to these measwigerienentally by microhardness
indentation. The compositions in the as cast, smluannealed and artificially aged
states were well reproduced by this method, whah ke used to significantly reduce
the scale of experiments for future alloy combmragi and heat treatments.

A patent application with the aim to protect theogesses of substrate
modifications and their employment for compoundtiogswas submitted. A utility
patent for this purpose was granted, which is a diigp towards a successful
implementation of the work done during this thesis.

Upscale experiments in a squeeze casting machine pegformed with various
aluminium alloys. The substrate’s thickness, angs theat capacity, determines the
guality of the bonding. Obviously, the joint is neodistinct if the substrate can be
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heated efficiently by the melt, which is the caee thin inserts. Complete wetting
occurs during compound casting using similar allagsfor wetting experiments.
These findings prove the feasibilty of a commdramplementation of AlAl

compound casting.

7.3 Magnesium-magnesium compound casting

The applied zinc coating and heat pre-treatmemgsifgiantly enhanced the wetting
properties of magnesium substrates. Complete wettfirAZ31 and ZK31 by various
cast alloys was achieved by deposition of a 20@6- r3n thick zinc layer via zinc
sulphate immersion after several surface treatmatprising cleaning, pickling and
activation procedures. Subsequently, zinc galvagizvas performed to increase this
layer’'s thickness, analogue to aluminium substrdtesat-treating the substrates and
hereby inducing a reaction to form an Mg-Zn intgglasignificantly improved the
coating’s adhesion. AJ62 and pure magnesium melte wsed as droplet material in
order to assess the mechanisms of the interfammed'g solidification sequence, which
vary along with the solidus temperatures of thdkysa Shrinkage cavities, which
could result from a late consolidation at the if@ee, are a threat for certain alloy
combinations, but were not observed in the compswatdiand. As a general rule, the
substrate should exhibit a lower solidus tempeeatinan the melt to ascertain a
shrinkage cavity-free compound. As this is pradfycalways the case when using
commercial (and thus low-alloyed) wrought and (kedgloyed) foundry products, no
hazard is expected to be at hand if the Mg—Mg camgdacasting process, which was
developed during this project, was to be implemeridustrially.

In combination with EDX, DSC and microhardness measents, the structure
and composition of the interfacial zones in variotsuples was analyzed. A
continuously metallurgic transition from substrabedroplet was found, which is a
consequence of the strong interfacial reactionsnduhe wetting event and the lack
of potential IMP formation in a system of similaatarials. The sequence of interface
solidification determines the location of the cogtimaterial's final location. In
compounds with a higher solidus temperature inntleé (e.g. pure Mg), zinc can be
detected close to the interface at the substrateéés whereas in AZ31/AJ62 couples,

it was found in the eutectic areas of the casyallo
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7.4 Aluminium-magnesium compound casting

Thermodynamic considerations on interface solidtfan were verified by calculating
the enthalpies of the various compound’s interfaaiaas directly after the wetting
incident. These calculations, performed with thiévgare program Pandat, agree well
with the experimentally found compositions and mstructures. They also fortify the
need of shrinkage cavity awareness, as discusseapsly, if the Mg—Mg compound

casting process is to be implemented.

7.4 Aluminium-magnesium compound casting

The aluminium substrate was effectively protectednf being liquefied upon contact
with magnesium melts via application of a manganessing after the inevitable,
oxide layer replacing zincate treatment. A 3 - 5 tlick, electroplated Mn coating
proved to be enough to prevent excessive formatibtow-melting A-Mg IMPs
from the liquid phase, as otherwise observed. Tihateld solid solubility of
manganese in magnesium proved to be enough to &low slight reaction at the
substrate-melt interface, thereby enabling wettihthe coated substrate. As no IMPs
form in the binary system of Mn and Mg, the traositbetween these elements is
narrow and free from imperfections.

On the coating’s side towards the substrate, AHMIPs form via solid state
diffusion upon exposure to heat. As theoreticallgsaibed, the growth of
intermetallic interlayers is hindered (and may ev®n completely oppressed) if
multiple phases are potentially present. This isifieated by observations made in
scanning electron micrographs, as only three oftewretically possible phases (as of
the A-Mn phase diagram) prevail, and by the tlppearance of these layers (even
below 1 um). EDX analysis at low acceleration wgdtaon bulk samples and on a thin
lamella prepared by FIB cutting (both aim at instieg the measurement’s resolution)
reveals the compositions of these layers, whichewdstermined to consist of the
aluminium-rich intermetallics from the binary phatiagram. This is an indication to
the kinetics of the interlayer formation, as the+eontrolling factor appears to be the
relatively slow diffusion rate of aluminium (compedr to the diffusion rate of
manganese) through the prevailing layer system. d¥ew measurements on the
diffusion rates of these phases were not performgduch complex efforts are by far
out of scope of this thesis.
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XRD measurements on Mn coated Al substrates, whield undergone heat
treatments to initiate IMP interlayer growth, résdl in similar observations: The
initially forming phases, comprising those withedatively broad range of solubility,
were consumed and replaced by aluminium-rich pripteases with strictly
stoichiometric compositions. If the solubility rangas anything to contribute to the
layers’ negative (i.e. consumption) or positive vgito, remains in speculative
territory.

Finally, the ‘weak link’ in these layered structsirwas determined by means of
bending tests. The applied loads resulted in sitof the compound in the area of
the manganese and intermetallic layers, with thBdMeing the predominant location
of rupture. Methods to inhibit the growth of thgdeases may shift the ‘weak link’ to
another location. Further improvement of the conmolbsl mechanical properties
could be achieved by generally decreasing the fadels size, as explained
previously, due to the possibility of shielding tbheattle fracture behaviour of the
coating and IMPs by ductile deformation of the biitke interface’s thickness can be
kept below a critical thickness.

7.5 Outlook

The light metal compound casting project was dfawtéh this thesis. The intention
was to develop a process for lightweight constamgtiemploying a multi-material
mix. With the application of a combination of sudapre-treatments, the naturally
occurring oxide/hydroxide layers on aluminium andagmesium alloys were
permanently replaced by a metallic coating, whigmificantly enhanced the wetting
properties. AAl, Mg—Mg and Al-Mg compound castmgs thus successfully put
into practice at a laboratory scale.

The mechanisms of wetting, interfacial diffusiordaresulting reactions, as well
as the transformation of composition and strucatre joint are well understood. To
ameliorate the mechanical properties of such comg®umore work has to be done
in terms of tensile tests on larger samples andotlgh characterization of
deformation mechanisms. These topics were excldaed the present work, as a
different means to produce compound couples woelthécessary. Furthermore, a

mechanical assessment of the interfacial zone i tneal: any mechanical
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measurements on composite materials have to caribelenultiaxial stress condition,
which will occur at the interfaces due to unequafodmation properties of the
varying compound partners. At best, semi-quantéagind comparative analysis could
be performed on such compound systems.

To gain more knowledge on the various compound $gdems’ properties, some
possible future work should include the followingperiments and investigations,
detailed with respect to the materials used:

Al-Al

In general, the aluminium-aluminium system is thestbunderstood of the three
assessed material combinations, which are presentelis thesis. Further work
should be done on mechanical properties mainlythis thesis it was shown, that
upscaling of the AI-Al compound casting processpisssible without major
adaptations of the surface treatments or the psbdemperature parameters. By
varying the tempered state of the interface, ingasbns of the heat treatments’
effect on tensile or bending properties and onldleation of eventual fracture (and
thus determination of the ‘weak link’ of such compd systems) would be highly
interesting.

These future efforts are only partially of scientihature, they rather require
engineering knowledge and standardized testingrderoto evaluate the potential
areas of application. Therefore, no follow-up pobje planned to date on the subject
of compound casting in our group. The utility patemhich was filed during this
thesis, provides a basis to develop this procesartts an industrial application for
lightweight construction.

Mg—-Mg

Similarly to Al-Al, the interface formation of Mg-1 compounds, which are
produced in non-isothermal wetting experimentsabtatory scale, is specified in
detail with the presented work. The good understandf the bonding and interface
formation, which was elaborated during this thasigssential to upscale the process,
which is the logical step to be done for invesiwas on the compounds’ mechanical

properties, analogue to all-aluminium compounds.
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As for further investigations on possible heat#treants, more specific alloy
combinations need to be produced for exclusivelg tturpose. As blending of
alloying elements occurs at a up to 500 um arotedirtterfacial area, its hardness
and thus strength can be intentionally tailore@ icontrolled manner to optimize the
compound’s mechanical properties for a certainruipplication.

Al-Mg

The main achievement in processing these two megalthe reduction of the
intermetallic interface’s thickness of more tharoterders of magnitude, as well as
the prevention of IMP formation from the liquid @ea The mechanical properties of
the joint were assessed in order to determinewi@ak link’ of the compound. With
these results and the granted utility patent fesMd compound casting, an industrial
application of a product, which employs form claswoould be possible.

Investigations on these compounds focus on interffammation phenomena with
a system comprising intermetallic phases. It waseoled, that the theoretically
delineated kinetic mechanisms of layered structarmation prevail in the A-Mn
system at hand. An exact description of the emgrgimases in terms of composition
and mechanical properties would imply more exacisneements via high-resolution
investigations on very thin specimens, prepared cbypventional TEM sample
preparation or, more likely to succeed, FIB lameli#ting. The latter method proved
to ensure sound interfaces, whereas the former oftet causes severe damage to
the brittle interface by working at too large strdevels. However, only one FIB
lamella could be prepared during this thesis duerte constraints.

Corrosion issues, which obviously are a big conaermetallurgically joining
dissimilar metallic materials, were not in scope this thesis. The most
straightforward approach to avoid corrosive attamkssuch composites is to protect
the whole assembly from contact with corrosive raedi

Future projects on A-Mg compound casting shoulthcemtrate on thorough
investigations on layer compositions, including lgsia of TEM diffraction patterns
and EDX transmission measurements. Furthermoresss®nts of the compounds’
mechanical properties could be better understotadger specimens were tested. This
would imply a new production method, rather thaseasile droplet experiment as
developed during this project. Also, the productmarameters are not optimized yet
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for interlayer thickness, which is believed to haveajor impact on the fracture and
crack propagation mechanisms.
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List of symbols and variables used in this thesis
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interfacial area

aluminium in designations for magnesium alloys
concentration

diffusion coefficient

fraction of solid or liquid phase

Gibb’s free energy

enthalpy

flux

strontium in designations for magnesium alloys
zirconium in designations for magnesium alloys
parabolic growth rate constant

current density

phase designation

temperature

time

mole fraction

distance, position

zinc in designations for magnesium alloys

phase designations

surface energy between solid, liquid and gas phases

partial derivation

phase designations
wetting angle

phase designation
specific gravity or density

molar volume
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