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Abstract

Magnesium alloys, as the lightest of all sttral metallic materials, and aluminium
based particulate metal matrimraposites (PMMCs), offering unified combination

of metallic and cerarmi properties, have attracted increased intefesh the
automotive, aerospace, electronic and recreation industries. Current processing
technologies for PMMCs do not achieve a uniform distribution of-diaed
reinforcements and produce agglomeratedigdast in the ductile matrixwhich are
detrimental to the ductility. At the same time, molten magnesium alloys contain
impurities and oxides and when cast conventionally, the final components usually
exhibit a coarseand noruniform microstructure wittvarious casting defect3he

key ideain this thesihas been to adopt a nowetensivemelt conditioning process
allowing the application of sufficient shear stress that would disgetgeparticles
present in the mekind offer unique solidificatiobehaviour, improved fluidity and

die-filling during casting.

The Melt Conditioned High Pressure Die Casting (M®DC) process, where
intensive shearing is directly imposed on the alloy nvelitich is then cast by the
conventional HPDC procedsas been sed toprodue PMMC and magnesium alloy
castings. The M@HPDC proces$or PMMCs leads toa uniform dispersion of the
reinforcement inthe matrix confirmed by quantitative statistical analysa)d
increased mechanical performara indicated by an increa in the hardness and
the tensile properties of the composit®8e describe a solidification path for
aluminium containing magnesium alloys, whemnéensive shearing prior to casting
leads to effective dispersion of solid oxide particlebich then effedively act as
nucleation site$or magnesium graingesulting in significant grain refinementhe
MC-HPDC processed magnesium castings have a significantly refined
microstructure, with reduced porosity levels andingsiefects. Ealuation of the
mechaical properties of the castings reveals the beneficial effect of intensive
shearing. After careful optimization, the MEPDC process shows promising
potential for the direct recycling of high purity magnesium die casting scrap,
producing casting with mecheal properties comparable to those mimary

magnesium alloys.
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CHAPTER 1

INTRODUCTION

1.1 Background

The worldwide transport andecreation industries are in a constant quest for
improved performance, efficiency and cost reduction of the final products. At the
same time, there exist demanding safety regulations and environmental legislations
for overall fuel efficiency and reducedOg emissions, which have triggered an
increased interest in lightweight materidiéagnesium alloys, as the lightest of all
structural metallic materials, and aluminidpased particulate metal matrix
composites (PMMCs), offering a unified combination oftaflec properties and
ceramic properties, have emerged as ideal candidates for a wide spectrum of
applications.

1.1.1 Metal Matrix Composites

The mechanical properties that metal matrix composites (MMCs) can offer,
combined with their relatively low cqdhave attracted interest for application in the
transport and sport industrieSlyyne and Withers 1993iracle 2009. In particular,
discontinuously reinforced PMMCs have been shown to offer improvements in
strength, structural efficiency, reliabilignd control of physical properties such as
density and coefficient of thermal expansion thereby providing a competitive
alternative to usreinforced metals Ray 1993 Lloyd 1994 Rohatgi 2001
Furthermore, with PMMCs problems associated with the contsiyaeinforced
MMCs, such as fibre damage, microstructural-noiformity, fibre-to-fibre contact

and extensive interfacial reactions can be avoitledtim et al. 1991 PMMCs can

have isotropic properties, offering an increase in strength and stitfoegsared to
unrreinforced materials. Nevertheless, the less than optimum ductility that PMMCs
usually offer and their brittle fracture behaviour have hindered their widespread

applications.

A processg challenge with PMMCs is tohomogeneoug distribute the



reinforcement in the matrixyhich would improvethe properties and the quality of
thecompositgNaher et al. 2005However, currety availableprocessing methods
often produce composites with clustergdrticles within the matrix resulting in
PMMCs with low ductility [Segurado et al. 200®eng and Chawla 2006The
agglomerationof the reinforcemenparticlesleads toan inhomogeneousesponse
and lower macroscopic mechanical propert@&sacks have been found to nucleate
on article clusters at stsses lower than the yield strengtithe matrix causing the
PMMC to fail at low stress levelsloyd 1991.

In order to fabricate high quality PMMCs with desirable mechanical properties,
important factors such as chemical reactions and the poor wigftégitween the
matrix and the reinforcement, and the introduction of porosity during the
incorporation of the particles require considerable atten@imdt al. 1989Naher et

al. 2003. Several researchers have investigated the wettability of reinferdem
particles by the matrix alloyfelannay et al. 1987havestudiedthe distribution of

the reinforcement as affected by the interaction between the solidification conditions
and the particlesqohatgi et al. 198@\aher et al. 2003and havetried to optimise

the process parameters and obtain a uniform distribution of the reinforcéaéet |

et al. 2007 Ravi et al. 200 Another factor that has been found to significantly
affect the final distribution is the size of the reinforcement particles. higle
cohesive energy of ultrafine particles gives them a highly agglomerative nature and
leads to an increase in the total surface area. Consequently their tendency to clump
together forming agglomerates and clusters is increased ancesatuanwanted

brittle nature to PMMCsRumpf 1962 Tomas 200}

1.1.2 Magnesium alloys

Being the lightest of all structural metallic materials and having excellent strength to
weight ratio, magnesium alloys have found increased applications in the transport
industry. A recent study SGS 2008 has predicted an increase in the global
demand for magnesium with a 7.3 % average annual growth rate20h#ll The
same study showed that 2007, 32 % of overall magnesium consumption in the
United Statesvas for diecasting aplications. Typical applications in the transport
industry for magnesium castings include components such as instrument panels,
steering wheels, door and seat framegctvinequire optimisation of the quality and
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performance of the castings.

The hgh-pressure die casting (HPDC) process is the most commonly used process
offering efficient production with low cost. However, componecas exhibit
coarse and noeaniform microstructures, containing various casting defects and
severe chemical segregati A very common defect in HPDC Madloy components

is the formation of segregation and / or porosity bands, commonly referred to as
060defectd bands, which foll ow coDalleceir s pa
al. 2001(b) Gourlay et al. 2007 The occurrence of defect bands and other casting
defects like shrinkage porosity and hot tearing can be reduced by grain refinement,
also improving the machinability of cast produdaimberger 2041 Furthermore,

as shown by the HaRetch equation, a fengrain structure is generally desirable to
improve the mechanical propertie¢dll 1951, Petch 195B

Several researchers have pursued either a chemical or a physical approach for the
grain refinement of M@lloys. The chemical route involves the inotwla of the

alloys with addition of various alloying elements and several researchers have
reported their results in this ardanfley 1966 Cao et al. 2006Easton et al. 2006

Qian and Das 2006Yang et al. 2008(h)Guang et al. 20Q9 Although grain
refinement by inoculation is a route easily applicable, a universal grain refiner for
Mg-alloys has not yet been identified. Finding the right inoculants for different alloy
systems is not always possible and although these elements can refine the
microstructue, they give rise to various other problems. Therefore, a physical route
that does not involve addition of any elements is necessary. Different approaches for
the grain refinement of Mglloys so far have seen the application of
electromagnetic stirringLju et al. 2008(d) superheatingao et al. 2007and
ultrasonic vibration l[iu et al. 2008(h) Ramirez et al. 20Q8 However, further
research is required to reveal the mechanisms of grain refinement and these

processes still need to be developed faogdacale industrial application.

The predicted increased usage of magnesium alloys is bound to lead toeaseincr

in Mg-alloy scrap from both manufacturing sources (new scrap) anefdifd
vehicles (old scrap). About 50 % of the matetaédin magnesium diecasting is
accumulated as scrap and handled by the foundry or an external recycler
[Antrekowitsch et al. 2042 At the same time, the European Union is pushing

towards the recycling of the majority of enétlife vehicles by 2015Hechner etla
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2007. Several chemical routes have been approached for the recyclingafdvig
scrap Pavaid et al. 20Q6 However, these recycling technologies remain complex,

energy demanding and exhibit low productivity.

1.2 Aim and objectives

With Al-based RIMCs, the main objective of this thesis is to overcome problems

that exist in thecurrentprocessing technologies and produce composites with high
quality microstructures, a uniform distribution of the reinforcement and good
mechanical properties of thenéil product. The key idea is to apply sufficient shear
stress ) on particle clusters embedded in the liquid metal to overcome the average
cohesive force or the tensile strength of the cluster. Tmramercially available

casting Alalloys, LM24 (USA desigation A380) and LM25 (USA designation

A356) were used as the matrix materials. The reinforcements used were black SiC
withanaver age particle size equal t@an 4 em

averageoarticlesize lessorequal ®0 .e m

With cast Mg-alloys, a grand challenge is to develop solidification processing
technologies that can ensure a fine and uniforrcags microstructurefree of
macresegregation and cast defects, so thaffitted products can be either directly
used in the as castate, or only require minimal theramoechanical processing.
Both fresh and scrap magnesium alloys contain substantial amounts of inclusions
and oxides. These could act as potential nucleation sites for primary magnesium
grains hence intensive shearingultbprove beneficial to disperse thamiformly
throughou the melt volume and activate them in the solidification process. The
grain refining potential of intensive shearing has been studied on the AZ91D
AM60B and AJ62 magnesium alloys. AZ91dloy, asthe most commonly used

cast Mgalloy, has been studied in further detail and its mechanical properties have
been evaluated after the implementation of intensive shearing. Finally, a mixture of
AM50 and AM60B die casting scrap has been used to investigatpatential of

intensive shearing as a means of physical recycling for magnesium alloys.

The implementation of the shearing is carried out by the melt conditioning by
advanced shear technology (MCAST) process, involving a specially designed twin

screw mahine which can be directly attached to a standard HPDC machine. The
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twin-screw mechanism is used to impose the high shearing dispersive mixing action
to the melt,which is treated in such a way that its uniformity in chemistry and
temperature is improvedn the melt conditioned higpressure die castingMC-
HPDC) process intensive shearing is directly imposed on the alloy melt prior to die
filling. Inside the barrel of the twiscrew machine, there is a pair of specially
designed screws, awotating, fully intermeshing and selfiping, creating an
environment ofa high shear rate and high intensity of turbulence for the alloy melt.
The sheared melt is expected to offer unique solidification belravimproved

fluidity and die fillingwhen subsequently casy the conventionaHPDC process.

1.3 Thesis Outline

The remainder of this thesis is subdividetbisix chapters. In the following chapter

a literature review of the current status of relevant research areas is presented. A
review of material selectiomnd production processes for PMMCS is provided,
focusing more on the stir casting technology. Also, an overview of the different
magnesium alloy systems with their processing and applications is given. Chapter 3
provides the experimental processes andhrtiegies utilised in the present
investigation. The materiglgprocessing technologies, characterization techniques
and equipment used are describedChapter4 the results of this thesis on-Based
PMMCs are presented and discussed. The general microstructure of PMMCs is
provided first and discussed with and without tlh@plementationof intensive
shearing. A guantitative analysis of the effect of intensikkeasng on the
microstructure is conducted and the mechanical properties are evaluated. Chapter 5
provides the results of processing magnesium alloys under intensive shearing. The
effect of the MCAST process on the microstructure of commercially avaitaiste
Mg-alloys is studied. The MEIPDC process is compared to conventional HPDC
and the potential of the MEBIPDC process as a physical recycling route is also
investigated. At the end of this chapter, the solidificabehaviar of magnesium

alloys underintensive shearing is discussed. Finally, concluding remarks for this
thesis andrecommendationgor future work are provided in laptes 6 and 7

respectively



CHAPTER 2

LITERATURE REVIEW

2.1 Metal Matrix Composites

2.1.1 Introduction to compositematerials

There is constant need for improved performance in the ground transportation,
aerospace, industrial, recreational and infrastructure industries which leads to
mat erial sd devel opment and commerciali za
with the fact that other properties such as strength, stiffness, wear resistance,
machinability, electrical and thermal conductivity and corrosion resistance are of
significant technological importance. Composite materials have emerged as ideal
candidates andan be tailored to offer improved properties in a wide variety of
applications $chwartz 1984Kelly 1989 Hull and Clyne 1996Hunt Jr 2009

Schwartz fchwartz 1984 gi ves a wor king definAtion
composite materialisemat eri al s6 system composed of
two or more macroconstituents differing in form and/or material composition and

that they are essentially insoluble in each other. Many natur al bi ol o
like the coconut palm leaf, wopdoone and teeth are effectively composites
[Matthews and Rawlings 1994ull and Clyne 199b In engineering, the term
composite originally arose when two or more materials were combined in order to
overcome shortcomings of traditional materigielly 1989]. Over the last three

decades, active research and development efforts in composite materials led to their
increased application in fields as diverse as transportation, energy and civil
construction Rawal 2001 Miracle 2005 Chawla and Chawla 2006

According to the definition given above, a composite consists of two or more
distinct constituents or phases. The constituent that is continuous, and often but not
always present in the greater quantity in the compositeermed thamatrix. The
composite matrix can be ceramic, metallic or polyme@bdwla 1998 Although

there has been increased interest in metal matrix composites (MMCs) and various

industrial applications have been developed, most composites usedustriald
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Figure 2.1 Classification of composites depending on size and shape of
reinforcementiRohatgi 2001

applicationsare still polymer matrix composites (PMCs) whilst ceramic matrix
composites (CMCs) have not seen extensive commercial applicatiutis gnd

Clyne 1996 Chawla 1998 The other constituent of composite materials is referred

to as thereinforcementand canbe in the form of particles, flakes, whiskers, short
fibres, continuous fibres or sheets. Examples of typical composite microstructures
can be grouped, as shown in Figure 2.1 according to the reinforcement shape.
Further distinctions can be made if onensiders fibre diameter or orientation
distribution [Clyne and Withers 1993

2.1.2 Metal matrix composites (MMCs)

When the matrix of the composite material isaafontiguous metallic nature, then
these composites are termed metal matrix composites. dtfety high strength,
toughness and stiffness compared to unreinforced metals, but often they suffer from
low ductility. The reinforcement is usually a ceramic material, although refractory
metals have occasionally been used. A less restrictive MMC defincbuld also
include materials such as oxide dispersion strengthened alloys-8r &ltectic
alloys Miracle 2005. Based on the type and nature of the reinforcement, MMCs

can be broadly classified into three basic types:

e Dispersion strengthened

e Fibre renforced



e Particle reinforced.

A dispersion stregthened composite is charactedsby a microstructure consisting

of an elemental matrix and uniformly dispersed particles with a diameter range
between 0.01 and 0.&tm and volume fraction ranging between hdal5 %
[Matthews and Rawlings 19pDispersion strengthened systems such asphede
steels are strong, tough and formable materials finding applications in the
automotive industry. They lie very close to particle reinforced composites as their
structue consists of relatively coarse, hard martensite particles distributed in a soft
ferrite matrix [Clyne and Withers 1993

Fibrous metal matrix composites were the first to attract attention in the 1960s, when
high volume fractions of tungsten and boroprdéis were added in aluminium and
copper LClyne and Withers 1993 The reinforcing phase in fibre composite
materials can be either long, continuous fibres or short, discontinuous fibres as
shown in Figure 2.1. In fibre reinforced composites, the mechaniopkrties are
directional and the degree of anisotropy depends primarily on the fibre orientation.
Production limitations and high cost have caused research on fibre reinforced metal

matrix composites to slow down during the 1970s.

The success of duahpse steels encouraged researchers to work on the particles
reinforced metal matrix composites concept. In the 1980s, efforts in discontinuously
reinforced composites revived the research and development of MMitacle

2003. In PMMCs both matrix and neforcement bear substantial proportionghef

load Particle reinforced composites offer superior performance where isotropic
mechanical and physical properties, strerigttveight ratio, volumeand life cycle

costs are important considerations. They are distinguished from the dispersion
hardened systems by the fact that the reinforcement is larger, ranging between 1 and
100 & m. I n addition, since volume fract
transfer from the matrix is significantqya and Arsenault 198€lyne and Withers

1993.

2.1.3 Materials selection

The advantage offered by MMCs is that they can be tailored to offer the desirable
properties depending on the application, which offers advantage over
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unreinforced metal alloys. When designing the metal matrix composite, an engineer
aims to combine the desirable attributes of the metal and the reinforcing phase.
| mportant considerations during mat er i a
properties the MMC needs to possess and the interaction between metal matrix and

reinforcement, expressed by their interface.

2.1.3.1 Property development

The opportunity offered by composite materials to alter the properties of the metal
matrix in favou of the intended application is unique. Under ideal MMC production
conditions, the principal mechanical, thermal, physical and tribological properties

that the composite will exhibit are defined by th&e-of-mixtures [Rohatgi 1998
Pc= PnVm+ RV¢ (2.2)

whereP; is the property of the composite materk}, is the property of the matrix,

P; is the property of the reinforcemen¥y, is the volume fraction of the matrix
phase, andv; is the volume fraction of the reinforcement phase. The riile o
mixtures gives very good estimates of the properties for continuously reinforced

composites.

On the other hand, for particle reinforced MMCs, it is preferable to consider the
properties of a two phase composite in terms of a dielectric cotigt@ihe Hashin-
Shtrikman boundsKelly 1989 predict the range of the effective dielectric constant
of an isotropic composite according to:
1V2+v1 <82+1V1+vz
(e2-21) 361 (e1-€2 32

a+ (22)

wh e @ n @theddielectric constant of each phase, vty U, and \, V, the
volume fraction of each phase. These are the best possible bounds for the dielectric
constant of an isotropic, twphase material when the volume fractions of each
phase are known. The properties of an isotropic composite are expected to fall
within these two bounds. However, since the mechanical properties are highly
sensitive to reinforcement size, volume fraction, distribution, processing defects,

brittle reaction zones and the matrix structuierca and Gonzalez 1988t is very



common for compsite materials to exhibit properties that are lower than those
defined by the Hashih Shtrikman bounds.

One of the major challenges when producing MMCs is to achieve a homogeneous
distribution of the reinforcement particles in the matrix. To obtain aifspe
mechanical/physical property, ideally, the MMC should consist of fine particles
distributed uniformly in a ductile matrix, with clean interfaces between particle and
matrix. However, the current processing methods often produce agglomerated
particlesin the ductile matrix and as a result they exhibit extremely low ductility
[Segurado et al. 2003eng and Chawla 2006 Clustering leads to a nen
homogeneous, anisotropic response and lower macroscopic mechanical properties.
Particle clusters act as ckagr decohesion nucleation sites at stresses lower than the
matrix yield strength, causing the MMC to fail at unpredictable low stress levels
[Nair et al. 1985Lloyd 1991.

2.1.3.2 Interface

The interface betweerthe matrix and reinforcement is a verymportant
microstructural feature of compositeaterials and has been recoguisn the early
studies of compositedMetcalfe 1974 It is a transition zone where compositional
and structural discontinuities can occur over distances varying from an atomic
monolayer to over five orders of magnitude in thickneAstjana 1998(1})
Interfacial characteristics in metal matrix composites reinforced with ceramic
reinforcements play a significant role in determining the mechanical properties, such

as strength, duitity, toughness and fatigue resistance.

A weak interface results in a low stiffness and strength but a high resistance to
fracture, whereas a strong interface produces high stiffness and strength but often a
low resistance to fractur€[yne 1997. Readive solutes in the matrix can attack the
reinforcement during processing and/or service and deteriorate the interfacial
strength Tham et al. 2001 The addition of alloying elements in the matrix has been
found to limit the chemical reactioRgvzin et & 1994 and more specifically, the
addition of silicon (Si) to aluminium and aluminium alloy matrices prevents the
formation of ALC; at the interface in ABIC or Algraphite composited ndry et

al. 1998 Lee et al. 198B
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Wettability is a key conceph the context of interfacial bonding due to adhesion
between the reinforcement and the matrix. The contact angle formed by a liquid
droplet resting on a solid substrate as seen in Figure 2.2 can be used to describe the
wettability [Delannay et al. 1987According to the Youndpupré equationQupré

1869, the contact angld can be expressed as:

Oy CO = gy - Oy (2.3)

whergesot he sur f ace gthenselid ligyid irdgeffacial erergysandl i d ,

av the surface energy of the liquachdd the contact angle

In molten metal and ceramic particle systems, the high surface tension of the metals,
of the order of 1000 mJ/m?, makes wetting very difficlHugtathopoulos et al.
1974. Poor wettability results in inadequate bonding betwten metal and the
reinforcement particles. In practice, to improve wettability between the metal and

the ceramic particles, the following actions can be taken:
A Application of a metallic coating on ceramic particulafajgn et al. 1998
A Varying the matrixalloy composition[Pai et al. 199p

A Heat treatment of the ceramic particulat&sthana 1998(5)

-

Solid sl T

Figure 2.2 Schematic diagram of a liquid drop on a solid surface showing interfacial
forces and wetting angl©h et al. 198p
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2.1.33 The AISIC system

There is a wide range of matrices and reinforcements that can be combined to
produce PMMCs. Of these, the aluminium alloy based matrix SiC reinforced
composites have found extensive applications in the aerospace, military and civil
industries as theoffer a good combination of high strength, high elastic modulus,
increased wear and fatigue resistafiCéyne and Withers 199X aczmar et al.
2004. Addition of SiC particles should in principle increase the tensile strength and
elastic modulus of the atrix, but on the other hand decrease the ductilgng and
Chawla 2006 Song 2009 There have been several attempts by researchers to
produce high quality ABIC composites following different fabrication routes, and
Table 2.1 presents the propertiésome of the AISIC PMMCs reported in the vast

literature.

2.1.4 Fabrication processes

There is now a wide variety of processing routes and technologies that have been
developed for the production of MMCs. The selection is made upon the effect the

process will have on the microstructure and properties of the composite materials.
However, for the process to be rendered successful and suitable for industrial
application, the cost parameter must be taken into consideration. The fabrication
methods thatire currently used to optimise the structure and properties of MMCs

can be grouped into three main categories according to the temperature of the

metallic matrix during processing:

e Solid state processes
e Semisolid state processes

e Liquid processes

There isa vast literature available for the fabrication processes of MMCs. Several
authors [brahim et al. 1991Clyne and Withers 1993Ray 1993 Rohatgi 1993
Lloyd 1994 Miracle 2003 have summared these processes according to the three
different processing routes. This section briefly lists and describes the different

MMC fabrication processes.

12


file:///C:/Documents%20and%20Settings/Owner/Application%20Data/Microsoft/References/References.doc%23_Hlk230683999

Table 2.1 Mechanical progers of PMMCs from the ABIC

various fabrication routes, as presented &litbrature.

system produced by

UTS .
Material Fabrication route U ( %)| Reference
(MPa)
60611 _
) Extrusion 421 6.7 [Zhao et al. 1991
15 vol. % SiC
Al-2Cui _ _
_ Stir Casting 61+21.3 |1.2+0.3
13.9 vol. % SiC [Gupta et al. 1996
Al-2Cui Disintegrated  Melt 152.3
_ - 0.6 £0.3
13.9 vol. % SiC | Deposition +19.1
Al'T 4 vol. % SiC | Powder metallurgy | 91 14.1
Al T 8 vol. % SiC | Powder metallurgy | 96 12.5 [Song 2009
Al T 12 vol. %
. Powder metallurgy | 103 9.5
SIiC
AlT6TiII6Nb T _
, Powder Metallurgy | 177 0.28 [Jia 2000
10 vol. % SiC
AlT5Cui 15 vol. 212 +
_ Powder Metallurgy 7.6 £ 0.66| [Ogel and Gurbuz 2001
% SiC 29.0
Al-g. 5Fe 1.3V-
1.7Si1 14.5 vol.| Powder Metallurgy | 452 2.4 [Ma etal. 1994
% SiC
70107 10 vol. % _ _ _
sic Mechanical Alloying | 468 0.68 [Bhaduri et al. 1996
[
70757 15 wt. %| _ [Dasgupta and Meen;
] Stir Casting 63.62 1.13
SiC 2005
Al 10 vol. % _ 11.00+ | 0.055%
Sintered
SiC 4.2 0.01
Al 10 vol. % ) 1525+ |0.085+
_ CIP Sintered )
SiC 4.6 0.01 [Ling et al. 199%
Al 10 vol. % 32.80+ |0.534+
HIPed
SiC 5.9 0.22
Al 10 vol. % _ 4560+ |1.149+
Sinter/HIPed
SiC 7.8 0.75
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2.1.4.1 Solid state processes

The two main solid state processes developed for the fabrication of MMCs are
powder metallurgy(PM) and theXD process The PM route involves high shear
mixing of powder metal matrix and reinforcement which is usually followed by cold
compaction, canning, degassing and a final consolidation stage by hot isostatic
pressing (HIP), extrusion, forging, rolling @mother hightemperature method
[Ibrahim et al. 1991Clyne and Withers 1993Several commercial manufacturers,
such as Alcoa (Pennsylvania, PA), Ceracon Inc. (Sacramento, CA), DWA
Composites Specialties Inc. (Chatsworth CA) and the American Composites
(Greenville, £) have been using the PM route, and a more detailed description of
their processes is available in the literatuteghim et al. 1991Rohatgi 1998
Powder metallurgy is used for specific applications in the motorsport and aerospace

industries and is ore expensive than other routes used in MMC fabrication

The XD process is a patented in situ composite manufacturing method developed by
Martin Marietta Corp. l[[loyd 1994.The matrix alloy and reacting constituents are
mixed in the solid state and ignited to generate a-pseffagating reaction
throughout the mixtureHay 1993. A compound is added to a solvent metallic
matrix, such as aluminium and aluminium alloys, and will react exothermally to
produce the required reinforcing particles. Different compound reinforcing particles
can be formed by this process, but the two which have received most attention are
TiB, and TiC [Lloyd 1994. The XD process offers the advantage of producing
reinforcing particles inherently wetted by the maaind can therefore provide high

interfacial strength.

2.1.4.2 Sembolid state processes

Compocastingr rheocastingis a very simple and effective sesolid processing
method to produce MMC<L]yne and Withers 1993 The extensive research that
was carried out in the last few decades on the field of sai processing of
metals Fleming 1991 Kirkwood 1994 Fan 2002 was inevitably transferred to the
MMC production. In rheocasting, the ceramic reinforcement is progressivedy add
into the metal matrix which is vigorously agitated at a temperature within the solid
liquid range of the alloy. The high viscosity of the sewiid slurry allows the
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addition of the reinforcement particles which are mechanically entrapped by the
primaty alloy solid particles, before subsequently interacting with the liquid matrix
for bonding. Although rheocasting has all the advantages of-s@idi metal
processing, the process is restricted to alloys with a long freezing range and the
mechanical agiteon can lead to particle agglomeration, excessive interfacial
reactions and particle fracture.

Another semisolid process for the fabrication of MMCs is t@sprey processa

spray deposition technique introduced in the late 1970s by Osprey LTD (N&jth, U
[Clyne and Withers 1993A spray gun creating a high speed inert gas jet is used to
fragment a molten metal stream while the reinforcement is simultaneously injected.
Both streams are directed towards a substrate where the droplets recombine forming
a high-density deposit, witlparticle engulfment in molten or partially solid metal
droplets taking place either during flight, or upon the ‘egkrgy impact over the
substratg Ray 1993. Common features of MMCs produced by the Osprey process
are strong iterfacial bonding with limited reactions, inhomogeneous distribution of
the reinforcement and porosity levels of around 5 % which can be eliminated by

secondary processin@lyne and Withers 1993

2.1.4.3 Liguid state processes

Liquid state processes are very favourable and the two most common processes are
melt infiltration and stir casting In the melt infiltration process, inert gas or a
mechanical device is used as a pressurizing medium to introduce a molten alloy into
a porais ceramic preform. The metal alloy matrix composition, the preform
material, the surface treatments and the geometry of the preform, as well as
atmosphere, temperature and time are some of the parameters that determine the
wetting of the ceramic preformylthe liquid alloy. Clyne et al. 1985Clyne and

Mason 1987. Process variables that affect the quality of the fawmahposite are the

die preheat temperature, the applied pressure and the packing density of the
reinforcement particles in the preforiRdy 1993. The infiltration process is very
widely used in industrial applications; howevens drawbacks of thigrocess can

be identified as preform compression, reinforcement damage, microstructural non

uniformity and undesirable interfacial reactiotigghim et al. 19911
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Stir casting is essentially the same process as rheocasting, only in this case the metal
alloy matrix is in a fully liquid state when the reinforcement is being added into it.
Because of the ease of operation and attractive economical aspects, stirisasting
extensively used to synthesi€omposites reinforced with particulates of a wide
variety of ceramic materials. The major problem in the synthesis of PMMCs by stir
casting is to obtain a homogeneous distribution of the reinforcing phase. In
composites produced by this method, the particle distribution will change
significantly depending on pecess parameters during both the melt and
solidification stages. A more detailed description of the stir casting process is given

in the next section.

2.1.5 Stir casting

Stir casting is a cost effective, simple and flexible method that has seen commercial
application in large scale productioHgshim et al. 1999 The process emerged in

the late 1960s when Ray developed aluminiualumina MMCs by stirring molten
aluminium alloys with an impeller while adding alumina particlBsyf 1993. In
general, duringhe stir casting process the molten metal alloy matrix is stirred using

a mechanical stirrer and reinforcement particles are added through the vortex created
by stirring. The negative pressure differential existing at the vortex helps to suck
externally alded particles and incorporate them into the liquid metal during stirring
[Harnby et al. 1997 A schematic illustration of the mixing sep during stir casting
process is shown in Figure 2.3.

The stir casting method atractive because, in principle, it only requires the use of
conventional metal processing routes and hence minimises the cost. It is easily
applicable to conventional aluminium alloys, using uncoated ceramic particles of
about 10 um and larger and reirdement levels up to 25 vol.%lpyd 1994.The
main process variables in the stir casting are the size, shape, pasiticcpeed of
stirrer. Once the particles are successfully transferred into the molten metal, the
distribution of the reinforcement in the composite mixture is strongly affected by
certain flow transitionsBeck et al. 199}l Despite the advantages offdrBy the stir
casting process, some difficulties exist and need considerable attention. Stirring
causes the entrapment of air bubbles and other impurities from the surface of the
melt, resulting in high porosity of the cast prodddte reinforcement padies tend
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Figure 2.3 Schematic illustration of MMC mixing a€i during the stir casting
processAniban et al. 200R

to agglomerate and form clusters, especially in the case of fine and highly cohesive
powders, and settling or floating of the padglhas been observed. Finally,
prolonged stirring times promote the chemical reactions between the reinforcement

and the melt.

The macroscopic casting defects such as porosity and inclusions influence the
tensile propertiesqohatgi et al. 20gd5Limitations also exist in terms of the volume
fraction additions and the size of the reinforcement, because the viscosity of the melt
increases with increasing particle content and decreasing particleRsizedt al.

200§. To date, thdack of a cost effectivenixing technology capable of achieving a
uniform distribution of fine size reinforcement within the metal matrix has slowed

down the widespread commercial application of PMMCs.

2.1.6. Impeller design

As described above, effective mixing of the reinforcetralded in the molten metal
during the stir casting process is the most important requirement. The impeller
design will have a significant effect on the quality of mixing and the uniform
dispersion of the particles in the melt prior to solidification. gkding to the
direction of induced flow, impellers are classified into axial flow and radial flow
impellers. In axial flow impellers, the impeller blade creates an angle smaller than

90° with the plane of impeller rotation. They induce a vertical upwadbanward
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flow parallel to the shaft and away from the blades. Radial flow impellers have
blades parallel to the shaft and discharge the fluid in a horizontal direction, away
from impeller blades. Whilst both impeller designs have been used in stir casting
axial flow impellers have an edge over radial flow impellers. An axial flow impeller
will create more discharge than shear while radial flow impellers have more shear
than flow for a particular power specifieAriban et al. 200R Several researchers
have analyzed the effect of the impeller design and suggested that for solid
suspension applications, the impeller diametgrto vessel inner diametdd,,, ratio
should vary between 0.35 and 0.6, depending on the vischisigafa 1975Aniban

et al. 2002 Hashim et al. 2002(h) The ratio of impeller widthw;, to impeller
diameter has also been found to have a significant role and it is advisable to have an
impeller with awi/d; ratio of 0.35 Aniban et al. 200R

Different designs of mechanicahpellers as shown in Figure 2.4 have been studied
[Beck et al. 1991Harnby et al. 1997 Propellers, turbines, and paddles, seen in
Figure 2.4(a), (b) and (c) respectively, are generally used with relatively low
viscosity systems and operate at high troteal speeds. For high viscosity liquids,
anchor impellers, Figure 2.4(d), with a small wall clearance are often used. To
promote topto-bottom circulation or strong axial flow, helical ribbon or screw
impellers, seen in Figure 2.4(e) and (f), are moitakle. But the shear stresses
generated by these impellers are not adequate to break up and disperse agglomerated
particles. In such cases, it is necessary to use a high shear mixing device operating at
high speed. The effect of conventional impellerghim distribution of reinforcement

particles in MMCs is discussed in section 2.1.9.

2.1.7 Twin screw mechanism

Twin screw processing is an effective method to produce a high shear flow
environment. First developed in Italy just before World Wadénssen 1978twin

screw processing has been well established mainly in the polymer industry as a
dispersive mixing process before the mould or extrusion die, and also for food
processing. Twin screw mechanisms can be classified according to the diodction
screw rotation relative to each other, screw shape and speed and whether the screws

are intermeshing or neintermeshing\Vhite 1994.
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Figure 2.4 Different designs of mechanical stirrétarhby et al. 1997

Fan and ceavorkers at Brunel Centre foAdvanced Solidification Technologies
(BCAST), Brunel University, have amongst others developed a patenteddrsei
mechanism with fully intermeshing, self wiping androtating screwsHan et al.

1999. The twin screw design is schematically presemteBigure 2.5. The unique
characteristics of this twiacrew mechanism offer excellent metallurgical
microstructural characteristics and have been extensively used on research of semi
solid and immiscible alloysHan et al. 2001Fan 2005Fan and Liu 2005~an et al.

2009.

X} X )

N N \ VN

(a) (b) (©)
Figure 2.5 Twin screw design; (a)-ocatating, (b) fully intermeshing and (c) self

wiping screwsffFan et al. 1999
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Figure 2.6 Schematic illustrations of flow pattern in a closely intermeshing, self
wipingandcer ot ati ng twin screw mechanism,; (a)
channels and (b) Movement of the melt from one screw to the dtaeref al.

2007.

The exact mixing mechanism of a twin screw machine is quite complex and difficult

to describe. Erdmenger was one of the first reported researchers to study the fluid
flow mechanism of an intermeshing,-cmtating twin screwErdmengeras dted in

Ji et al. 2001 . Results of his study indicated
motions around the periphery of the screws in what is being refeerssh positive
displacement pumping action. A schematic illustration can be seen in Figure 2.6(a).
The movement of the alloy melt from one screw to the other, as seen in Figure
2.6(b), indicates that the whole volume of the melt will undergo a cyclic varidtion o
shear rate, due to the continuous change of the gap between the screw and the barrel.
Considering the viscosity of liquid metal alloys and composites, the turbulence
inside the barrel of the twin screw mechanism is expected to be very high. The high
intensity of the turbulence and the high shear dispersive mixing action make the
twin screw a highly efficient tool to produ@homogeneous distribution of the
reinforcement in MMCs.

2.1.8 Tensile strength of agglomerates

SeveralresearchersjQumpf 1962 Lee et al. 1993Hansen et al. 1998 omas 200}
have studied the dispersion of solid particles in a viscous media. When solid

reinforcement particles are added into a molten metal matrix, particle clusters are
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Figure 2.7Backscattered Field Emission Gun (FEG) SEM image showing small
(X) and large (Y) clusters of TiBparticles in a commercial purity Ahatrix
[Watson et al. 2005

formed as seen in Figure 2.7. Their dispersion can be determined by factors such as
the cdesivity of agglomerated particles, the applied shear stress and interfacial
interactions between the agglomerates and melt. The dispersion of the particles is
attributed to two modes of break up: rupture, which refers to the fragmentation of
clusters ancerosion, which refers to the gradual shearing off of particles from the

cluster.

The hydrodynamic forces required to disperseigartlusters can be charactexs
by the fragmentation numbety [Hansen et al. 1998which is the ratio of the
applied sheastress to the strength of the agglomerate and is given by:

nt

F= I (2.4)

C

where ¢ is the shear stress, is the viscosity of the liquid matrix ant is the

cohesive strength of the agglomerate. The agglomerate strength is not a material
property and is determined by interparticle bonds due to electrostatic charges, van

der Waals forces or moisturélgnsen et al. 1998. According to Runm
[Rum@d 1962 which considers the agglomerate as a collection of cohesive particles,

the strength of the agglomerate is given by:
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TC: __anFb (25)

where ¢ is the volume fraction of the particles in the agglometatés the radius of

the particle, Fy, is the average binding force of a single bond ant the average
number of bonds per particle. Another model used to determine the agglomerate
strength of cohesive powders is given by Kend&éridall 1983 and assumes that

the agglomerate will break at a strength limiting flaw. The agglomerate strength this
time is given by:

41~ 5/61-1/6
ofe T 2.6)

fird,

wherelic andl are the fracture surface energy and equilibrium surface erliergy,

T, =1103

the flaw size and gis the particle diameter. For finer reinforcement size additions

the particle size diameter is smaller and the interparticle distance is smaller, resulting

in stronger interparticle bonds. Accordi
smaller particlesize and higher binding force will give a higher agglomerate tensile
strength. This means that for reinforcement particles of a very fine size, smaller than
10em, high hydrodynamic forces are needed to break up agglomerates held together

by high cohesivéorces.

2.1.9 Distribution of reinforcing particles

For the stir casting process to produce MMCs that can replace conventional metal
alloys, it is important that the final microstructure consists of reinforcement particles
uniformly distributed in thenatrix. Reinforcement agglomerates are known to have
detrimental effects on the mechanical properti&nhedy and Wyatt 200®ong et

al. 2003 Murphy et al. 199B The reinforcement distribution in stir casting can be
distinguished in three different stages which will be described in the following

sections.

2.1.9.1 Distribution in the liquid as a result of mixing

In the stir casting prass, after the reinforcement particles are introduced in
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the molten metal matrix, the objective of mechanical stirring is to break up
agglomerates to individual particles and then distribute the particles throughout the
flow. The melt temperature, the amount and nature of the patrticles, the shape and
size of the sirer, its speed and its position relative to the melt surface and walls and
bottom of the crucible are some of the main factors to be considered when
investigating particle distribution during mixing and there have beeensixve
studies trying to optimes the stir casting procesRdna et al. 198%I-Kaddah and
Chang 199]1Rohatgi et al. 199&avi et al. 200

However, further experimental effort is required to improve the microstructure of
stir cast MMCs through a uniform distribution of particlespessally for
reinforcements with a very fine size. As discussed in section 2.1.8, high
hydrodynamic forces are needed to break up agglomerates held together by high
cohesive forces. The maximum fordg, acting on a particle cluster rotating in a
shear fbw in the vicinity of a stirrer is given bydprnby et al. 1997

F, = 6mo. o# (2.7)

where # is the shear rate in the surrounding liquid medium. In conventional stir

casting, the degree of mixing is governed by the momentum transfer from the
position of the stirrer to the clusters located away from the stirrer position. Whilst
high local shear fimes can be applied on the clusters in the near vicinity of the

impeller, the shear forces diminish as we move towards the walls of the crucible or

the surface of the melt.

2.1.9.2 Distribution in the liquid after mixing

The particle distribution in casbmposites may become inhomogeneous even when
a homogeneous state of suspension is maintained in the slurry during stirring. After
mixing and prior to solidification, the dynamics of particles in a melt will be
governed by gravitational and buoyancy forc#sthe specific gravity of the
particles is different from that of the molten metal, particles can start settling or

floating resulting in agglomeration before solidification.

Richardson and ZakiRichardson and Zaki 19b4ave obtained a relation foreh

velocity of fall (V) as:
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Ve= Vi(1-Cy)" (2.8)

whereVy is terminal falling velocityC; is the volumetric concentration of particles
andm is the exponent. Ourdjini and -@eorkers Purdjini et al. 200]L studied the
settling of SIiC particles itmolten aluminium alloy matrices considering the

expression developed by Stokes:

_ dy(p, —p1)g

V
0 18n

(2.9)

whereVj is the settling velocity of a single spherical particle moving relative to a
continuous flow,, is the density of the spherical particle,is the density of the
liquid andg is the acceleration due to gravity. They concluded that factors such as
particle density, size, shape and volume fraction play important roles in the settling

phenomenon.

2.1.9.3 Redistribution as a result of solidification

The last stage of reinforcement particle distribution is the final solidification of the
composite mixture melt containing suspended particles. Solidification under selected
conditions can help obtaindgtdesired distribution of the reinforcement phase in the
cast matrix. During solidification of a liquid matrix alloy containing second phase
particles, the particles in the melt can migrate towards or away from the freezing
front. The interactions betweehe advancing solidification front and the particles
change the distribution of particles. A schematic illustration of the forces acting on

the reinforcement particle can be seen in Figure 2.8.

Stefanescu and eworkers have studied the behaviour of reraément particles in
the liquidsolid metal interface during solidification of metal matrix composites
[Stefanescu et al. 1988tefanescu et al. 19p0They have suggested that factors

which affect the behaviour of particles include:

e The particle size ahshape

e The viscosity of the melt

e The interfacial energy between the particle, liquid and solid
e The particle aggregation

e The convection level in the melt
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Figure 2.8 A schematic illustration of the forces acting on a particle in the vicinity of

the solid liquid interface Youssef et al. 2005

e The density of the melt and particles
e The liquidsolid interfacial shape
e Thevolume fraction of particles at the interface

e The temperature gradient in the melt ahead of the solidification interface.

The actual distribution of particles in a solidified material will largely depend on the
morphology of the interface that is presantler the given experimental conditions.

A particle near the freezing front will either be rejected or engulRshétgi et al.
1984 and these two phenomena will lead to a redistribution of particles during
solidification. When particles are entrapped Hye solidification front, the
distribution remains similar to that present in the liquid prior to solidification. On the
other hand, pushing of the particles by the solidification front can lead to particles
agglomerating between the grain boundaries. walfidendritic structure after
solidification can lead to a particle distribution in the solid which will be

significantly different from that in the liquid after mixing.

The theoretical critical velocity. above which the particle should be entrapped by
a moving solid/liquid interface, can be calculated from the following equation
[Uhlmann et al. 1964

U, = ml{'-aoQDJ (2.10)
2 | kgTaj
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wheren is a constant roughly equal to 5,is the latent heat of fusiom, is the
atomic radius, q D s the difieisiora coeffirtiencT isvtleel u me
temperature andg is Boltzmann constant. Surappa and Roha&urgppa and
Rohatgi 1981 have proposed an alternative empirical heat diffusivity criterion,
according tavhich a patrticle is captured by the solidification front if:

(MJ >1 (2.11)
4G p

wh e e, & C,p, and p; are the thermal conductivities, specific heats and

densities of the particle and liquid respectively.

2.1.10 Characterization of reinforcement distribution in MMCs

The reinforcement distribution plays an important role in various aspects of the
procesmg and final mechanical behaviour of particulate metal matrix composites.
Therefore it is very important to quantify the distribution of the reinforcement in
order to assess the quality of the fabricated MMCs. Several techniques have been
used by researdrs to charactemsthe reinforcement distribution in metal matrix
composites. The.acey indexLacey 1954, nearestneighbor distanceand mean

free path[Karnezis et al. 1998are insensitive to mixture quality and fail to
differentiate between distinctly different microstructuresfirite body tessellation
[Boselli et al. 199B provides a more meaningful description of the spatial
distribution compared to Ririchlet tesseflhtion [Kurzydlowski and Ralph 1995X-

ray microtomography(XMT) [Watson et al. 20(Q5shows threalimensional
distributions of reinforcement particles, whereesinforcement area fraction
contour maps[Ganguly and Poole 20pZapture the position, size, &be and
reinforcement area fraction in a cluster. Tiaglial distribution functionand the
Quadrat method[Karnezis et al. 1998are found to be effective methods in

detecting pronounced changes in the MMC microstructure.

The quantitative results providéy these methods can be related to the mechanical
properties of a particular MMC system and provide an alternative method for
understanding the factors that affect MMC failure. For example the mechanical
properties are found to f@function of the nearest neighbor distance and it would be

reasonable to assume that fracture is affected by the distance between contiguous
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particles and not the macroscopic distribution of SiC particles. On the other hand, if
a correlation existed betweemechanical properties and the skewness of a
distribution, it would be probable that the mechanical properties would be affected

by the size of particle clusters rather than the distance between individual particles.

2.2 Magnesium alloys

2.2.1Introduction to magnesium and magnesium alloys

Magnesium (Mg) takes its name from the Greek wdabnesia an ancient Greek

city and nowadays a prefecture in Thessaly, central Greece. It was first extracted in
England by Sir Humphry Davy in 1808, hititwas only until the early 19 century

and the developments in lightweight flying machines that magnesium attracted
interest Polmear 1995 It is an alkaline earth metal and constitutes about 2% of the
Earth'scrust by mass, which makes it the eighth most abundant element in the
Earth's crust by mag#iousecroft and Sharpe 2Q0O®Magnesium is highly reactive

and therefore not found in nature in elemental form, but only as magnesium
compounds found imbundance both as solid deposits and aqueous solutions
[Polmear 1995 Kainer and Von Buch 2003 The most common minerals are
dolomite (MgCQ CaCQ), magnesite (MgCg¢) and carnallite (KCl MgGl 6H,0),

whilst the largest agueous solution of magnesium is seawater. Magnesium can be
recovered by various methods from all of the above, meaning the supply is virtually
unlimited[Polmear 1995Eliezer et al. 199&ainer and Von Buch 2003

Magnesium has dexagonal close packed (HCP) crystal structure, with lattice
parameters a=0.3202 nm and ¢=0.5199 nm. The principal planes and directions in its
unit cell can be seen in Figure 2.9. Plastic deformation of the magnesium crystal
occurs by slip in the <1 2 0> directions on the basal planes and by twinning on the
pyramidal {1 01 2} planesat temperatures below 498K. However, deformation is
easier when the temperature is increased above 498K, as additional pyramidal {1
0 1 1} slip planes become operative. This explains why magnesium alloys have

limited cold formability but are readily hot worked.

The lattice parameter of the magnesium unit cell (a=0.3202 nm) is sucit that
allows the addition of a wide range of solutensénts, such as aluminium (Al), zinc

(Zn), manganese (Mn), zirconium (Zr), strontium (Sr), calcium (Ca), etc., which can
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be found in commercial magnesium alloys. The American Society for Testing
Materials (ASTM) norm is most commonly used to identify magma alloys,
according to which each alloy is marked with letters to indicate the main alloying
elements and rounded whole numbers representing the nominal composition of each
weight in percentage termSuffix letters following the last identification nioer

are used to indicate the stage of alloy development or variations in composition
[Polmear 1995Kainer and Von Buch 2003The letters used for the main alloying

elements in commem@i magnesium alloys are summaidsn Table 2.2.

Magnesium alloys haveexcellent specific strength and stiffness, very good
machinability and processability, dimensional stability, high damping capacity and
good weldability undemn controlled atmosphereéVlordike and Ebert 20Q1Kainer

and Von Buch 2003vang et al. 2008(&) However, there are certain disadvantages
that limit the application of these alloys, mainly identified as limited cold
workability, limited strength and creep resistance at elevated temperatures, high
chemicalreactivity, high solidificationshrinkage andn some cases low corrosion
resistance Eliezer et al. 1998Mordike and Ebert 20Q1Kainer and Von Buch
2003.
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Figure 2.9Magnesium unit cell crystal. Y@rincipal [1 2 1 0] plams ,basal plane,

face plane (pPrincipal [11 0 0] planes. (cPrincipal directionsRPolmear 199
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Table 2.2 ASTM designations for alloying elements used in magnesium.alloys

Abbreviation | Alloying Abbreviation | Alloying Abbreviation | Alloying
letter element letter element letter element

A Aluminium | J Strontium R Chromium
B Bismuth K Zirconium S Silicon

C Copper L Lithium T Tin

D Cadmium M Manganese | W Yttrium

E Rare earths | N Nickel X Calcium

F Iron P Lead Y Antimony
H Thorium Q Silver Z Zinc

Since these shortcomings of magnesium alloys were identified, several attempts
have been made to improve their properties by employing different alloying
elements to achieve strengthening by solid solution and/or precipitation hardening.
The effects of thenain dloying elements can be summaikas follows Avedasian

and Baker 1999Kainer and Von Buch 20(Q3aluminium causes an increase in
tensile strength and hardness, improves castability but induces a higher tendency for
microporosity; calcium refines the grain structure and aids creep resistance, but
deteriorates castability in terms of tool stickingdahot cracking; manganese
increases the tensile strength, offers grain refinement and improves weldability; rare
earth additions raise the creep resistance, corrosion resistance and high temperature
strength but increase the cost; silicon increases tlep cesistance but deteriorates
castability, zinc has a similar effect to aluminium, increasing the tensile strength and
improving castability, but also induces tendency to microporosity and hot
cracking; finally zirconium leads to an increase in tenstiength and is very
effective for grain refinement, but cannot be added to alloys containing aluminium

or silicon.

Cast magnesium alloys can be classified in two broad groups depending on whether
they contain zirconium: zirconium free alloys and zirconibearing alloys. The

reason for this classification is that Zr can effectively act as a grain refiner only in
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the absence of Al, Mn, Si and Fe, as it forms stable compounds with these alloying
elementsEmley 1966 Polmear 199b

2.2.1.1 Zirconium freeasting alloys

The most common commercially used zirconium free cast alloys are based on the
magnesiurm aluminium system Avedasian and Baker 1999such as the AZ
(magnesiumi aluminium i zinc) series and AM (magnesiuiin aluminium i
manganese) series alky offering a good combination of mechanical properties,
corrosion resistance and castability. As described earlier, aluminium increases the
strength and castability of magnesium alloys, however, the presence of more than
2% Al inevitably leads to the foration of theb-phase Mg/Al1.. The b-phase is
located along the grain boundaries and leads to a decrease in ductility. Small
additions of zinc further improve the strength of the alloys, but are limited because
of an increased susceptibility to hot cracking. The most widely used cast magnesiu
alloy belongs to the AZ alloys series and is the AZ91D alloy, offering excellent
castability even for complex and thivalled shapes. When there are specific
requirements for higher ductility and fracture toughness, zinc is replaced by
manganese creatintpe AM alloys series. The presence of Mn and the reduced
levels of Al in these alloys lead to a reduction in the amount ob{bigase and an
increase in the alloy ductility. At the same time, manganese leads to an increase in
the corrosion resistance. AMeries alloys are widely used in the automotive
industry, with alloys AM50A and AM60B being the most common examples.

What has been identified as an important drawback of the alloys based in the
magnesiurraluminium system is their poor properties at elesiaemperature and
their unacceptable creep performanBelfnear 1995Bamberger and Dehm 2008
Yang et al. 2008(4) The creep mechanisms of magnesium are mainly dislocation
climb and grain boundary sliding and the limited creep resistance of commercial
AM and AZ series alloys is attributed to the poor thermal stability ofbthbhase
and the accelerated diffusion of aluminiuMahg et al. 2008(3) Attempts have
been made to reduce the Al content in magnesium alloys and use different alloying
elements taeplace Zn and Mn and improve their creep resistafoe.aldition of
calcium is known to have a positive effect on the creep resistance of magnesium
alloys and this lead to the development of the magnealuminiumcalcium (AX)

30



alloy system. However, #se alloys are prone to hot cracking and casting defects
such asmisruns and diesticking [Powell et al. 200[L Reducing the levels of
aluminium and alloying with silicon will reduce the amount of Mg, and lead to

the formation of hard Mgi intermetallic particles at the grain boundaries. The
magnesiurraluminiumsilicon (AS) alloy series exhibit improved creep
performance, but still lower than that of competing aluminium alloys such as A380
[Polmear 1995Avedasian and Baker 19P9As a resul the addition of rare earth
(RE) elements was investigated and the magnealuminiumRE (AE) alloy series
were found to have increased creep resistance, although the use of RE elements
leads to a significant increase in cdsinally, the addition of sontium has been
investigated Pekguleryuz and Baril 200Xand the results were highly promising.
The developed magnesidatuminiumstrontium (AJ) alloy series has shown
superior creep resistance, elevated temperature properties and casBxduilityt [d.

2003. However, the room temperature propertiestted AJ series alloys are not

optimum.

2.2.1.2 Zirconium bearing casting alloys

Castings made with early magnesium alloys suffered from poor mechanical
properties and microporosity, mainly attributedheir large and variable grain size.

It was in 1937 in Germany that the intense grain refining effect of zirconium on
magnesium was discovered, but several years later that a reliable method was found
to produce zirconium bearing magnesium alldyslinear1995. The main reason

for this was that zirconium was removed from solid solution by forming stable
compounds with elements widely used in magnesium alloys, such as aluminium and
manganese. Since then, new series of alloys containing zirconium havedeaotVy

become of significant interest.

The first alloys to be developed belonged to the magnesinorirconium (ZK)
serieswhich hadafine grain structure and high strength, but were-wetdable and
susceptible to microporosity. Addition of RE elements to the ZK series alloys
improved their casting characteristics. The magnegimn@RE-zirconium (ZE)
series and magnesiuRE-zinc-zirconium (EZ) series have been commercially used

in the aircraft industry and exhibit good mechanical properties and creep resistance.

Another magnesium alloy series that has shown good creep resistance and elevated
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temperature properties is the magnesthoiium-zirconium (HK) alloy series,
which however is considered obsolete today for environmental isfl@sdar
1995. Finally, two magnesium alloy series that have excellent tensile properties and
improved creep performance respectively are the magnesiven RE-zirconium

(QE) series and magnesiwyttrium-RE-zirconium (WE) series. However both these
alloys are relatively expensive and have found limited automotive and aeronautical

applications.

2.2.2 Processing and applications of magnesium alloys

2.2.2.1Melting

Magnesium alloys are usually melted inside steel crucibles under the presence of a
suitable flux or protective atmosphe@ontrary to aluminium and aluminium alloys,

the oxide that forms on the surface of molten magnesium does not prdteat

further oxidation andmagnesium alloys tend to oxidisor burn in air rapidly
[Avedasian and Baker 19P9The first protective means against oxidation used
during magnesium melting were salt fluxes containing MgCl, BaCh, Cak, and

MgO [Ricketts etal. 2003. The presence of chlorides in the flux that are retained in
the melt after casting deteriorates the corrosion resistance of magnesium alloys and
in the 1970s the fluxless method became more popBlaimear 1995Avedasian

and Baker 1999 A protective atmosphere comprising a single gas like argon (Ar)
and SQ, or a mixture of an active gas and diluting gas like,0® and air replaced
fluxes. The active gamost widely used has been sulphexafluoride (S§ [Cahn

et al. 2005Bartos et al. 200, an active gas that is ndaxic, odourless, colourless

and effective at low concentrations. Howeverg Sthich is a relatively expensive

gas, was proved to have an enormous potential as a green house gas and several
attempts have been made to repla¢@olmear 1995Cahn et al. 2003Bartos et al.

2007, Dieringa et al. 2007

2.2.2.2 Casting

Magnesium alloys, as the lightest of all structural metallic materials, have found
increased application, especially in the automotive industry, triggered bigtinend

for vehicle weight reduction. Almost every conventional casting method can be used
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for the production of magnesium alloy products and factors such as the intended
application, the required properties or the number of castings determine the method
of choice Avedasian and Baker 19Pp%and casting and permanent mould casting
produce componestwith low porosity and complicated shapes, while squeeze
casting has been used to produce high quality castings from alloys that could not be
cast by conventional method3dimear 1995Eliezer et al. 1998

The most commonly used fabrication processnf@agnesium components is high
pressure dieasting {Cole 2007 Dieringa et al. 2007 It is an economical process
capable of producing high volumes of cast magnesium components with a wide
range of sizes and shapes. Cold chamber high pressucadiieg nachines are

used for the production of large castings because of the high injection speed and
pressure, whilst hot chamber machines are used for most applications, but are more
competitive for small sizes because of the shorter cycle times obtdoddea

1995. In 2007, 32% of overall magnesium consumption in the United States was for
die-casting applications whilst the global demand has been expected to increase at a
7.3% average annual growth rate until 20WBGS 2008 However, high pressure
die-casting components usually suffer from high levels of porosity which limit the
possibility of further property enhancement via heat treatniraitrjear 199p

2.2.2.3 Applications

Commercial production of magnesium started in France in the middle dfdthe
century but only reached ¥®nnesper annum by the end of the™8entury. The
unlucky events of World War | and World War Il and the extensive udse o
magnesium for German aircrafdse production of magnesium to around 300,000
tonnesper annum bythe middle of 1940s. The annual production fell to about
250,000tonnesfor most of the 1990s and there has recently been an increase to
more than 400,000 toes as reported in 200B¢Imear 199p

Although initially used mostly as an addition to vari@sminiumalloys [Polmear
1995 Mordike and Ebert 20Q1magnesium is now finding increased applications as
a structural material, mainly in the automotive industry. The main driving forces for
this have been the attractive mechanical properties of magmesie continuous

demand for weight savings, fuel economy and environmentally friendly cars with
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reducedemissions,whilst there has been a decrease in the production cost of

magnesium.

The increasing environmental concerns and tight regulations one@i3sions
render weight reduction a matter of crucial importanBeufigs 1997 Mass
reduction between 1.5 and 3.0 % is required in order to achieve a 1 % reduction in
fuel consumption which in turn would reduce the @&missions of a vehicleCjple

2007. Compared to other fuel efficiency procedures such as diesel/hybrid
powertrains and six/sevapeed automatic transmissions, mass reduction is more
costeffective and as such stimulates more inte@szflek and Wendling 20D%At

the same time, the price ofagnesium has been decreasing over the years and the
price ratio of magnesium compared to aluminium has ranged between 1.5:1 and
2.5:1. It is being estimated that if this ratio falls below 1.5:1, the use of magnesium

will increase exponentiallyHolmear 195].

As mentioned earlier, the first applications of magnesium were in the aeronautical
industry, used extensively in aircraft engines, airframes and landing wkeelsy|

1964. New designs of airframes have completely eliminated the use of magnesium,
which is now restricted to engine cases and transmission houBiolgselar 199b
However, in the automotive industry magnesium is finding increased applications.
In the 1950s and 1960s the Volkswagen Beetle was the largest single market for
magnesium allgs [Emley 1966 Polmear 199F Since then, magnesium usage as a
structural part in the automotive industry has been increasing and components such
as diecast steering wheels and steering columns, instrument panels, seat frames,
motor housings, door handle pedals and various brackets are produced from
magnesium alloys. Other potential powertrain, chassis, body and interior
applications have been summadsby Luo [uo 2003 and are presented in Table

2.3.

The high strength to eight ratio and light density of magnesium have been
exploited in applications such as thin walled computer housings and mobile
telephone casing$plmear 1995Avedasian and Baker 19pMagnesium has also
been used to manufacture sporting equipment the frames of lightveight

bicycles Polmear 199p Finally, a very intriguing application for magnesium and
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Table 2.3. Potential applications for magnesium alloys in the automotive industry

Application | Product Application | Product

Interior Airbag housing Body Door frame (Inner)
Window regulator housing Hatchback frame
Glove box Spare tyre jack

Chassis Wheel Powertrain | Automatic transmission case
Control arm Engine block, engine mount
Rack and pinion housing Crankcase
Bracket for railframes Oil pan, oil pump housing
Spare tyre rim Starter housing

magnesium alloys would be the use as orthopedic biomateMalgnesium has
mechanical properties similar to natural bone; it is essential to the human
metabolism and is found in bone tissue; it would degmad®@/o via corrosion in the
electrolytic environment of the body and could serve as biocompatible,
osteocondctive, degradable implants for load bearing applications. However, a

great deal of research is still required in this a8taifer et al. 2006

2.2.3 Grain refinement

As described above, magnesium alloys are finding increased applications in several
industries. With their low density, high strength to weight ratio and excellent
castability, they have been spotlighted as the materials of choice for the production
of automotive components that will enable weight savihge [2007(b)) However,
conventimal casting processes introduce coarse grain structures and characteristic
defects like shrinkage porosity and hot tearing. Sasirng defects can be reduced

by grain refinement, also improving the machinability of cast prod@amperger

2001].
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The mechanical properties of magnesium alloys are highly affected by the grain size.
As shown by the HalPetch equationHall 1951, Petch 195B

Gy = ok, /ds"? (2.12)

wherel is the yield strengthlo is theresistance of the latt to dislocation motion

(or the yield strength of a single crystad),s the strengthening coefficient adglis

the grain diametera fine grain structure is generally desirable to improve the
mechanical properties. Magnesium alloys have a higtrengthening coefficient
compared to aluminium alloydabuchi et al. 2000and grain refinement represents

a very efficient way to improve their mechanical performance. As a result, since the
late 1930s several researchers have pursued either a chenagathysical approach

for the grain refinement of Mglloys [StJohn et al. 2005

2.2.3.1 Chemical route

The chemical route involves inoculation of the alloys by adding elemants
compoundsuch as carbon (CEmley 1966 Polmear 1995Qian and Cao 200%.u

et al. 200§ zirconium (Zr) Polmear 1995Qian and Das 20Q6silicon carbide
(SiC) [Easton et al. 2006.u et al. 200§ strontium (Sr) $tJohn et al. 200%.iu et

al. 2008(a) Yang et al. 2008(l) calcium (Ca) Lee et al. 2000Du et al 2008 and
manganese (Mn)Jao et al. 2006 Addition of anhydrous Feglhas also been
considered historically and is known as the Elfinal procEasbenindustrie 1942

This processleads to obvious grain refinement, however, Fe is detrimental to the
corrosionresistance of magnesium alloys amdaddition, the release of Cl or HCl is

of great concerngtJohn et al. 200%-an et al. 2009(h)

As described in section 2.2.1, zirconium is a potent grain refiner for magnesium
alloysin the absence of Al, Mn, Si, dri-e aszirconium forms stable compounds
with these elementEEmley 1966. Zirconium has been identified as an efficient
grain refiner for magnesiumlloys such as ZK, ZE and WE series allaysch can

be easily grairrefined to a few tens of micrometrédwoughminor addition of Zr
containing master alloys under nornsallidification conditiondEmley 1966. For
Mg-Al based alloys on the other hanchrbon inoculation has proved to be an
effective approach for grairefinement It involves the introductio of carbon into

the alloy melt through either direct addition of carim@sedmaterials or organic
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compounds, such as graphite;Qlg and ALCs, or bubbling the alloy melt with
carbonaceouglases, such as CO and LCHEmley 1966. Grain refinement with
carbon inoculation has been attributed tgCAlparticles that act as nucleation sites
for magnesium grainfPolmear 1995Qian and Cao 20Q5This process has been
usedeffectively, but inconsistency and contamination of the att@jt still remain

as immrtant issues.

Although grain refinement by inoculation is a route easily applicable, a universal
grain refiner for Mgalloys has not yet been identified. Finding the right inoculants
for different alloy systems is not always possible and although thesem®s can
refine the microstructure, they give rise to various other problémsumber of
grainrefining methods have been developed but they suffer from a number of
problems making them unsuitable for commercedting operationsStJohn et al.
2003. Therefore, a physical route that does not involve addition of any elements
would be favourable.

2.2.3.2 Physical route

Different physical approaches for the grain refinement ofdillogys so far have seen

the application of superheatinGdo et al. 200j7and ultrasonic treatmenfbramov

1994. Superheating was one of the first methods devised to control the grain size of
Mg-Al based alloys as disclosed in a patent in 19Bdrljenindustrie 1931 It
involves heating thalloy melt to a temperature well al the alloy liquidus
(usually 180300 °C of superheat) for a short time followeg fast cooling and a
short holding at the pouring temperature prior to casting. Both the process variables
and the alloy composition affect the efficiency of superheafagphn et al. 2005
There are several pr op o s e dwithmmmeheating,s ms
which involve Al MniFe-based intermetalliciEmley 1966 Cao et al. 2004and
aluminiumcarbides (AIC3) [Emley 1966 Cao et al. 20(7acting as nucleatiosites

for magnesium grain®wing to the severe oxidation at high temperatures and the
requirement of rapid cooling, grain refinemdayt superheating is not very practical

for commercial use. Other shortcomings include excessimsumption of time and
fuel/electricity anda shortened lifeof the alloying vessels used in superheating
[StJohn et al. 2095
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The grain refining potential oén ultrasonic treatment was first demonstrated by
investigations carried out between 1960 and 1P®@ramov 1994 The rerewed
interest in magnesium alloys in recent years, together with the attempts to find an
efficient physical approach for their grain refinement, have resulted in increased
attention in the ultrasonic treatment of magnesium alldisijig et al. 2001j, Liu

et al. 2008(b)Ramirez et al. 2048 particularly forMgi Al-based alloys. However,

the mechanisms of grain refinement with this approach are not yet clear and further

research and development is needed to speéts industrial application.

2.2.4 Recyling

The tight government regulations for sustainable economic development and the
increasing concerns for environmental protection are the main driving forces for the
attempts made by the automotive industry to improve fuel consumption and reduce
greenhouse gas emissions. There is a general consensus that for every 10%
reduction in vehicle weight there will be a correspondiin§% decrease in fuel
consumption, also leading to reduced ;Cé&nissions lLiu et al. 2008(d) The
increasing usage of magiem alloys aimed at weight savings will inevitably lead

to a fast increase in Malloy scrap from both manufacturing sources (new scrap)

and enebf-life vehicles (old scrap).

The European Union has launched a directive onoélide vehicles, which state
that 85 % of the vehicles weight will have to be recycled by 26&sHner et al.
2007. According to a German magnesium inventory analysis up to Z0&ta[f et
al. 2004, the major source of magnesium scrap is-efitife vehicles. The general
picture of this magnesium inventory is expected to be similar in the rest of the
developed countried.fu et al. 2008(d) In addition, the source for new scrap is
also growingrapidly. In typical magnesium dieasting operations only around 50%
of the material nput ends up as finished products, and the remaining 50% of
magnesium alloys is accumulated as scrap and handled by the foundry or an external
recycler Antrekowitsch et al. 2042 Recycling scrap magnesium alloys requires
less than 10% of the energgquired for primary productiorSgharf 2008 Hence,
the application of recycled magnesium can lead to a substantial reduction of
greenhouse gas emissions and help the automotive industries conform to the tight
government regulations for sustainable ecoiwodevelopment. Therefore, recycling
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magnesium alloys is becoming a major technical, economical and environmental

challenge.

Both new and old magnesium allggrap contairsubstantial amount of inclusions
and impurity elements which cause severe loss tingth and ductility and
significantly reduce the corrosion resistance. Thus, a major barrier to overcome in
magnesium recycling is dealing with the increased inclusions and impurity elements.
Chemical approaches have been followed in order to reducantbent of such
inclusions and impurities)fvaid et al. 20Qd6However, these recycling technologies

remain complex, energy demanding and exhibit low productivity.
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CHAPTER 3

EXPERIMENTAL PROCEDURES

3.1 Materials

3.1.1 Metal Matrix Composites
3.1.1.1 Matrix

Commerciallyavailable cast Ablloys LM24 (USA designation A380) and LM25
(USA designation A356) supplied kyorton Aluminium Ltd., Staffordshire, UK
were used as the matrix materials for the current study. The LM25 alloy was slightly
modified with iron (final composition shown in Table 3.1) using am®Fe master
alloy. The small additions did not affect the alloy composition other than the Fe
levels and were used to facilitate ejection and help die release inphégisure
diecasting Fang et al. 2007 The LM24 alloy was used as received from the
supplier and the composition is given in Table 3.2. The specific alloys were chosen
because a sufficier8i content is required to prevent or delay interfacial reactions
between the matrix and the reinforcement during processiae specifically,a Si
content of at least 7 wt. % can prevent the formation of aluminium carbig@JAl

up to a temperature af50 °C in Al/SIC compositesGhernyshova and Kobeleva
1985 Lee et al. 198B

Table 3.1 Chemical composition in wt. % of the modified LM25 alloy used.

Cu Mg Si Fe Mn Zn Ti Al

0.003 0.30 7.5 0.5 0.005 0.003 0.11 Balance

Table 3.2 Chemical compositionwt. % of the as received LM24 alloy.

Cu Mg |Si Fe Mn | Ni Zn Pb Sn Ti Al

3.37 | 0.13 | 8.54 | 1.20 | 0.19 | 0.04 |1.36 | 0.07 | 0.03 | 0.04 | Balance

40



3.1.1.2Reinforcement

The reinforcements used were black S{Caver age si ze Eectre m) su
Abrasives CorporationNY, USA and synthetic graphite pt¢t
e m) s up pigmaAdidich €gmpany Ltd., Dorset, UK he size distribution of

the SiC is shown Figure 3.1. The observed SiC particle size distribution in the cast
samples was examined using ical microscope (Carl Zeiss Axioskop 2 MATO)
equipped with image analysis software and compared with the sd@ppléga. Since

the contact angle between liquid aluminium and SiC or graphite is higher than 90°
[Eustathopoulos et al. 1974aurent et al.1987 resulting in poor wettability,
treatment of the reinforcement particles prior to addition in the molten metal matrix

is considered beneficial. As a clean surface provides a better opportunity for the melt

- particle interaction, the reinforcementsre/@reheated at 400 °C for approximately

one hour to remove moisture and surface impurifié® reinforcement wathen
transferred directly to the mixing setup asdded in the molten matria gravity

according to the following formula:

_ Xmy,pr

- (@=X)py &

Mg
WhereX is the volume fraction of the reinforcementy is the added mass of the
reinforcement,my is the added mass of the matrixz is the density of the

reinforcement angy, is the density of the matrix.

11 ] Supplier's Data
1 @ Observed in cast samples

Volume (%)

1 10 100
Particle size (um)

Figure 3.1 SiC particle size distribution used in this study.
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3.1.2 Magnesium alloys

A range of magnesium alloys was investigated in the present study, covering the
magnesiurraluminiumzinc (AZ), magnesiuraluminiummanganese (AM) and
magnesiurraluminiumstrontium (AJ) series. More specifically, these were AZ91D
alloy supplied byMagnesiumElectron, Manchester, UKAM60B alloy supplied by
Meridian Technologies United Kingdom, Nottingham, @Kd AJ62 alloy (Mg 6

Al T 2.3 Srin wt. %) supplied biMagnesium Electromnd a mixture of AM5G
AMG60B die casting higlgrade scrap supplied hyleridian Technologies United
Kingdom Tables 3.3 to 3.5 show the chemical composition of alloys AZ91D,
AM60B and AM50A according to the ASM Specialty Handbodwédasian and
Baker 1999 The designated letteafter the numberin the Mg nomenclature (i.e.

A, B and D) are used to distinguish between alloys with the same nominal
composition.Table 3.6 provides the chemical composition of the AJ62 alloy as
given by the supplier. All alloys were melted inCarbolite top loaded electrical
resistance furnace atenperature of 682C. A protective atmosphere of 0.5 vol. %
SKs in pure N gas was maintained in both the melting furnace and thesevaw

mechanism, in order to avoid oxidation of the molterrafligy.

Table 3.3 Chemical composition specificatiorAaf91D Mg-alloy (wt. %)

Al Mn Si Zn Fe Cu Ni Others | Mg
(each)

8.3 0.15> |<0.10 | 0.35 |<0.005 | <0.030 | <0.002 | <0.02 | Balance
9.7 0.50 1.0

Table 3.4 Chemical composition specification of AM60B-Eltpy (wt. %).

Al Mn Si Zn Fe Cu Ni Others | Mg
(each)

55 |0.25 |<0.10 |<0.22 |<0.005 |<0.010 | <0.002 | <0.2 Balance
6.5 0.6
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Table 3.5 Chemical composition specification of AM50A-sltpy (wt. %).

Al Mn Si Zn Fe Cu Ni Others | Mg
(each)

4.4 0.26- | <0.10 |<0.22 | <0.004 | <0.010 | <0.002 | <0.2 Balance
5.4 0.6

Table 3.6 Chemicatlomposition of AJ62 M@ulloy (wt. %) as given by the supplier.

Al Mn Sr Mg

6.3 0.36 2.5 Balance

3.2 Melt Processing

The process employed for the fabrication of the composites consists of two steps.
The first step is conventional mechanical stirraffering distributive mixing of the
reinforcement added in the matrix. The second and novel part of the process is
dispersive mixing under intensive shearing, implemented by the MCAST process
[Fan et al. 2009(4)For magnesium alloys, the melt was comfigd in the MCAST
process prior to shape casting, in order to investigate the effects of intensive
shearing on the solidification microstructures and mechanical propdrabe 3.7

provides the liquidus temperature of all alloys studied.

Table 3.7Liquidus temperature of the aluminium and magnesium alloys stirdie

this work.
Alloy LM25 | LM24 | AZ91D | AM60B | AM50A | AJ62
Liquidus 615 596 598 615 620 612

temperature (° C
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3.2.1 Distributive mixing of metal matrix composites

Conventional mechanicatirring of Al alloys while adding reinforcement particles

is being used to fabricate MAlased metal matrix compositdbrphim et al. 1991

Ray 1993 The method is commonly known as stir casting and offers distributive
mixing of the reinforcement particles in the metal matrix. The distributive mixing
equipment used in this study is schematically shown in Figure 3.2. The setup
consisted of a driving otor to create the torque on the impeller, a control part for
the vertical movement of the motor and the attached stirrer assembly and a transfer
tube for the introduction of the reinforcement particles into the melt. Properly
cleaned metal alloy ingots weemelted in cylindrical crucibles using a top loaded
resistance furnace set at 650 °C. Accurately measured reinforcement volume
fractions were heated at 400 °C inside an electrical resistance furnace. With the help
of the transfer tubehe preheated refiorcement was addeoly gravity in the melt
through the vortex created by stirring

It is well known Beck et al. 199that the impeller design plays a crucial role in the
mixing process. To ensure a uniform distribution andetiasn previous work
[Nagata 1975Aniban et al. 200R the impeller was designed to have, & D, ratio
equal to 0.4 and &, / g ratio equal to 0.35, whew is the diameter of the impeller,

w; is the width of the impeller and®, is the inner diameteof the crucible

Position control

Impeller

S =
]
Stirring motor
A/
Argon gas
inlet Transfer tube
Thermocouple \ {
I—| Motor control
[ m—
Crucible J

Figure 3.2 Schematic diagram of the distributive mixing equipment.
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Figure 3.3 Schematic illustration of the geometry of (a) the clay graphite crucible

and (b) thestainless steempeller used for distributive mixing.

(90 mm).Schematic diagrams of the flat bottom cylindrical clay graphite crucible
and the impeller geometry are shown in Figure 3.3. Theltaded stainless steel

impeller was coated with boron nitride to prevent reaction with the molten
aluminium. A controlledargon atmosphere was maintained inside the furnace
throughout the whole experiment to prevent melt oxidation. The reinforcement
particles were transferred slowly and continuously into the melt which was
mechanically stirred at 66800 rpm. Stirring of thenixture was carried out in both

liquid and semsolid regions to achieve spatial homogeneity of the reinforcement

particles (similar volume fraction in any part of the mixture).

3.2.2 Dispersive mixing of metal matrix composites

The first stage of MMC farication, the distributive mixing, is necessary in order to
introduce the reinforcement particles in the melt. However, due to a diminishing
velocity gradient in the melt as we move away from the impeller, the degree of
mixing is limited. The lack of suffient shear force during distributive mixing
results in agglomeration of the reinforcement in relatively stagnant zones such as
areas near the crucible walls. To break up these agglomerates into individual
particles in the liquid metal, the applied shstess {J on particulate clusters should
overcome the average cohesive force or the tensile strength of the éhademular
dynamics studiesHalk and Langer 1998Schuh and Lund 2003Mayr 2006
suggest that intensive shearing can displace the position of atoms that are held

together with high strength bonds. Under high shear and high intensity of

45



turbulence, liquid can penetrate into the clusters and displace the individual particles
within the cluster. The implementation of intensive shearing is done with the
MCAST process.

3.2.3 Melt Conditioning by Advanced Shear Technology (MCAST) process

The MCAST process is a novel technology for conditioning liquid metal prior to
solidification processig. In the MCAST process, liquid metal is fed into a twin
screw device, in which a pair ofcotating and fully intermeshing screws is rotating
inside a heated barrel with accurate tempeeatantrol resulting in the melteing
subjected to intensive stwéng undera high shear rate and high intensity of
turbulence[Fan et al. 1999Ji et al. 200L A schematic illustration of the basic
functional unit of the MCAST process, the twin screw machine, can be seen in
Figure 3.4. After the MCAST process, thenddioned liquid metal hagnextremely
uniform temperature, uniform composition and well dispersed inclusion particles.
These individual particles will have a fine size and narrow size distribution, and
more importantly, they are believed to be completeétted by the liquid metal
under the intensive forced convection (referte@s forced wetting). The MCAST
unit can be operated at temperatures either above the alloy liquidus to provide
conditioned liquid metal, or below the alloy liquidus to provamisolid slurry.

The temperature is monitored using s$fxtype thermocouples with an accuracy of
+2.5°C. In the latter case, the semisolid slurry contains a well controlled solid
fraction of primary solid particles with a fine size and a spherical morphology.

Gear box &
Twin-screw Heating Feeder coupling Driving
elements

—
b
Contr?l valve 'I - N

Barrel

T/C

Figure 3.4 Schematic illustration of the twsnrew mechanism used in the MCAST

process
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3.3 Casting processes

Various casting methods were used in order to examine the effect of intensive
shearing on the microstructure amdechanical properties of the metal matrix
composites and the magnesium alloys studied. The Aluminium Association Test
Procedurel (TPT”) mould was used for casting the sheared and-sheared
magnesium melts undesimilar conditions. A pressugd filtration technique
(Prefil®, N-Tec Ltd, UK) was used to collect oxides and other inclusions for optical
and scanning electron microscopy:-l#dsed PMMC and Mglloy components were

also high pressure die cast for optical and scanning electron microscopy, as well
mechanical property testing. A small cylindrical steel mould was also used for

general microstructural observations of thebAsed PMMCs.

3.3.1 Test Procedurel (TP-1%) mould

There are various factors that can affect the solidificatiarostructure of a given

alloy and perhaps the most important is the cooling rate. The grain size for a given
alloy depends on the cooling rate and in order to study the effect of intensive
shearing on the microstructure of various magnesium alloys, ralasth Test
Procedurel (TP-1®) mould technigue was used, to maintain a constant cooling rate.

The experimental steps followed in this casting process are:

a) The magnesium alloy was melted inside a steel crucible in an electrical
resistance furnace atpaese temperature. A protectivaetmosphere of 0.5 vol.
% Sk gas in pure Blwas maintained to avoid oxidation. The me#is held for
1 hour to homogengs

b) The TP mould ladle (Figure 3.5) was placed inside a furnace for preheating at
350°C.

c) The water flow ra of the TP® mouldquench tank was set at 1 galloinute®
(3.8 | minute!). This flow rate resulted in 25 mm submersion from the bottom
of theladle.

d) Sample preparation for microstructural study: The test sample removed from the
TP-1 conical mould wasut according to the standard procedure (38 mm above
the base) as illustrated in Figure 3.5. The cooling rate &t plisition

corresponds to 3.5 K.
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Figure 3.5 Schematic diagram of FP grain refining test mould ladleThe

Aluminium Association 1990

3.3.2 Pressurised filtration technique i Prefil®

In order to investigate the nucleation mechanisms of the sofidifymagnesium
alloys, a pressuresl filtration technique was used to collect possible heterogeneous
nucleating particles for various allayelts with and without intensive shearing.
Figure 3.6 shows a schematic illustration of the Pteéithnique developed by-

Tec Ltd, UK, which was used in this study. The experimentpkdiglowed during

the pressured filtration technique are:

a) The magnesium alloy was melted inside a steel crucible in aoctredal
resistance furnace at 680.°& protectiveatmosphere of 0.5 vol. % §Bas in
pure N was maintained to avoid oxidation. The meks held for 1 hour to
homogenis.

b) A clean Prefif crucible withaniron filter of approximately 2m mesh sizevas
pre-heated.

c) The weigh ladle was emptied and placed in its position.

d) The Prefif’ crucible with the filter was placed in the pressure chamber
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Figure 3.6 Schematic illustration of the Pféfdquipment used for the presseds

filtration of the Mgalloys in this study.

e) 0.7 kg ofmelt either with or without intensive shearing was transferred to the
Prefil® crucible

f) The pressure chamber was closed and pressure was applied to the metal pushing
it through the filter at the bottom of the crucible.

g) When a predetermined amount of melivas filtered and collected at the
weighing ladle, the test was stopped and pressure was released from the
chamber, allowing the lid to open.

h) A cubic sample with a 10mm side was cut from the metal that solidified inside
the Prefif crucible, consisting ofhe filter and the metal right above the filter.

The sample was then prepared for metallographic characterization.

3.3.3 The High Pressure Di€Casting (HPDC) process

In order to study the microstructure of samples cast at high cooling rates, as well as
being able to evaluate their mechanical properties, high pressure die casting was
used to produce standard mechanical property test samples. The HPDC process is
well established and widely used as an effective manufacturing technique, especially
in the aubmotive industry. A more detailed understanding of the process and its
applications are given by Street [Street 1977].
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A standard cold chamber HPDC machinelt§® Machinery Co. Ltd., Hong Kong

was used and a schematic illustration of the equipmenbisrsin Figure 3.7. The
diameter of the plunger is 60 mm, aihdias a maximum accelerated shot speed of
6.22 m/s, with the maximum shot distance being 405 mm. The dies were clamped at
a load of 280 tonnes and pneated using 8 cartridge heaters embedded
symmetrically inside the two halves of the diknck maintaining a uniform
temperature across the diavity. A thermocouple was also embedded inside the die
block to feed the heating control unit on the machine with a temperature reading and
an external tarmocouple was used to measure the temperature of theawuig
surface prior to any casting. The steps followed for the HPDC process are:

a) Carefully clean the die surfaces of any material left from previous castings and
coatwi t h 6 Hot e mp tozaid 8jdrtion df ecast sampes.n t

b) Pour a predetermined amount of melt at a fset temperature into the shot
sleeve of the HPDC machine

c) Activate the HPDC machine to apply the shot according to the set profile of the
plunger speed, position and pressuree Thachine automatically runs through
the cycle of injection, intensification, dwelling (while the casting fully
solidifies) and finally ejection of the cast component.

The die used for the test samples consists of four cavities, two are tensile test

sampes (labelled A and C) and two are fatigue test samples (labelled B and D) as

shown in Figure 3.8. The exact dimensions of the tensile test specimens and the

fatigue test specimens are 6.4 and 6.3 mm in gauge diameter respectively, 25 mm in

gauge length ah12 mm in diameter dhegrip section.

3.3.4 The Melt Conditioned High Pressure Die Casting (M@HPDC) process.

The MGHPDC process is a combination of the MCAST and HPDC processes.

Figure 3.9 shows a schematic illustration of M@DC process. As described in

section 3.2.3, the twin screw machine used in the MCAST process consists of a

barrel and a pair of closelytermeshing, seliviping and cerotating screws. The

barrel is divided into separate heating and cooling zones and the temperature control,

achieved by balancing the heating power input by a central control unit, has an

accuracy of £ 1°C. The thermocoupke® fitted in the barrel liner perpendicular to

its axis ensuring the nearest temperature reading. Thermocouples are also fitted on
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HPDC Machine

Shot sleeve

Figure 3.7 Aschematic illustration of the cold chamber high pressureaséng
(HPDC) setup.

Figure 3.8 Schematic illustration of the aiast component produced by the HPDC
machine, showing the two tensile test specimen (labellethd\ C) and the two

fatigue test specimen (labelled B and D).
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the feeder and the transfer valve area. The central control unit consists of
temperature controls for all the heating zones, a dial to indicate screw rotations per
minute (rpm), a torque reading of the screws, a timer, and switches to control the

transfer vale.

The machine heaters are switched on and set to the preferred temperature. Sufficient
time is allowed for the machine to reach the set temperature from room temperature.
The transfer tube is heated to the same temperature as the processing temperature set
in the MCAST machine. The rotating speed and running time of the screws can be
controlled until discharge of the conditioned melt in the shot sleeve of the HPDC
machine, before applying the plunger to cast a component. The sduience can

be set on autnatic mode including opening and closing of the transfer valve, where
the discharge time can also be controlled. The-WRDC process can be fully
automated by an electronic connection between the control panel of the MCAST
machine and that of the die castéhe cycle time is mainly dictated by the shearing
time allowed in the MCAST machine and dwell time allowed for complete
solidification of the diecast component during the etasting process. The
discharge time is dependent on the amount of melt pgedesiside the MCAST

machine.

Transfer Tube

T Plunger
Shot sleeve

Figure 3.9 Schematic illustration of the M@PDC process.
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The fluid flow inside the MCAST machine eharacterised by a cyclic variation of
shear rate and high intensity of turbulence. It is rather difficult and complex to
determine the exact shear rate, but based on viscous flow, the sheddisttessen
the screw and the barrel can be estimated fRaujvendaal 1994

U = Sé%;zJ N (3.2

Gs

whereNs is the rotation speed of the screy, is the outer diameter of the screw
our case equal to 36 mrandGs is the gap between the screw flight and the barrel
surface in our case 1 mmFor simplicity, the screw rotation spelgdis being used
in this investigation to determine the shearing intenfiased on reported data for
the viscosity ofaluminium matrix PMMG [Quaak and Kool 1994, Quaak et al.
1994], at different grcessing temperatures and different rotation speeds, the shear
stress produced by the MCAST umigs estimated from equation 3.2vary from
as little as 300 Pa up to 5000 Pa or more.

3.3.5 Processing Conditions

The investigated MCAST processing parametesed in this study together with the
HPDC paameters are listed in Table 3@& the MMCs and the Mglloys. The

results and the effect of the processing parameters are presented and discussed in
Chapter 4 for the MMCs and Chapter 5 for the-Migys.

3.4 Microstructural Characterization

3.4.1 Metallographic sample preparation

Samples were cut from various locations of the final cast components for
microstructural characterizatipms indicatedn Figure 3.9b The microstructures

presented throughout this thesis are all from specimens taken from location CC’.

The specimens were prepared by the standard technigomuwiting in Bakelite

followed by grinding using 120, 500, 800, 12@400 and 400@rit SiC papers. The

MMC speci mens were polished on a cloth
0.25 e€m diamond suspensi ons. The microst

The Mgalloy specimens were polished on a cloth with a silica suspensiowéall
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Table 3.8 The investigated MCAST and HPDC processing parameters.

Parameter Metal Matrix Compositeg Mg-Alloys
Shearing Temperature (°C) | 6007 630 605- 650
Shearing Speed (rpm) 400- 800 500- 800
Shearing Time (seconds) | 60- 240 45

HPDC DieTemperature (°C) 200 170 - 250
Intensifier position (mm) 200 180- 240
Shot Speed (%) 60 70-75
Intensifying Pressure (bar) | 70 100
Intensifying Speed (%) 65 75-80
Dwell time (seconds) 30 30-60

by etching. Asolution of 5 vol. % concentrated HN@nd 95 vol. % of ethanol was
used for general observations of the microstructure. In order to obtain further
microstructural information, colour etchinig a solution of 70 ml ethanol, 10 ml
water, 20 ml acetic acidnd 4.2 grams picric acid was used, with the coloured

orientation contrast being created under polarised light of the optical microscope.

Figure 3.10dentification of the locations where the cast tensile specimen where cut
for the preparation of metallographic specimen for microstructural characterisation.
The samples were sectioned along the length as indicated by line AA” and at three

different cros-sectionsin the gauge length, as indicated by lines BB", CC” and DD".
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3.4.2 Optical microscopy (OM)

A Carl Zeiss Axioskop 2 MAT optical microscomguipped with image analysis
software, a camera and a computer was used for the OM observation and the
quantitative measurements of microstructural features. A software application was
used to acquire images from the camera and to perform image analysis.
microscope has 2.5, 10, 20 and 50 objective lend®es.size and area fraction of
reinforcement particles in the MMC specimens and primary particles in the Mg
alloy specimes were measured. In the brighelfl (BF) mode,a polished surface
shows brifpt in contrast and the surface irregularities such as grain boundaries,
reinforcement particles and intermetallics appear dark inrasmntPlane polaresl

light (PP) is most commonly used for grain size measurements.

3.4.3 Scanning electron microscopy €M)

Some of the specimens used for optical microscopy were subsequently-carbon
coated and SEM examinations were performed usirfgias Supra 35VP FEG
scanning electron microscope. For chemical composition analysis, the SEM was
equipped with an energyispersive Xray spectrometer (EDX), Oxford Instruments
Inca and data were ZAF corrected. The advantage of SEM over optical microscopy
is the large depth of field and higher resolution, thus producing high resolution
images at high magnification (up to 800 times). A good explanation of the
procedures and uses of SEM and EDX are given by \W&itt[1997.

3.4.4 Quantitative metallography

Quantitative metallographic analysis was carried out on OM images using image
processing software Axioskop 2 MATO. Themjuivalent circle diameted. was

calculated by:

de = — 3.3

whereA, is the total area occupied by the parti¢ter the quantitative analysis of
the distribution of the reinforcement particles in the MMCs, two statistieshods
were used: the Lacey Indexdcey 1954 and the Quadrat methoRdgers 1974
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The two extremes of a mixture can be described as completely segregated when any
sample withdrawn from the mixture will be composed otileromponent, or fully
randomsed when the probability of finding a constituent in every point is identical.

According to Laceyllacey 1943 for a completely segregated mixture the variance

S can be expressed as:

S =pq (3.9

wherep and q are the proportions of the components estimated from the samples

using image argsis For a fully randomisd mixture the variance3 is:
Pq
S= N (3.9
P

where N, is the number of particles in the sampéstimated using the average

particle size and the component proportioftse Lacey index Mis defined as:

v~ S-S (_ Howmuchmixing hasoccure 3.6
"7 -2 Howmuchmixing couldoccur

whereS’ is the variance of the mixture. The index should have a zero value for a
completely segregated mixture and inseéo unity for a fully randomésl mixture.

A criticism of the Lacey index is that it is insensitive to mixture quality. Practical
values ofthe Lacey index are restricted to the range of 0.75 toHabnpy et al.
1997.

With the quadrat method, the image to be studied was divided into a grid of square
cells where the square quadrat size was approximately twiceziheof the mean

area per particleQurtis and Mcintosh 1930To minimise the edge effects, particles

only inside and in contact with the left and bottom side of each quadrat were
counted. A schematic illustration tife quadrat method is presented in g 3.10.

The quadrat method was performed on a number of images of each specimen within
square fields, 924 924 pixels in size. Each field was divided into 36 contiguous
guadrats. A quadrat si de oXmagrificatomanfl 154 p
a number of 40 images was analyzed for each specimen of {tBECAPMMCs. A
characteristic example of how the Quadrat method was applied on the micrographs
can be seen in Figure 3.11. The area to be studied in igvishite composites ag

divided into 25 contiguous gquadrats wit/l
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Figure 3.11Schematic representation of the quadrat method, using four quadrats.
Counted particles are denoted in bla&arnezis et al. 1998
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Figure 3.12Application of the Quadrat methguerformed on the microstructure of a
LM25 - 5 vol. % SiG composite.
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20X magnification and analysis was performed on 40 images of each specimen. The

number of particles in a quadraly, was measured and the degreasyfmmetry of a

statistical di stribution around its mean
defined by:
mean3
_ oh ZNqi_Nq (3.7)
(4 —D(a, -2 Oy

whereq; is the total number of quadrats studiedg; il the number of particles in
thef"lquadrat (i N, <" is thé mezn nimbercpf particles per quadrat

a n g is the standard deviation of the istribution. According to a previous study
[ Karnezis et al. 1998] an increase in b

The grain size measurements for the-dMigys were carried out on colour etched
samples using a mean line intercept method as showigure 3.12Five horizontal

and three vertical equidistant lines where used to estimated the grain size.

Figure 3.13Schematic representation of the mean line intercept method performed

on the microstructure of an AJ62 casting.
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The mean intercept lengthwhich is used as the grain size is then calculated using

the following equation:

=" (3.8)

wherel; is the total length of the test lines ajdhe total number of grain boundary

intersections on each test line. The measured standard deviation from the average

grain size measurements is used as the error in grain size measurements.

3.5 Mechanical properties testing

3.5.1Tensile testing

The tensile property testing was carried out using a universal materials testing
machine (Instroff 5569)at a cross head speed of 2 mmimute® (strain rate: 1.3%

102 s for theAl-based composites and 1 nminute® (strain rate: 0.66< 10° s™)

for the Mgalloys. The tensile testing system was connected to a PC for automated
testing and calculation of tensile test results such as vyield stress, ultimate tensile
strengt h an dus. Doringtle Gest sanapkk wsh extended at constant
rate, and tha load needed to maintain this svaeasuredAn external extensometer

of 25 mm gauge length was attached to each test sample during testing to get
accurate elongation resulf§he stresdi calculated from the load and the strain
calculated from the extension keeplotted as a stressrain curve.The vyield
strength was measured as the 0.2% proof strength on the-siteesscurve. All

samples were tested at room temperature.

3.5.2 Hardnress testing

The Vickers diamond pyramid indentation technique was used to determine the
macrehardness of the composite materials. Samples prepared by the procedure
described in section 3.4.1 were used for the Vickers hardness measurements. Each
sample wa placed on the platform of the test machine and the applied load on the
pyramid makes an indentation point on the sample. The indentation diagonals are

measured and the Vickers hardness is calculated using the average diagonal length
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and reference tableonverting the length to a hardness value. On an average, 10
indentations were measured for each sample. A Vickers pyramid hardness testing
machine,Vickersi Armstrongs Ltd., London & Crayford, UKvas usd, with an
applied load of 20 d
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CHAPTER 4

METAL MATRIX COMPOSITES (MMCs)
RESULTS AND DISCUSSION

4.1 General Microstructure

The PMMC microstructures obtained with or without the implementation of
intensive shearing are presented in this section. Discussion is focused on the
distribution of the reinforcement particles during melt processing, their
redistribution during solidification and how intensive shearing affects the dispersion
of these particles and the solidification behaviour of the matehmSection 4.1.1

that follows, the microstriares presentecand discussed are by conventional
mixing, while in Section 4.1.2 the resultant microstructures aftditionalintensive

shearing of the PMMCs are presented and discussed.

4.1.1 Distributive mixing i the HPDC process

4.1.1.1 LM25i SiG, composites

Figure 4.1 presents thmicrostructures of the distributive mixed composites, where

no intensive shearing was imposed on the melt prior to casting either in a steel
mould or by high pressure die casting. The reinfoenparticles agglomerated
forming clusters preferentially located at the grain boundaries or the interdendritic
regionsregardless of the casting method. This can be attributed to the pushing of the
particles by the solidification front and is in accorcarwith various previous
studies Nagarajan et al. 199%upta et al. 1996\aher et al. 20Q03Akhalaghi et al.

2004 Youssef et al. 20Q5The difference between the two casting methods is that
with the HPDC process, the high cooling rates and application of pressure resulted
in a more refined microstructure and the macroscopical segregation observed was
significantly lower than in the compossteast in the steel moulbh addition, during

the HPDC process the composite melt is forced to pass through the narrow gate of
the die where the developed shear forces can result in partial cluster break
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(b)

Figure 4.1Typical microstructures oflistributive mixed LM251 5 vol. % SiG

composites cast at 630 °C. (a) Cast in steel mould and (b) produced with the HPDC

process
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Figure 4.2 Higher magnification of ggical microstructure of LM25 5 vol. % SiC
PMMC produced with the HPDC process680 °C, revealing the presence of SiC

particle clusters.

down. Thus, at lower magnifications, the HPDC samples seemed to have a more

uniform distribution of the reinforcement, as seen in Figure 4.1

However, an increase in the magnification revealed the presence of particle clusters,
as presented in Figure 4.2. Another observation from Figure 4.1 was the high level
of porosity in the samples cast in the steel mould. During the conventional mixing
process, air bubbles are sucked into the melt via the vortex created whilst adding the
ceramic powder to the melt, resulting in high levels of porosity in the composite.
The particles tend to become attached to the air bubbles leading to the formation of
particle-porosity clusters, especially in low volume fraction composites
[Bindumadhavan et al. 2001]. Alsthere is normal casting porosity resulting from
dissolved gases or shrinkage. With the HPDC process, due to the application of high
pressure the leveld porosity are reduced. As the metal solidifies and the dendritic
structure grows, the paths for the flow of the remaining liquid become more
tortuous. The application of pressure during solidification allows liquid to flow
between the solidifying dendriferanches and compensate a certain extent for

shrinkage, compared to casting in the steel mould.
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4.1.1.2 LM24i SiC, composites

Figure 4.3 provides the microstructures of LM24&iC, composites produced by
conventional HPDC. Optical microscopy carriaat on the composites containing 5

and 10 vol. % Sigrevealed the presence of areas occupied by particle clusters and
at the same time areas free of SiC particles. The highly agglomerated nature of the
LM24-SiC PMMCs was a result of the ineffective mixiagd a lack of sufficient
hydrodynamic forces during conventional processing. These results are in agreement
with numerous previous studielsin et al. 1998 Lin et al. 1999 Sevik and Kurnaz

2006 Zhang et al. 2007(k)which reported the neoniform reinbrcement
distribution in the cross sections of cast PMMCs, where particle clusters and

segregation bands were observed.

4.1.1.3 LM24i Graphite (C) composites

The soft nature ofraphite particles can be utiéd to improve the wear resistance
and antifrction properties of Abased graphite composites. Figure 4.4 presents a
typical optical micrograph of LM24 5 vol. % graphite composite produced by
conventional HPDC, where the agglomerates of the reinforcement particles are
clearly visible. Lack of effient mixing during the conventional process for the
production of these components allowed the graphite particles to form clusters and

remain as such in the final solidified microstructure.

4.1.1.4 Reinforcement distribution during distributive mixing

During the distributive mixing of PMMCs, the rotation of the stirrer generates a
vortex through which the reinforcement particles are drawn into the melt. Physical
wetting between liquid aluminium and SiC or graphite is in general very poor
[Delannay et al. 987). The force provided by the impeller during mechanical
stirring is required to overcome the surface energy barriers due to poor wettability of
the reinforcement particles by the aluminium alloy matrix. Mechanical stirring helps
promote wettability andonce the particles are introduced into the melt, the

reinforcement distribution is strongly affected by the fluid flow characteristics.
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(b)

Figure 4.3 Representative optical micrographs of PMMC castings produced with the
HPDC process at 610 °C. (a) LM28 vol. % SiG, and (b) LM24- 10 vol. % SiG.
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Figure 4.4 Typical optical microstructure of LM245 vol. % graphite composite

produced wit the conventional HPDC process at 610 °C.

The very fine size of SiC particles used in this study, which were 4 um in average
size, and the low density of graphite particles which is 1.9 g/cc make any
gravitational effects negligible and they are usualyried fully suspended in the
liquid [Hashim et al. 2002(f)

With the conventional stirring process, axial and radial flow components are the
most dominant regarding the suspension of the reinforcement particles. The fluid
flow characteristics during digbutive mixing are schematically presented in Figure
4.5. Axial flow causes lifting of the particles due to momentum transfer and radial
flow prevents particle settling. Several factors, such as the shape of the impeller, the
rotational speed, and its gition relative to the melt surface and walls of the
crucible, can determine the final mixing quality. The optimum diameter of the stirrer
helps distribute the solid particles in the central and peripheral parts of the flow at

the same speed.

The objectiveof mixing is to break up agglomerated particles and then distribute
them uniformly in the composite mixture. The application of a local shear force on
the agglomerates of the bulk cohesive powder contributes to their distribution in the
close vicinity ofthe stirrer. The force applied on a particle cluster is directly related
to the viscosity of the medium. Harnbiddrnby et al. 1997has described the
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maximum force on a particle cluster rotating in a shear flow in the vicinity of a
stirrer as given by E@ion 2.7 and discussed in section 2.1.9.1. The degree of
mixing is affected by the momentum transfer from the impeller to the clusters
located away from the stirrer position. During distributive mixing velocity gradients
are present within the liquid mediWhilst the shear force applied to the liquid that

is in contact with the impeller is high, the overall shear force averaged out over the
whole volume of the liquid mediuns low and inadequate to break down particle
agglomerates. A lack of sufficient digpdynamic forces due to a variation in the
velocity gradient results in accumulation of the agglomerates in relatively stagnant
zones away from the impeller, such as the crucible walls, where they resist the shear
forces of mixing and remain unaffectedh€Be agglomerates are not transported
back into the high shear regions and finally find their way as clusters into the cast
structures, resulting in the characteristic microstructure seen in Figures 4.2, 4.3 and
4.4,

Figure 4.5 Fluid flow characteris8 during distributive mixing. Axial component

aids momentum transfer and radial component prevents settling.
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4.1.2 Dispersive mixing the MC-HPDC process

4.1.2.1 LM25i SiG, composites

Figures 4.6(a) and 4.6(b) present the microstructures of the dispersive mixed LM25
i 5 vol. % SiG composites cast in a steel mould and prodwei¢h the MGHPDC
process respectively. After the implementation of intensive shearing, the
microstructures of the coropites showed a more uniform distribution compared to
the conventional distributive mixing process. The samples cast in the steel mould
after intensive shearing had high levels of porosity similar to the ones cast in the
steel mould after distributive mixg only. This was due to the fact that the
distributive mixing process, used to introduce the particles in the liquid metal,
caused the suction of air bubbles. Casting in a steel mould also results in higher
levels of porosity in the samples. However, ttoe MGHPDC samples the resulting
microstructures wermuchimproved. The uniform dispersion of the SiC particles in
the matrix is clearly seen iRigure 4.6(b)and at higher magnification in Figure
4.7(a). For comparative purposes, microstructure of LM25 5 vol. % SiG

composite prepared with the HPDC process is also given in Figure 4.7(b).

Microstructural observations at intermediate magnifications, as presented by Figure
4.8 revealed that the majority of the SIC particles were present at the grain
boundaries and the interdendritic regions. However, numerous SiC particles were
observed insid the aluminium grains. The presence of these particles inside the
aluminium grains is attributed to the high velocity of the solidification front, which
must have been higher than the critical velocity required for the engulfment of the
SiC particles. SEMnalysis following the microstructural analysis of the #MEDC
samples under the optical microscope, revealed interesting features of the
microstructure. Two significant observations were made whilst examining the SEM

microstructures:

e The particles obseed under the optical microscope and assumed to be SiC,
actually consisted of both SiC particles ahdlFeMnSi compound particles
as seen in Figure 4.9(a). This explains the higher concentration of the

particles observed iRigure 4.1and Figure 4.6
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(b)

Figure 4.6Typical microstructures of dispersive mixed LM255 vol. % SiG

composites with the implementation of intensive shearing at 630 °C. (a) Cast in steel
mould and (b) produced with the M@PDC process.
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Figure 4.7 Highemagnification of aypical microstructure of LM25 5 vol. %
SiC, produced with(a) the MGHPDC processat 630 °C, showing uniform
distribution of SiC particleand (b) the HPDC process at 630, revealing the

clustering of SiC particles.
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Figure 4.8Microstructure of a MEHPDC at 630 °C LM251 5 vol. % SiG
composite showing the presence of SiC particles in the aluminium matrix grains
(dark in contrast particles inside the whiterAdtrix).

e The eutectic Si has a very fine structure as seen in FgA(b). In this
current study, the Si particles were considered to have an elliptical shape,
with an average size of its major axis=a0.7 em and an aspect ratio of
minor to major axis ¥a = 0.66. To our knowledge, formation of such fine
Si particles As not been observed before.

For the vast majority of Al alloys the presence of Fe is detrimental to the mechanical
properties and ductility in particular. This is attributed to the low solubility of Fe in

t h eAl solid solutin phase (0.04 wt. %) and its strong tendency to form various
Fe-containing compounds [Mondolfo 1976]. More specifically, ternaryF&-Si
phases, such aAFeSi (AlgFeShie)x aagroch al h dAIF@so noc | i
(AlsFeSi), are of great importance in-81 based alloys. The presence of Mn is
known t o stabil i a¥MnSia(Al;gMasBii) compownd misich y U
consumes Fe by forming an eAtFeMnS&ii br i un
(Al15(Fe,Mn}Siy) [Villars and Calvert 1991], which can be seen in Figdre.

Previous work [Fang et al. 2007] has shown that intensive shearing modifies the

morphology of these primary intermetallic compound particles from dendritic to
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Figure4.9 SEM microstructure of LM2b 5 vol. % SiCPMMC produced with the
MC-HPDC at 630 °C, showing (a) the presenceUdfIFeMnSi intermetallic
compounds in the microstructure and (b) the \farg, submicromete eutectic Si

particles.

equiaxed. Hencéheir uniform dispersion could improve the mechanical properties

of Al-Si based alloys.

Several authorsHohatgi et al. 1986Ray 1993 Gupta et al. 1996Nagarajan et al.
1999 have reporte@n the heterogeneous nucleation of eutectic Si on SiC particles.
Solidification of theU-Al phase leads to SiC particle pushing in the interdendritic
regions At the same timethe growth of theU-Al nuclei leads to enrichment of the

remaining liquid in Siwhich is also concentrated at the interdendritic regions. SiC
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has been shown to be a favourable site for heterogeneous nucleation of Si [Rohatgi
et al. 1993] and solidification of the remainilnguid will start withthenucleation of
Si. As the growing Al dendrites push the SiC particles in the eutectic liquid, the

relative amount of SiC there is higher causing a severe refinement of the eutectic Si.

4.1.2.2 LM24i SiG, composites

Figure 4.10presents typical microstructures of LM245iC, composites produced
with the MGHPDC process. Microstructural characterization of these castings
revealed a more uniform distribution of SiC particles compared to the conventional
HPDC microstructures provideby Figure 4.3In addition, the difference between
these microstructures and those presented in Figure 4.6 for LM&2G, is due to

the same contrabietweerthe reinforcement and the intermetallic particles observed
in LM25 during OM which makes therdifficult to distinguish.On theother hand

the intermetallic reinforcement particles in LM24 appear with different contrast
during OM observations and are easily distinguishiéte high shear rate, dispersive
mixing action of the MCAST process resultsarhomogeneous dispersion of the
reinforcenent. Image analysis of the of LM24% % SiG, and LM24- 10 % SiG, has
shown the reinforcement volume fractions to be 5.26 £ 0.91 % and 10.35 = 1.12 %

respectively, confirming the reinforcement quantities added.

4.1.2.3 LM24i Graphite (C) composites

A representative optical micrograph of LM24 5 vol. % graphitecomposite
produced by MEHPDC is shown in Figure 4.11. The implementation of intensive
shearing in the M@HPDC process resulted a homogeneous distribution of the
graphite particles. In comparison to the microstructure of the PMMCs produced with
the HPDC process, presented in Figure 4.4, no particle clusters were present in the
structure A previous study [Narendranath et al869 has shown that due to pinhole
porosity and polishing defects, observation under the optical microscope fails to
distinguish between graphite particles and micropores in composite materials. To
ascertain the graphite distribution in the matrix and thréase details of composite
materials, SEM analysis was utilised to assess the microstructure. Figure 4.12

presents a SEM micrograph of MPDC LM24 - graphite composite produced
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Figure 4.10 Representative optical micrographs of PMMC castmgduced with
the MGHPDC process at 610 °C. (a) LM24& vol. % SiG and (b) LM24- 10 vol.
% SiG,.
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Figure 4.11 Typical optical microstructure of LM24 vol. % graphite composite
samples produced by MBPDC at 610 °C.

Figure 4.12 SEMmicrograph of LM24- 5 vol. % graphite composite produced by
MC-HPDC at 610 °C, showing a uniform distribution of graphite particles.
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with the MGHPDC process at 610 °C, confirming the uniform distribution of
graphite particles, which are the dark in cast partites seen in the microstructure.

Image analysis of the microstructures of LM% vol. % graphite PMMCs has

shown the reinforcement volume fractions to be 4.93 £ 1.26 %. The density of the
MC-HPDC composite sampl e, mecple asrdsalissads i n g
by Clyne and WithersGlyne and Withers 1993and the rule of mxtures (ROMSs)

[Chawla 1998 was found to be 2.58 + 0.06 g/trand 2.66 g/crhrespectively,

indicating negligible porosity of the castings.

4.1.2.4 Reinforcement distribution during dispersive mixing

In section 4.1.1.4 we described how during distributive mixing the shear force
applied on the composite mixture by the impelleras enough to break down all of

the SiC clusters. Intensive shearing is required to break down the agglomerates into
individual particles by applying a shear stress that will overcome the average
cohesive force or the tensile strength of the cluster. Tlee nhwdels by Rumpf
[Rumpf 1962 and Kendall [Kendall 1988 for the calculation of the strength of a
cluster were discussed in section 2.1.8 and Equations 2.5 and 2.6. Previous work has
measured the tensile strength of highly cohesive particles to reackimuma of

300 kPa[Lee et al. 1998 According to Equations 2.5 and 2.6, for fine
reinforcement powders, the smaller particle size and shorter interparticle distance
result in significantly higher tensile strength making the application of a high shear
stress necessary in order to break the clusters. This can be achieved by the

implementation of intensive shearing in the M®DC process.

The fluid flow in the MC-HPDC process is charactexisby a cyclic variation of a

high shear rate, high intensity of turbulence and positive displacement pumping
action. The screws have specialgsigned profiles and are -cotating, fully
intermeshing and self wiping. The lowest shear rate is founceaap between the

root of the screw flight and the inner surface of the barrel whilst the highest shear
rate is offered by the intermeshing regions between the two screws. The high shear
regions are schematically shown in Figure 4.13. Intensive sheanmgplismented

in order to break up the particle clusters embedded in the liquid melt and disperse

the particles uniformly in the mixture.
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Figure 4.13 A schematic illustration of the high shear zones at the intermeshing

regions of the screws and the fldiow during intensive mixing.
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Figure 4.14 Fluid flow patterns inside t

of the slurry, (b) positive displacement and (c) high shear zones.
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Ji et al. [Ji et al. 200]L describedthat the melt in the MCAST unit moves in the
periphery of the screws in a 6figure of
to what is known as positive displacement. The fluid flow inside the MCAST unit is
shown schematically in Figure 4.14. Whdehesive forces hold the agglomerates
together, hydrodynamic stresses developed due to the spelgaigned profile of

the screws break the agglomerates into individual particles and result in the

homogeneous dispersion presented in Figures 4.7, 4d14. AP.

For the MGHPDC process, as described in section 3.3.4, the shear stress between
the screws and the barrel in the twin screw machine has been described by
Rauwendaal Rauwendaal 1994and is given by equation 3.1. Depending on the
viscosity andotational speed, an adequately high shear stress can be applied by the
MCAST unit on particle clustersAn average tensile strength value for particle
clusters has been reported equal to 660 Pa [Pierrat and Caram 1997], whilst
intensive shearing with th#ACAST unit at 800 rpm and above the liquidus
temperature of Al SiC PMMCs can produce a shear stress of approximately 1000
Pa The combinatiorof the fluid dynamics briefly described above and an enormous
amount of evechanging interfacial contact surigccompared to conventional
stirrers, contribute to the high shear dispersive mixing action of thestwaw

mechanism used in the MBPDC process.

4.1.2.5 Reinforcement redistribution as a result of solidification

In the microstructures of the compesitproduced with the HPDC process, the
reinforcement particles have agglomerated forming clusters preferentially located at
the grain boundaries or the interdendritic regions, as seen in Figure 4.2. This is
consistent with established particle pushing tieso [Stefanescu et al. 1988
Stefanescu et al. 1999oussef et al. 20Q5which predict the existence of a critical
velocity of the solidification front below which the particles are pushed ahead of the
advancing solidification front. When the particterejected by growing crystals and
pushed ahead of the advancing interface, a viscous force is generated which tends to
prevent the pushing of the particle. The balance of these counteracting forces will
decide the rejection or engulfment of the partiBlatameters such as relative density
difference, relative difference in thermal conductivity and heat diffusivity between
the particle and the metallic melt, and alloy composition will affect the shape of the
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solidification front and determine the magnituolethese forcesStefanescu et al.
1988 Stefanescu et al. 19PCAny engulfment observed for LM26 SiC PMMCs
produced with either the HPDC or M@PDC processes, can be attributed to the
high velocity of the solidification front due to the high coolnage provided by the
metallic die, which can be up to *l& s* [Fan and Liu 2006 This must have
exceeded the critical velocity required for the engulfment of the SiC particles,

resulting in the characteristic microstructure seen in Figure 4.8.

4.2 Quartitative Analysis

This section presents the results of the quantitative analysis carried out to describe
the distribution of the various reinforcement particles in the metal matrix of the
PMMCs producd with the HPDC and MEHPDC processes. The experimental
results are compared to theoretical distribution curves and the effect of processing

parameters is discussed.

4.2.1 LM2571 SiC, composites
The first statistical method used in this study to describe the distribution of

SiC ard UAIFeMnSi intermetallic particles in the LM25 based composites was the
Lacey IndexM. The values of the Lacey indeM for the distributive and the
dispersive mixed LM25 5 vol. % SiG, cast in a steahould and by high pressure
die-casting, both at 636C, are presented in Figure 4.15 as a function of shearing
time. The shearing speed was fixed at 800 rpm. As described in section 3.4.4, the
Lacey index is insensitive to mixture quality. The Lacey index of the distributive
mixed composites, representedHigure 4.15 by a corresponding shearing time of 0
s,was0.906 which is lower than that of the dispersive mixed, which ranged between
0.955 and 0.961. This is in agreement with the microstructural observations. For the
HPDC and the MEHPDC composites othe other hand, the results of the Lacey
index are not representative of the microstructural observations. The distribution of
the particles is definitely improved compared to the composites cast in the steel
moulds as seen by the overall increase in tlaeeel index. However, the
improvement in the distribution of the PMMCs produced with the-IWMRDC
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process was not reflected. To overcome this problem, further quantitative analysis
was carried out on the HPDC and the ME&DC composites using the Quadrat
method.

The results of the statistical analysis witle Quadrat method for the HPDC and
MC-HPDC processed composites are in accordance with the optical observations
made from the microstructure. They are given in Figure 4.16 as a frequency scatter
of the nunber of particles per quadradg, together wih the theoretical curves for a
negative binomial, inomial and Poisson distributiomhe magnitude of clustering
affects the shape of théq distribution, with a higher clustering tendency making
theNqdistribution less symmetric

As proven mathematicallyRlogers 197§ a clustered spatial distribution follows a
negative binomial model, a random spatial distribution follows a Poisson model and
a regular spatial distribution modellows a binomial model. The observed particle
distribution for the HPDC samples lies closer to a negative binomial curve
indicating clustering, whereas the M@PDC sample particle distribution bears

more of a resemblance to the Poisson and binomial suflese results reveal that

—o— MC-HPDC
—A— Dispersive
(steel mould)
Conventional
004 e 4 o
b o--
x  0.98 -
[}
=
= 0.96 + / N
s
i,d 094 | Distributive
(steel mould)//
0924 |
‘/
0.90 . T T T
0 60 120 180

Shearing time (s)

Figure 4.15 The Lacey Index M of LM255 vol. % SiCPMMCs processed with or

without the implementation of intensive shearing, as a function of shearing time.
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Figure 4.16Experimental results from the Quadrat analysis for HPDC and MC

HPDC processed LM25 5 vol. % SiC PMMCs components and theoretical
distribution curves.
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Figure 4.17 The effect of shearing time on the skewhe&$she particle distribution
in HPDC and MGHPDC processed LM265 vol. % SiC PMMCs.
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the MGHPDC process offered a great advantage for the fabrication of PMMCs
producing castings with a more uniform distribution of the particles compared to

conventionaHPDC, resulting in more homogeneous microstructures.

Figure 4.17shows the variation of the skewndsef the reinforcement distribution,

as a function of the shearing time, when the shearing speed and temperature were
fixed at 800 rpm and 630 °C respectively. The skewrassdicative value of the
degree of asymmetry, is a relative term used for comgarpurposesLower
skewness values correspond to more symmetric, thus uniform distributions. The
calculated value for the HPDC processed castings was significantly higher than that
for the castings produced with the M@PDC process, representing the okedr
clustering tendency. At a shearing time of 0 s, corresponding to the HPDC process,
the skewness value was 0.821 which then drops to 0.353 after 60 s of intensive
shearing. For 120 s of shearing the valué ofas 0.234, whilst the lowest skewness
valueof 0.199 was obtained after intensive shearing of the composite melt for 180 s.

4.2.2 LM247 SiC, composites

Similar to the analysis carried out for LM25SiC, composites, the experimental
results of LM2471 10 vol. % SiG composites are compared to theoretical
distribution curves in Figure 4.18. The clustered distribution of the reinforcement
particles in the HPDC composites was expected to result in a combination of empty
quadrats, quadrats with a small number of padieled quadrats with a high number

of particles during the Quadrat analysis. The observed distribution for a composite
produced with the conventional HPDC process followed a clustered distribution
expressed by a negative binomial curve, whereas the congigg distribution for

the MGHPDC composite showed a pronounced deviation from the negative
binomial distribution anday closer to both the Poisson and the binomial curves,

confirming the more uniform distribution.

The effect of shearing speed on the distribution of the SiC particles in the aluminium
matrix, as indicated by the variation of the skewrigss illustrated in Figure 4.19

for both 5 vol. % and 10 vol. % LM2#4 SiC, composites. The results demonstrate
that intensive shearing with the M@PDC process had a significant positive effect

on the distribution of SiC particles compared to the conventional distributive mixing
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Figure 4.18 Experimental results from the Quadrat analysisHRDC and MC

HPDC processed LM24 10 vol. % SiG PMMCS and theoretical distribution
curves.
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Figure 4.19 The effect of intensive shearing speed on the skewness of the
reinforcement distribution of both 5 vol. % and 10 volL#24 i SiC, composites,
produced at 610 °C and a shearing time of 120 s.
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Figure 4.20 The effect of shearing time at various processing temperatures of LM24

i 5 vol. % SiG composites, at a shearing speed of 800 rpm.

processThe implementation of intensive shearing, even at the lowest speed of 400
rpm, caused an approximate 40 % reduction in the skewness value of the composites
for both 5 vol. % and 10 vol. % SiC additions. Increasing the shearing speed resulted
in a further eduction of the skewness value, with this reduction being more

pronounced in the case of the LMR40 vol. % SiG composites.

Other processing variables that can affect the distribution of the reinforcement are
the shearing temperature and shearing tifhe. calculated skewness of SiC particle
distribution in LM24i 5 vol. % SiG composites is plotted as a function of shearing

time for three different processing temperatures in Figure 4.20. The skewness value
for the conventional HPDC composite was 2.3Mjlst with the implementation of
intensive shearing in the MBPDC process the skewness ranged from 1.39 for a
sample processed at 610 °C and 60 s, to 0.76 for a composite processed at 600 °C
and 180 s. When the shearing time was increased from 60 s 0,180t he s kewne
decreased and then increased again at 240 s. Figure 4.20 also indicates that mixing
quality was enhanced by decreasing the pmongsemperature from 620 °C 600

°C. HPDC castings were produced at approximately 630 °C for improved

processability and hence connected with dotted lines, as seen in Figure 4.20.
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Figure 4.21 Experimental results from the Quadrat analysis for HPDC and MC
HPDC processes and Binomial distribution curve for LM245 vol. % C
composites

4.2.3 LM241 Graphite (C) composites

The results othe Quadrat analysis for LM2% 5 vol. % C composites are compared
in Figure 4.21 with a theoreticaifomial distribution curve, which is used as an
indication of the homogeneity. Similar to the cas€4M25 i SiC, and LM24 -

SiC,, the MGHPDC process can produce composites with well dispersed
reinforcement particles, resulting in a uniform distribution which lies closer to the

binomial curve compared to the conventional HPDC process.

4.2.4 The effetof processing parameters

4.2.4.1 Processing temperature and processing time

The viscosity of a molten metal will increase with decreasing temperature following
the Arrhenius relationgrandes 1983 Addition of any solid reinforcement particles
will decrease the fluidity of the melt as the viscosity increases significantly and the
liquid becomes noiNewtonian RQuaak and Kool 1994uaak et al. 1994 Strong

agglomeration at low shear rates produces a large amount of entrapped liquid in the
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composite nxture and as a consequence, a considerable fractidhediguid is
immobilised increasing the effective fraction of the solid and resultingnieven

higher viscosity. Stagnant boundary layers around the particles result in an increase
in the total suiace area of ultra fine size particles, which will in turn cause increased
resistance to fluid flowRavi et al. 200B Equation (3) predicts that an increase in

the viscosity of the melt will cause an increase in the shear direkslower
processingemperature will increase the viscosity and the increased shear rate will
break up the agglomerates of S#hd disperse the particles uniformly, as expressed
by the decreased skewness at 600 °C in Figure 4.20. However, an adequately high
processing temperature, above the liquidus temperature of thei aieg °C for

LM24 and 615 °C for LM25 is required toncrease the fluidity of the composite
mixture and to improve its castability. Furthermore, an increased shearing time
dissociates the inteaggregate bonds but can also increase the frequency of
collisions between these particles resulting in the formationew agglomerates
which impair the mixing qualityRohatgi et al. 1998 However, it is clear from
Equation () that the shear stress produced by the MCAST unit is independent of
shearing time. As expected, a significant variation was not observiadvarnying
shearing time in Figures 4.17 and 4.20 for the skewness GHNIQC processed
LM25171 SiC, and LM24i SiC, composites, respectively

4.2.4.2Shearing intensity

When solid particles are dispersed in a liquid metal, two types of interactions can

ocaur, both of which produce an increase in the apparent viscosity of the slurry:
e A hydrodynamic interaction between the liquid and the particles and
e A nonthydrodynamic interaction between the particles themselves.

Previous studiesMada and Ajersch 1996(dylada and Ajersch 1996(biRavi et al.

2008 have shown thathe viscosity increases with the volume fraction of the solid
particles and with a decrease in the particle size. Owing to the increased shear forces
with intensive shearing, particle agglomerat® dissociated. Under intensive
shearing at a constant shear rate, an increase in the volume fraction of reinforcing
particles will inevitably lead to increased infmarticle interactions. As a result,

higher shear stresses are experienced by thelparincthe LM24i 10 vol. % SiG
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composites, which explains the improved homogeneity of the reinforcement
distribution seen in Figure 4.19.

Equation () also suggests that an increase in the rotational speed of the screws
will increase the applied shesiresd) An increased shear stress is expected to break
up the agglomerates by overcoming the cohesive forces which hold them together.
Under the high shear stress environment in the MCAST unit, the melt penetrates into
the clusters and disperses the wlial particles within the cluster, resulting in a
more uniform distribution. This is expressed by the decreased skewness at higher
shear rates in Figure 4.19, indicating an improvement in the homogeneity of the

reinforcement distribution.

4.3 MechanicalProperties

4.3.1 LM2571 SiC, composites

The improvement in the distribution of the reinforcement particles in thaaiix

had a positive effect on the mechanical properties of the composites, expressed by
the Vickers hardness measurements on the LBIEZ5PMMCs produced with and
without intensve shearingAs seen from the results in Table 4.1, the improved
distribution of the particles accounts for an increase in the hardness values after

intensive shearing, regardless of the casting method.

Table 4.1 The average Vickers Hardness of LM25 vol. % SiC composites
produced with and without the implementation of intensive shearing.

Casting method

Processing conditions Steel mould Die-casting
Distributive mixing| Os 59 74
60 s 61 78
Dispersive mixing
120 s 65 76
(MCAST-process)
180 s 70 79

87



As expected, die casting produced PMMCs with a higher hardness compared to the
composites cast in the steel mould. However, the implementation of intensive
shearing improved the hardness of the PMM£sduced with the MEHPDC

process, compared to the castings produced with the conventional HPDC process

The composites produced by the NHPDC process have a much more
homogeneous microstructure compared to the conventional HPDC composites, with

the SiCparticles being distributed uniformly throughout the whole volume of the
samples. This was consequently reflected in the mechanical properties obtained by

the tensile tests that were carried out. Figure 4.22 shows a comparison of the
mechanical propertiesf LM251 5 vol. % SiG composite samples produced by the

two different processes. The M@PDC composites show an increase in the tensile
elongation together with an increase in the ultimate tensile strength, UTS, of the
material, resulting from the effee¢ dispersion of the particles. The magnitude of

this increase is approximately 15%i gur e 4. 23 shows that Yol
of MCCHPDC composites fal/l within the Voigt
of the HashirShtrikman bounds, indicating aniform distribution of the SiC

particles in the aluminium matrix.
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Figure 4.22 Comparison of the tensile properties of LM35vol. % SICPMMCs
produced with the HPDC and MEBPDC processes.
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Figure4.23 HashirSht r i kman bounds and measured av
modulus for LM251 5 vol. % SiCPMMCs produced with the HPDC and MC
HPDC processes.

4.3.2 LM24- SiC, composites

The fabrication process is well known to affect both the structurgaoperties of

cast composites. Figure 4.24 shows a comparison of the mechanical properties
obtained from tensile tests for LM2410 % SiC PMMC castings processed with
conventional HPDC and MEIPDC. The results clearly demonstrate that the- MC
HPDC procesffered improved tensile properties compared to the conventional
HPDC process, expressed by a simultaneous increase in strength and ductility. The
elongation of the MEHPDC samples was approximately 25 % higher than that of
HPDC samples. The mechanicaloperties of the meltonditioned base LM24

aluminium alloy are also included in Figure 4.24.

The present study demonstrates that the WRDC process is capable of producing
composite materials which exhibit an increase in tersgrength whilst maintaining

a reasonably comparable ductility with the unreinforced samples, when most
conventional processes produce brittle p
modulus data for LM2&iC PMMCS together with the theoretical Hashin
Shtrikman bounds. Similar to LM25iC PMMCs, the MEHPDC process produced
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Figure 4.24 Comparison of the tensile properties of LM240 vol. % SiG

composites produced with the HPDC and MEDC processes. The properties of

the base LM24 alloy produced with the MAPDC process are also included for

comparison purposes.
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Figure 4.26 Fractograph of LM24 % volume fraction SI®MMC produced with

the MGHPDC process. Some of the intact SiC particles are indicated with arrows.

castings witha uniform distribution of the SiC particles in the aluminiumatrix,
confirmed by the Youngds modulus values

limits.

Figure 4.26 is a fractograph tfe LM24 i 5 vol. % SiG MC-HPDC composite.

The tensile fracture surfaces reveal the microstructural effects on the ductility and
fracture properties of a composite. The fracture surfatieedfM24 - 5 vol. % SiG,
MC-HPDC composite consisted of intact sigarticles, indicatedhi the micrograph

by the red arrows, surrounded by ductile regions termed tear ridges. Examination of
the tensile fracture surfaces revealed damage associated with ductile failure, with no

evidence of void formation.

4.3.3 LM24 - Graphite composites

Previous work Majumdar et al. 1984suggested that graphite particles, being very
weak compared to the aluminium matrix may be treated as nonbésthg
constituents. The uniform distribution of the graphite particles in the matrix was
expected to have an important effect on the mechhnxroperties of the

91



300

o HPDC
@ MC-HPDC
280 - -
] ° 9
260 - 7
= o ol
S 240-
2
> 220 0
200
180 T T T T T T T T T
1.5 2.0 2.5 3.0 3.5

Elongation (%)

Figure 4.27 Comparison of mechanical properties of LM28 vol. % graphite
composites produced with the HPDC andMMEDC processes

composite material. The properties of LM245 vol. % graphite composites
produced by conventional HPDC and MHPDC are compared in Figure 4.27. The
MC-HPDC composites exhibited an increase in the tensile elongation together with
an increase in the ultimate tensile strength of the material, whicheatributed to

the improved dispersion of the graphite particles.

Several authorsrishnan et al. 1981Krishnan et al. 1983Modi et al. 1992Pillai

et al. 1987 Pillai et al. 199% have reported on mechanical properties cfyfdphite
composites. However, the fact that each study used different experimental
procedures does not allow a direct comparison of these properties. In an attempt to
compare the mechanical properties of Al alfpgphite compositeshé tensile

strength was normaksl with respect to the base matrix as follows:

O¢
Ch=— (4.1)

m

wherely is the normalied UTS, o, is the UTS of the matrix ang is the UTS of

the compode. Table 4.2 lists the normadd UTS data from various previous

92



investigations. The homogeneous distribution of graphite particles iFHFIQC
processed composites resulted in a reasonably high UTS value, comparing well with
the base alloy, which was in turn reflected tbe high valueof their normaligd

UTS.

4.3.4 The effect of composite microstructure on the mechanical properties

The fundamental links between microstructure, properties and processing conditions
are well established for all materials aRMMCs could not be an exemption. The
fracture of composite materials is mostly associated with particle clusters or
agglomerates which act as cracks ofcdResion sites, or botllpyd 1997. The
primary disadvantage of composites with clustered microsires produced with

the HPDC process is their brittle nature and they frequentfgrsiiom low tensile
ductility. Srivatsarand ceworkers[Srivatsan et al. 2003howed that in regions of
pronounced particle clustering, the short interparticle disttawktates the growth

and association between neighbouring voids and microscopic cracks, which

Table 4.2 Normalised UTS data comparison foibAsed graphite PMMCs.

Matrix graphite composition (wt.%) | Normalised | Reference

UTSJ @0
LM13 7 3 graphite (die cast) 0.72 [Das et al. 1989
LM30 i 3 graphite (die cast) 0.70 [Das et al. 1989
Al-11.8St1Mg-3 graphite (as cast) | 0.72 [Rohatgi and Surappa, 1984
Al-12St1.5MgCu-Ni-3 graphite 0.77 [Krishnan et al. 1943
(gravity die cast)
LM13-3 graphite (UPAL) 0.77 [Krishnan et al. 19891
LM24 7 3.5 graphite (HPDC) 0.83 Present study
LM24 171 3.5 graphite (MGHPDC) 0.90 Present study
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result in the macroscopic failure and resultant low tensile ductility seen in
conventional HPDC castings. Our study confirmed that the uniform dispersion of
reinforcement particles will result in superior tensile properties as seen in Figures
4.22, 4.24 and 4.27he hard, brittle and essentially deforming SiC particles resist
the plastic flow of the aluminium alloy matrix and favour the formation of tear
ridges, as seen in Figure 4.26. A uniform dispersion of the soft graphite particles,
which are treated as ndoadbearing constituentsMajumdar et al. 1984also
results in improved mechanical performance ofgfdphite composites, minimizing

the reduction in tensile strength compared to the base metal. In accordance with
previous studies Asthana 1998(d) the elastic modulus of discontinuously
reinforced composites increases with increasing additions of the ceramic

reinforcement, as seen in Figure 4.23 and 4.25.

Our study has demonstrated that the superior mechanical properties exhibited by the
MC-HPDC sampleswhen compared to conventional HPDC composites are
attributed to the improved distribution of reinforcing particles and good interfacial
integrity between the particles and the metallic matrix.naum distribution will
minimise the presence of stressncentration sites and result in improved
mechanical performance. The importance of the processing conditions in
determining the final microstructure and uniform distribution of the reinforcement in

the composites has also been demonstrated.

4.4 Concluding Remarks

The results from the implementation of intensive shearing for the production of high
quality PMMCs with the MEGHPDC process were presented in this chapter and
compared to PMMCs produced with conventional processing. The findingsecan
summaried as follows. The conventional stir casting process using mechanical
stirring for the mixing of the reinforcement and the metal matrix and the HPDC
process for casting produces highly agglomerated andiniborm microstructures,

in agreement to & findings of other researchers. However, the intensive shearing
offered by the MCAST unit results ia uniform dispersion of the reinforcement
particles in the LM255iC, LM24-SiC and LM24C PMMC systems studied. The
high shear stress produced by intensiiearing is adequate to overcome the tensile
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strength of particle clusters and disperse them uniformly in the liquid metal matrix
prior to casting.

Statistical analysis with the Quadrat method confirmed that the distribution of the
reinforcement for PMMCgroduced with the MEHPDC could le described with a
theoretical momial or Poisson distribution, indicating the uniformity of the
microstructure. By contrast the distribution of the reinforcement in castings
produced with the HPD process could be deslmed by a theoretical negative
binomial distribution that has beenuftd to describeclustered microstructuse
Finally, the improvement of the microsttucal uniformity was reflectedni the
mechanical properties of the M@PDC processed PMMCs. The tersstrength

and elongation of the PMMCs produced with theMEDC process was increased

by 1525 % compared to PMMCs produced witte conventional HPD(orocess
where particle clusters act as crack nucleation sites and deteriorate the mechanical
performane of the composite.
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CHAPTER 5

MAGNESIUM ALLOYS
RESULTS AND DISCUSSION

5.1 Introduction

The main objective of this chapter is to study the effect of intensive shearing on the
solidification microstructure and mechanical properties of magnesium alloys. In
general heating, melting and melt handling of magnesium melts allow the chemical
reaction with oxygen, even with the presence of a protective atmosphere. This
chemical reaction results in the presence of solid oxide particle clusters and oxide
films in the molten alloys, which are namiformly dispersed. Magnesium
components cast with conw@mal processes usually exhibit a coarse and non
uniform microstructure, containing various casting defects and severe chemical
segregation. Intensive shearing was implemented by means of the MCAST process
on magnesium alloys of three different alloy esrinamely AZ, AM and AJ series,

and the resulting microstructures are presented in this chapter in section 5.2. In
section 5.3 the AZ91D alloy was selected and studied in detail and its microstructure
and mechanical properties were evaluated by produzasy components with the
MC-HPDC process. In section 5.4, the potential of the-lWRDC process as a
physical route for the recycling of high grade magnesium alloy scrap is presented.
Finally, in section 5.5 the discussion of the results is focused onfféeseof
intensive shearing on the refinement of the solidification microstructure and the

subsequent improvement of the mechanical properties.

5.2 Microstructure of MCAST magnesium alloys

5.2.1 AZ91D magnesium alloy

Recent wok in our research group was carried out to investigate the effect of
intensive shearing on the grain size of AZ91D all¥ia[et al. 2009 The liquidus
temperature of AZ91D magnesium alloy is 598 °C. Hence, to ensure that the molten

metal was in a fullyiquid state, the application of the MCAST process started at a
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(b)

Figure 5.1 Microstructure of AZ91D alloy cast in a TP1 mould at 650 °C: (a) as

cast; (b) MCAST Kia et al. 2009 The implementation of intensive shearing has
clearly refined thegrain structure.
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Figure 5.2 The effect of intensive shearing on the average grain size of AZ91D
magnesium alloy, as a function of temperatuxéga[et al. 200 The MCAST

process refines the grain size and reducdsntperature dependence.

temperature of 605 °C. As the MCAST unit can reach a maximum temperature of
650 °C, the temperature range studied was betwee®BDSC.Figure 5.1 presents

the microstructure of the AZ91D Mg alloy, with and without melt sheaxagt at

650 °C in the TP1 mould, showing the significant grain refinement provided by the
intensive shearing. The mean grain size decreased frorar620 175¢m at 650

°C. It was found that this grain refinement was effective over the whole casting
tempeature range studied for the AZ91D alloy, as presented in Figure 5.2. The
influence of the melt superheat on the grain size was suppressed by the shearing
effect, with the mean grain size varying from 8% to 175em when intensive

shearing was imposed, opared to 21@m to 690e m without melt shearing.

5.2.2 AM60B magnesium alloy

AMG60B, together with AZ91D, are the most widely used magnesium alloys-n die

casting applications. Refinement of its microstructure would result in reduced
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Figure5.3 Microstructure of AM60B magnesium alloy cast in a TP1 mould at 650

(b) MCASTThe implementation of intensive shearing has clearly

°C: (a) as cast;

refined the grain structure.

99



350 -

0O As-cast

@ MCAST
3004
s 1
= 250
() 1
N 1
‘»m 2004
s |
© :
5 150 - :
o
g 1004
O 1
> [l
< 50 -

] ETL:615 C

O : T T T T
620 630 640 650

Temperature (°C)

Figure 5.4 Theeffect of intensive shearing on the average grain size of AM60B
magnesium alloy, as a function of temperaturee MCAST process refines the

grain size and reduces its temperature dependence.

casing defects and more consistent, improved mechanical peafoce. AM60B

alloy has a liquidus temperature of 615 °C and to ensure that intensive shearing was
carried out at a fully liquid state, the temperature range for processing was selected
between 620 °C and 650 °C. Figure 5.3 presentsnibeostructure oftte AM60B
magnesium alloy, with and without melt shearing, cast at 650 °C in the TP1 mould.
Intensive shearing resulted in significant grain refinement and the average grain size
decreased from 278m to 130em at 650 °C. The MCAST process lead to the
formation of an equiaxed microstructure compared to the-umiform coarse
microstructure of the nesheared alloy. Compared the AZ91D alloy, at 650 °C

the AM60B alloy is cast witha lower superheat hence thenaller grain sizes.
Furthermore, the presence of manganese in small quantities has been shown to
refine the microstructureCao et al. 2006 The observed grain refinement was
effective and intensive shearing reduced the effect of superheat. The avaiage gr
size as seen in Figure 5.4 varies fromen® to 130em for the MCAST process,
compared to 106m t@ 275em without melt shearing.
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5.2.3 AJ62 magnesium alloy

(b)

Figure 5.5 Microstructure of AJ62 magnesium alloy cast in a TP1 mould &350

(a) as cast; (b) MCASTThe implementation of intensive shearing has clearly

refined the grain structure.
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Figure 5.6 Theeffect of intensive shearing on the average grain size of AJ62
magnesium alloy, as a function of temperatiree MCAST process refines the

grain size and reduces its temperature dependence.

Much attention has been paid to the research and developmenstafompetitive

and high temperature creep resistant Mg based alloys that would enable the
automotive industry to use more Mg alloy components in order to produce
lightweight and fuel efficient vehicles. Among them, MbSr alloys have shown
superior ceep performance and tensile strength at temperatures as high as 175°C,
with the particular AJ62 (M®AI-2Sr) alloy giving an excellent combination of
creep performance, tensile properties and castabllitp [and Pekguleryuz 1994
Pekguleryuz and Baril 2 The MCAST process was used to study the effect of
intensive shearing on AJ62 magnesium alloy at a temperature range between 620 °C
and 650 °C, as the liquidus temperature of the alloy is 612 °C. The microstructure of
AJ62 alloy, with and without melthgaring,cast at 650 °C in the TP1 mould is
presented in Figure 5.5, where the grain refinement of the solidification
microstructure by intensive shearing is evident. The very large, coarse dendrites of
the as cast microstructure are eliminated by the MCA®cess and the mean grain
size at 650 °Glecreased from 31&m to 125em. Similar to the results for AZ91D
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alloy, this grain refinement was effective over the whole casting temperature range
studied, as presented in Figure 5.6. The mean grain sizel yayie 60em to 125

em over the temperature range when intensive shearing was imposed compared to
135em to 315em without melt shearing. In comparison to AZ91D alloy, there was
less melt superheat for the temperature range studied which explains the smaller
grain sizes measured. In addition to that, the presence of strontium is known to
contribute to the grain refament of Mg alloys[StJohn et al. 20Q5.iu et al.
2008(a) Yang et al. 2008(lh) Nevertheless, the difference between the-stoeared

and sheared AJ62 alloy mean grain sizes clearly demonstrates the refining effect of

intensive shearing

5.3 Microstructure and mechanical properties of AZ91D MG

HPDC magnesium alloy

As described in section 2.2.2, the most commonly used fabrication process for
magnesium components is high pressurecdsting (HPDC) and AZ91D is the Wg

Al based alloymostly used However,the AZ91D alloy has a wide solidification
interval and is highly susceptible to casting defects. Current cast components usually
exhibit a coarse and namiform microstructure, containing various casting defects
and severe chemical segregation. The-NRDC process was used to produce
AZ91D alloy castings and their microstructure and mechanical properties were
studied and compared to castings produced with the conventional HPDC process.

5.3.1 Microstructure of HPDC and MC-HPDC processed AZ91D alloy

Figure 5.7provides a comparison between the solidification microstructure of the
AZ91D alloy prepared by the HPDC and MIPDC process, respectively. For the
HPDC processe@lloy in Figure 5.7(a), large angell developed dendrites are
clearly visible, and segregation of the primary Mg phase has taken place, resulting in
a norruniform microstructure. Macrpores were often observed in the centre of the
sample. Two types of dendrites were found, distinguidhedheir dendrite arm
spacing. During the HPDC process, the liquid stays for a few seconds in the shot
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(b)

Figure 5.7 Polarsd optical microgragh showing the detailed solidification
microstructure of AZ91D alloy processed at 65 by (a) tle HPDC and (b) the
MC-HPDC process, respectively. Notice the dendritic structure of the HPDC
castings, which is completely eliminated after the implementation of intensive

shearing and the MEIPDC process
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