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ABSTRACT

ABSTRACT

This thesis describes the novel laser surface iatjogf aluminium AA1200 with
various combinations of Ni, Ti and SiC powders,ngsa 4.4kW Rofin Sinar
Nd:YAG laser in order to improve its mechanical anldological properties. The
laser alloying parameters were optimized on theakmtewn systems of the
complex Al-Ni-Ti-SiC system. Various analytical letques were used to study
the microstructures produced. Wear testing was wtted under sliding and
abrasion conditions while the fracture mechanisragevinvestigated using impact
tests. Aluminium surfaces reinforced with metal mxatcomposites and
intermetallic phases were achieved. The phasesemiredepended on the
composition of the alloying powder mixture. Al réaat with Ni to form A§Ni and
Al3Ni, intermetallic phases while Ti reacted with Al terrh an AkTi
intermetallic phase. Some of the SiC particlesaligsded and reacted with either
Al or Ti to form Al,Cs, Al4SiCy, TIC or TESIC, phases. Si reacted with Ti to form
a TisSiz phase. An increase in surface hardness was adhiepd¢o a maximum of
13 times that of aluminium when alloying with 80wWtllot 15wt%Ti + 5wt%SIC.
The increase in hardness was attributed to thematiallic phases especially the
Al3Ni, phase. Alloying led to a 4-38% improvement in Wear resistance of the
pure aluminium under sliding wear conditions antPa82% improvement under
three body abrasion wear conditions. The predonmiwaar mechanisms for both
wear types were groove formation by ploughing aumtirgy action of the abrasive
particles, smearing, material pile-up, extensivacking of the intermetallic
phases and fracturing of the embedded SiC particldee MMCs. Alloying led to
a 31-50% decrease in the impact resistance ofuheguminium. Brittle fracture
of the SiC particles and transgranular crackinghef intermetallic phases were
observed for the laser alloyed surfaces while teiétacture was observed for the

bulk aluminium.
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INTRODUCTION

1. INTRODUCTION

Aluminium is extensively used in industry due ® lbw density, high strength to
weight ratio, high thermal conductivity and goodni@bility [1]. Despite these

attractive attributes, its application range isite@d by its poor surface properties
such as hardness and wear resistance. These ibmg&atan be overcome if the
surface properties can be enhanced while retaiti@dulk properties. There are
several metallurgical processes which may be useshhance surface properties
such as flame spraying, plasma spraying, electiiogla physical vapour

deposition and chemical vapour deposition. Howeteszse methods are not

widely used as they do not offer good metallurglmahding to the base material

[2].

In this project, laser alloying was selected to ifyothe surface properties of
aluminium since previous studies by various autlage shown positive results
[1-7]. In this process the alloying materials agpakited as powders into a melt
pool generated on the surface of a component mcaséd laser beam [3]. The
beam is scanned over the component's surface aeddéposited material
resolidifies resulting in a good bonding betweera #ubstrate and the alloyed
layer. This modifies the surface by changing themgosition and microstructure
without affecting the bulk properties of the matérProcess parameters such as
laser power, laser beam spot size, laser scanpegpsand powder feed rate have
to be controlled to achieve the desired metall@goonding and alloyed surface

properties.

Metals and ceramics can be used as alloying mktekiaser alloying with metals
results in the formation of intermetallic phaseghe alloyed layer and alloying
with ceramics results in the formation of metal mxatomposites. Intermetallic
phases and metal matrix composites that are foomeduminium surfaces during
laser alloying result in improved hardness, higkcd strength, high specific
stiffness, high electrical and thermal conductgsti low coefficients of thermal

expansion and high wear resistance [3-6]. Thesematt are typically used in the

1
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automobile, mining and mineral, aerospace and defeactors. In the automotive
sector, typical uses are components such as brakesdcylinder liners, cylinder

blocks, drive shafts etc. In the aerospace sestauctural applications such as
helicopter parts (body components, support of tterrplates, drive shafts, etc),

rotor vanes in compressors and aero-engines arethe

Research on the laser alloying of aluminium alleyth either ceramic or metallic
materials has been very active [1-4, 7-9], buttiaiwork has been published on
using both materials simultaneously. The publisiedk has been limited to
higher aluminium alloys (i.e. 2xxx to 7xxx serig4)}10] while to the author’s
knowledge none exists on aluminium AA1200 (comnagipure aluminium). In
this work, aluminium AA1200 was laser alloyed witiy Ti and SiC of different
mixture compositions (refer to Table 3.3 in Cha@perThe aim was to obtain an
aluminium metal matrix composite reinforced witlCSarticles and intermetallic
phases. The Ni was chosen because Al-Ni intermetpiases are known to
improve the surface hardness of aluminium alloysnduaser processing [7]. The
SiC and Ti were chosen to form metal matrix comjggswith aluminium via in-
situ reactions. The exposure of SiCto molten Adufes in the formation of
Al4SIiC, and/or ALCs phases [10]. The aluminium carbide phase;G4l is
extremely brittle and reacts with water to formmainium hydroxide. Therefore
Ti was added to compete with Al for C resultingtive formation of TiC instead
of Al,Cs [2]. The AI-Ti intermetallic phases have good hess and wear
properties [3]. In this project the tribological camechanical properties of the
alloyed materials were studied and compared toetladsunalloyed aluminium
AA1200.

Aluminium AA1200 is approximately 25% cheaper tligher aluminium alloys.
If the properties of aluminium AA1200 laser alloyedh Ni, Ti and SiC powders
are comparable or superior to those of the aluminBxxx and/or 7xxx series
then this alloy could be used in industries wheighér aluminium alloys are
used. The study of this material is therefore alustrial and scientific interest.

The novel aspects in this project are:
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Laser alloying aluminium AA1200 with Ni, Ti and Sgdmultaneously;
Optimizing the laser parameters for the formatidrhomogeneous and
crack-free alloyed surfaces;

Studying thein-situ formation of the metal matrix composites and
intermetallic compounds;

Characterizing the mechanical and tribological prtips of the alloyed

material.

This thesis is structured in the following mannéhapter 1 explains the
significance of the research. Chapter 2 introduites aluminium alloys and
reviews laser alloying as well as published redeaom mechanical and
tribological studies of the materials. Chapter 3salbes the experimental
techniques. The results are presented in Chaptansl 5 and discussed in Chapter

6. Chapters 7 and 8 provide the conclusions amaimetendations, respectively.
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2. LITERATURE REVIEW

This review starts by briefly introducing aluminiutihen giving a description of
laser processing and laser alloying. This is foddwby a review of research
involving Al, Ni, Ti and SiC. The chapter ends hvé review on the fundamentals

of wear and fracture.

2.1 Aluminium

Aluminium has a face-centred cubic crystal lattsteucture [11]. The melting
point of pure aluminium is 660°C, a lower value rthather commonly used
engineering materials such as nickel (1453°C)npititan (1668°C), silicon carbide
(2730°C) and steel (1535°C) [11]. The density afghium is 2.7g/crfy which is
lower than that of Ni (8.90g/cth Ti (4.51g/cni) and SiC (3.50g/cf [12].

Aluminium is classified using a number of differesystems. In this thesis, the
American Aluminium Association (AA) standard is dseThe International

Organization of Standardization (ISO) standard wehdesignations specify the
weight percentage of the major alloying elements e new European Norms
(EN) system which is based on the AA and ISO statglenentioned above are
referred to in the literature review. The AA listrfaluminium is shown in Figure
2.1 [11]. The first digit in the AA designation skifies the alloys according to the
major alloying element(s). A distinction is madévieen wrought and cast alloys.
Different products can be made from aluminium aldoy hot- or cold-rolling,

homogenization, extrusion, casting (sand castirayity die-casting and pressure

die-casting) and machining.
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Alloy Designation System

Major Alloying Work Precipitation
AA Element(s) Atoms in Solution Hardening Hardening
IXXX None Non- Heat
3XXX Mn Treatable
4XXX Si Alloys
Wrought SXXX Mg

Alloys EXXX Mg +Si Heat
2XXX Cu Treatable
7XXX Zn
8XXX Other
IXXX_ | Min 99 wt.% Al ol A
AXXX Si Treatable

. 5XXX Mg Alloys
Casting ™330 | si+mg(cu)

Alloys 2XXX Cu Treatable
7XXX Zn Alloys
8XXX Sn
9XXX Unused

Figure 2.1: AA list for aluminium alloys [1:

When atoms from another metal replace aluminiurmatm a crystal structure
solid solution is formed. Due to the differencesize between the aluminiu
atoms and the atoms of tihew metal, the aluminium lattice is strained. 1
increases the strength of aluminium as dislocatrmvement is impeded. Whu
the alloying elements in solution are oversaturatditey precipitate a

intermetallic compound:

All commercial aluminium aoys contain approximately 0@ 4wt% iron (Fe).
The most important alloying elements used to infaee the properties «
aluminium are silicon (Si), magnesium (Mg), mangan@Mn), copper (Cu) ar
Zinc (Zn). Other alloying elements such as bism(@h), boron (B), chromiun
(Cr), lead (Pb), nickel (Ni), titanium (Ti) and eomium (Zr) can be added

small amounts<0.1wt% although B, Pb and Cr may comprise up tov®4 to
tailor alloys for special applications by improvirtheir properties such
castaldity, machinability, hee-resistance, corrosion resistance and tensile gtr
[11].
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Certain properties of aluminium such as the modoluslasticity (E = 70GPa),
density ( = 2.7g/lcm3) and thermal expansion coefficient (BfK) are
dependent of the alloying elements and the praoogsshain. Certain properties
are very sensitive to the microstructure and comiposof the material. These
properties are [11]:

Strength, ductility and formability (volume propes);

Fatigue resistance and fracture toughness (locgdepties or crack front
properties);

High temperature resistance and creep resistar@rn(b-mechanical
properties);

Corrosion resistance, wear resistance and surfanditoning (surface

properties).

The alloy composition, shaping process and heatrtrent determines the
microstructure and the microstructure determinesatiove mentioned properties.
This work aims to improve the surface propertieslafminium AA1200 by laser

alloying with Ni, Ti and SiC powder particles.

2.2 Laser Processing

This section is an introduction to the fundamem@hcepts of laser materials
processing. Research on the laser alloying of aliwmi with various materials is

also reviewed.

The word ’laser’ is an acronym for light amplificat by stimulated emission of
radiation [13]. When a photon strikes an atom mekcited state, it stimulates an
electron to drop to a lower energy level emittimpther photon. The energy of
the incoming photon must correspond to the enernffgrence between the
excited level and the lower energy level of thenat@he new photon has the
same frequency and phase as the first photon ansksmwith it in the same

direction. When the new photons (the incoming dredgroduced photons) strike
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other excited state atoms, they stimulate the sel@ other photons and the light
ray is further amplified. Laser light is monochrdmodall photons have the same
wavelength), coherent (all photons are in phasa e#éch other) and directional

(photons have the same direction and move nearflekto each other).

The first laser was built by Theodore H. MaimanlB60 [14]. It consisted of a
synthetic ruby crystal rod that was placed insidelcal flash lamp. At each end
of the rod were mirrors. As the flash lamp energittee rod, the chromium atoms
of the ruby began to glow a deep red colour. Thst 8mitted photons stimulated
the emission of further photons and the laser be@amformed.

The major components of a laser are the active ungdihe resonator and the
pumping and cooling mediums [13,14]. The active m@d(also known as the
gain medium) is the material that emits the laggttland is also the medium in
which the laser light is amplified. The active medican be a gas, solid or liquid.
The critical factor is that the materials must esléctromagnetic radiation of a
certain wavelength when it is stimulated and drbpsn the excited state to a
lower energy state. The resonator consists ofaat levo mirrors that reflect the
light repeatedly back into the active medium. Tlsonator determines the
direction and propagation of the laser light anduees sufficient amplification of
the laser beam by stimulated emission. Laser pugnf@eds energy to the active
medium in order to excite it. Every beam sourceumr®$ a pump source (or
energizer), the gain medium with optics and eleatror chemical energy. The
greater part of the excited energy is not conveiéal laser light but heat. The
cooling of the active medium ensures that the fsedissipated to ensure that the
active medium and the resonator do not heat upsskady. Other components
required are the elements required to supply tlaenbsource with energy and the
additional materials such as gas and cooling watarious types of lasers, which
each utilize different active mediums, are usedaser materials processing. In
this work an Nd:YAG laser was used due to its otterestic wavelength which
has high absorbivity when incident on metallic mats.
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2.2.1 Nd:YAG (Neodymium yttrium aluminium garnet) lasers

The Nd:YAG laser is the most prevalent high poveaijd state laser used in
manufacturing applications today [14]. Figure &ws a schematic diagram of
an Nd:YAG laser [15]. The gain medium has an Nd:Yé&gstal and two mirrors
(total reflector and output coupler). The outputigler is a partially transmitting
mirror through which the output laser beam is egditt The lasers are optically
pumped using a flash lamp or a diode (using lightmf a diode laser). A flash
lamp is an electric glow lamp designed to produdeeenely intense, incoherent,
full-spectrum white light for very short duration® laser diode is more
commonly used as a pumping source for solid stader$ because of its high
pumping efficiency [13] and was used as the pumpowce for the current work.
The lasing action of an Nd:YAG laser is developethie neodymium ions (N§).

It is based on a four-level system of electron gne&hanges within the ion. The
neodymium doping level in the crystal of an Nd:YA#&%er is between 0.5 and
l1at%. The yttrium aluminium garnet (YAG) is chosena host for the N#ions
because of its thermal, optical and mechanical gnt@s. YAG is a very strong
crystal even when distorted by the addition of #tightly larger Nd. It can
withstand very high internal stresses produced ftloenoptical or diode pumping
and cooling at the outer diameter.

Total
= AstLLaD Coupler
Nd:YAG Crystal LI-
aser
Qutput
— ~ ———
" Flash Lamp
Power
Supply

Figure 2.2: Schematic diagram of an Nd:YAG laséiy][1
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YAG is optically transparent to both the pump wawgith and the laser
wavelength, and it can take a very high-grade aptitish [13,14]. The
neodymium ions turn the transparent YAG into a r&gdarystal. Light from the
arc lamps or diode laser is used to promote thereles of the neodymium ions to
an excited state where the electrons move to ahiglser level, releasing energy
into the crystal host in the form of heat. ThifaBowed by a transition back to
the lower laser level, where light with the wavejgnof 1.064 micrometers is
produced. Once in the lower laser state, the @estquickly decay to the ground
state and give off heat. In a neodymium ion, theelolaser level is considerably
higher than the ground state. As a result, the idager level is not populated
when the crystal is in the ground state, makingasy to create a population
inversion. Population inversion is the conditiominich more atoms or molecules
of the gain medium are in the upper laser levat ihahe lower laser level. In this
situation, a photon is more likely to strike an ieed-state atom or molecule and
cause it to emit laser light than to be absorbethbyatom or molecule. The laser
beam is then amplified. If more atoms or molecwlese in the lower laser level
than the upper laser level, the photons would estaik atom or molecule that is not
excited and be absorbed, weakening the laser beam.

An Nd:YAG laser uses fiber optic beam delivery. Btlansmission efficiencies
greater than 99% are possible with silica fibers1d@64nm (the Nd:YAG
wavelength). The major advantage of fiber opticeroeonventional beam
delivery components (like mirrors) is the abilitytransmit laser beams over long
distances (up to 50m) and around curves, because afility to flex [14]. Fibers
can be easily moved so that the beam can be mateguébout a fixed work-
piece.

2.2.2 Laser alloying

The laser alloying process involves melting a thiyer of the substrate surface

and simultaneously adding the alloying materiab ittie melt pool [3,16]. The
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alloying material can be in the form of powder, avor paste. The surface re-
solidifies rapidly and the composition of the saddayer is thereby modified.
The motivation for laser surface alloying is to moye the mechanical,
tribological and corrosion properties of a relayv@expensive soft substrate. In a
typical powder feeding system the powder partiees stored in a hopper. The
powder is fed by an inert carrier gas from a powdeder to the substrate via the
transporting tube and a nozzle. A focused lasembisaused to generate a melt
pool into which the alloying mixture is injectedtivia flow of air or gas. The
alloying powder mixes with the molten base metalcbyvection and diffusion
[14]. Figure 2.3 shows a schematic diagram of éised alloying process [17]. The
powder stream can lead or trail the laser beam. [@ker is delivered to the
substrate surface through an optical system. Thalpoto be used for alloying is

delivered to the laser-substrate interaction zoa@a\powder delivery device.

Water cooling

]

Aluminium substrate

Figure 2.3: Schematic diagram of a laser alloyirmgqess [17].

A laser beam with a given power intensity distribat(power per unit area of
beam cross-section) irradiates the surface of #se lnaterial (e.g. aluminium).
Majority of the incident radiation is reflected the base material and is dispersed
away from the interaction zone [18]. The energyodsd by the base material
develops a molten pool in that area. Liquid tramspocurs within the melt pool

which is driven by a combination of Marangoni fa@nd buoyancy. Marangoni

10
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convection is induced by a surface tension gradeohg the pool-heating
surface, on which the temperature distribution neomogeneous, while the
buoyancy convection is induced by the temperatuadignt inside the melt pool
[18,19]. Marangoni convection tends to dominatadfliow patterns and the
solid/liquid interface in the developing and sdiythg processes of the melt pool.
For a laser beam with a Gaussian energy distributibe absorption of laser
energy occurs mostly at the middle of the melt pédotemperature gradient is
therefore produced between the middle and the edgthe melt pool. The
majority of metals display a negative surface msioefficient and temperature
gradients at the free surface induce thermocapitaven flow (Marangoni flow)
directed from hot to cold [19,20]. This resultsconvection flow being directed
from the middle to the edge of the melt pool inemeg the width of the alloyed
layer and reducing its depth [21].

Metals and ceramics can be used as alloying mktekiaser alloying with metals

results in the formation of intermetallic phased arecting ceramics result in the
formation of metal matrix composites. Intermetalpbases and metal matrix
composites formed during laser alloying have resuih improved hardness and
wear resistance of aluminium alloys [3-5,22]. Thetical laser processing

parameters include laser power, laser beam spet Isiger scanning speed, type
and flow rate of shielding and carrier gases, povpdeticle size and powder feed
rate. These parameters must be controlled carefalihat the required thickness,
fine grain size and intermetallic compound can bhieved. Some of these

parameters are discussed below.

Effect of laser power during laser alloying

As the melt pool is created on the surface of tiessate, increasing the power
provides more energy for melting the surface amdattoying powders. Applying
insufficient power results in insufficient meltiraf the substrate and undissolved
powders. An increase in power also increases tip¢hdef penetration [21,23].

When the same amount of alloying powder is usedu(asig no loss due to

11
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evaporation or otherwise during alloying), a lowlepth of penetration will result
in a higher concentration of the alloying matecampared to a higher depth [24].

Effect of laser beam spot size (or beam diameterudng laser alloying

Increasing the laser beam diameter decreases b @é alloying [21,24],

because large beam spot diameters have lower itésnsompared to smaller
ones when the same power is used. When the beansigpais very large, the
powders might not dissolve in the melt pool duéote® beam intensity. There is a
correlation between the beam spot size and the @ovedd rate. If too much
powder is fed into a small melt pool, the powddicafncy will be compromised

[21]. Powder efficiency is the ratio of the powdejected into the melt pool to

the powder leaving the hopper.

Effect of laser scanning speed during laser alloym

At constant power and powder feed rates, increasieglaser scanning speed
decreases the absorption of radiation on the satbsit4,21]. This may result in
insufficient heat to melt the substrate and toalissthe powder particles. A high
laser scanning speed leads to a high cooling raielwcould result in a refined
microstructure. A high laser scanning speed isgpredl for material processing as

it increases the processing time.

Effect of shielding gas during laser alloying

An inert shielding gas (e.g. argon) is used to pn¢wxidation of the powders and
the substrate during the alloying process [3,7].

Effect of powder particle size during laser alloyimg

Powder patrticle size plays an important role dutasgr alloying. Small particles

coagulate within the powder delivery nozzle, duetheir large surface area,

12
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resulting in nozzle blockage [25]. The carrier gabjch is applied for powder
delivery, builds up pressure and forces the powdeof the nozzle. The blocking
and unblocking action of the nozzle results in imgiof the powder. This causes
poor powder efficiency and an inhomogeneous allpyiayer. Large powder
particles produce poor powder focus as the powpler size (area the powder is
focused to) is greater than the laser spot sizes dlso leads to poor deposition
efficiency. Powder particle size also affects theltmg temperature of the
particles which have an effect on the final microsture e.g. larger particles of
metals may not form intermetallics, and small cecanmay dissolve in the melt

pool due.

Effect of powder feed rate during laser alloying

The proportion of the incident radiation absorbgdhe powder stream increases
with increasing powder flow rate [26]. If too muplowder is fed some powder
will not dissolve in the melt pool. When the powdeed rate is too low, there will

not be sufficient powder particles to cover theoyd surface leading to the

formation of inhomogeneous layers.

2.2.3 Advantages of laser alloying

Advantages of laser alloying include high depositiates, low thermal distortion,
limited metallurgical degradation of the base mater refined microstructures
due to high re-solidification rates and a varietyraterials can be alloyed onto
different substrates [1,26-28].

2.2.4 Disadvantages of laser alloying

Disadvantages of laser alloying include the higlstoof the laser source and
components, low efficiency of laser sources andicdities in selectively
producing one intermetallic phase since equilibricomditions are not reached
[1,27-29].
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2.3 Laser alloying with Al, Ni, Ti and SiC

Laser alloying with metallic materials may resultthe formation of intermetallic
phases. An intermetallic compound is a solid phasssisting of two or more
metallic elements in definite proportions. Thesepounds ideally have superior
properties (hardness and wear resistance) comparetthe original metallic

elements but have poor ductility.
2.3.1 Laser alloying with Ni or Ni containing compaoinds

The AI-Ni phase diagram is shown in Figure 2.4 BX)- The phase diagram
contains five intermetallic compounds ¢Ni, AlsNi,, AlsNis, AINi and AlNis).
The first phase formed on the Al-rich side of tHeage diagram is the Mi
(DO13) intermetallic phase which has an orthorhombicstalystructure [33-36].
This phase forms a eutectic with aluminium. ThgNAlphase is a peritectic
product of a reaction between liquid Al and theM\{ phase under equilibrium
conditions. Jain and Gupta [37] showed that thfAbhase also crystallizes from
the liquid during cooling and appears as diamorapet particles enveloping the
Al3Ni, phase. The-Al3Ni; (D513) phase is hexagonal and forms as a result of a
peritectic reaction between AINi and the liquid Alhe -AINi phase has an
ordered B2 structure and remains ordered up tongtleang point of 1680°C. The
Ni-rich side of the phase diagram hasli having an FCC structure containing
aluminium as a solute in the Ni solid solution. TRgAl phase forms by a
peritectic reaction betweenNi and liquid Al under equilibrium conditions. The
NizAl phase has Lilordering of Al and Ni atoms in the FCC structuté¢.low
temperature a peritectoid reaction occurs betwddh @nd NiAI leading to the

formation of the orthorhombic AlNis phase.
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Figure 2.4: Al-Ni phase diagram [30].

Nickel aluminides are known for exhibiting highestgth and corrosion/oxidation
resistance at elevated temperatures [33]. Bysaldl. §83] laser alloyed nickel
with aluminium powder. The laser beam created atenopool on the nickel
substrate in which the aluminium powder was addedam alloying element.
Argon was used as a shielding gas to prevent agidaluring laser alloying. The
laser parameters used were 2.7kW of laser powepawder feed rates of 3.2 and
6.4g/min. The laser scanning speed was varied leetwe2 and 5.1mm/s to
determine its effect on the microstructures formEtae authors observed that the
depth of alloying decreased with increasing scapripeed. This is due to the
high temperatures achieved at low scanning spédus.alloyed layer became
increasingly aluminium-rich as the scanning speedrehsed due to the higher
melting rates of the aluminium powder at lower stag speeds. To achieve the
same aluminium composition at a higher feed rateéigher laser scanning speed
would be required as shown in Figure 2.5. The phaskserved in the
microstructures were Al, Ni and Mi at low scan rates. The Mi intermetallic
phase had a dendritic microstructure and was forneedt the top of the alloyed

layer. The interdendritic region consisted efAl and -Al/Al 3Ni eutectic phases.
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At higher scanning speeds, AINi, AlNand AINg intermetallic phases were
formed.
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Figure 2.5: Composition plot of aluminium concetiwa versus laser scan speed
at two different feed rates [33].

Laser alloying of aluminium AA1100 with electrodeyited nickel was performed
by Selvan et al. [38] using a GQaser. Alloying was performed with a beam
diameter of 1mm for various scanning speeds aret lagwers. The aim of the
study was to improve the surface hardness of aluminby forming Al-Ni
intermetallic phases in the alloyed layer. The rmitallic phases formed were
Al3Ni and AkNi,. These phases were also observed by other ay8mB9]. The
hardness of the alloyed layers was in the rang800f950 H\§1 compared to
35HV for unalloyed aluminium AA 1100.

Man et al [40] laser alloyed aluminium AA6061 wighNiCrSiB powder paste.

NiCrSiB was chosen because it has high hardnessl, wear resistance and good
cavitation resistance. The laser processing wdsnpeed with a continuous wave
Nd:YAG laser and the conditions were 1.5kW of lgsewer , a beam diameter of

2.5mm and a scanning speed of 5mm/s. Argon was asdage shielding gas at a
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flow rate of 20L/min. The laser tracks were ovepeg by 50% track-width (i.e. a
pass overlap of 50%). The results showed thaNiAind AkNi, intermetallic
phases were formed at the surface of the alloygelr,laAlsNi, and AINi were
formed in the middle of the alloyed layer whilesi®i and -Al were formed in
the region close to the substrate. The Ni contentehsed from the region in the
middle of the alloyed layer towards the substrateere was a high Al content in
the region near the surface of the alloyed layertduthe difference in densities of
Al (= 2.7g/cri) and Ni ( = 8.91g/cm). A hardness of approximately 900HV
was achieved in the alloyed layer. The electrochahgorrosion and cavitation
erosion resistance were significantly improved dsel processing. The improved
corrosion resistance was attributed to the preseaficHi, Al-Ni intermetallic

phases and the Ni- and Cr-rich aluminium solid sofuin the alloyed layer.

Das et al. [41] laser alloyed Al with Ni and stutlithe creep behaviour of the
laser alloyed material. Creep is the tendency aohd material to deform
permanently under the influence of stress and scesra result of long term
exposure to high levels of stress that are bel@wtbld strength of the material.
The phases observed in the alloyed layer wegBliAlendrites and a eutectic of
Al and ALNi. The creep resistance of aluminium was improbgdaser alloying

due to the formation of the Mli phase which is non-deformable by creep.

Ravi et al. [7] laser alloyed an Al-12wt%Si alloyithv preplaced Ni and Cr
powders and studied the microstructures and hasdoéshe alloyed layers.
Chromium was added to improve the corrosion rastgtaof the alloy. The
alloying was performed with a 3kW continuous wave,Taser. The processing
parameters were a scanning speed of 0.5m/min,ra deaneter of 1mm and the
laser power was varied between 1 and 2 kW. Argos used as shielding gas.
The authors observed that the hardness of the dlsged surface increased with
decreasing Ni and a maximum of 490HV was achievild the composition of
20wt%Ni-80wt%Cr. The microstructure showed neeile-bktructures for alloys
with a high Ni composition which disappeared as @mecontent increased. The

microstructure underwent a phase transformationnvthe Cr concentration was
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increased. The intermetallic phases formed in therastructures were AINi,
A|3Ni2, A|Ni3, A|Cr2, CI’gA| 17 and C§N|2

2.3.2 Laser alloying with Ti or Ti containing compainds

The Ti-Al phase diagram is shown in Figure 2.6 482, The binary phase
diagram consists of intermetallic phases and teamsolid solutions. The
intermetallic phases are a hexagonalTizAl (DOjg), tetragonal -TiAl (L1g),
tetragonal TiA}, and tetragonal TiAl (DOy,) [42-45]. The terminal solid
solutions are an-Ti (A3), -Ti (A2) and fcc -Al (Al) [42,46,47]. Ohnuma et al.
[44] reported the tetragonal Ali and the bcc ,-TiAl (B2) phases. The tetragonal
AlsTi and Al Tis phases were also reported by lllekova et al. pt8the Al-rich
side of the AI-Ti system near the /Al phase but were later ruled out by
Raghavan [36]. On the Al-rich side of the phas@dim, the A{Ti phase forms
when the Ti content exceeds 2at%. Based on themamadig assumptions, the
Al3Ti phase forms preferentially during the reactidnaluminium and titanium
[48]. Titanium aluminides have high oxidation ane@aw resistance [49]. The
Al3Ti phase has a low density (3.3g/cm3) and a higlimgepoint (1340°C) but is
also brittle [50].
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Figure 2.6: Ti-Al phase diagram [42].

Wendt et al. [51] laser alloyed aluminium with gatiium wire using C@®and
Nd:YAG lasers. The authors reported that the depithalloying (or laser
penetration depth) was greater when alloying witthdaY AG laser compared to a
CQO; laser. The microstructure of the alloyed layersisted of a Ti-supersaturated
Al matrix and TiAk intermetallic phase. When the substrate was a8iAlloy,

the intermetallic phase formed was Ti(AlSi)

2.3.3 Laser alloying with Ni and Ti

The Ni-Ti phase diagram is shown in Figure 2.7 [S2je phase diagram shows
the presence of the hexagonaNisTi (DO-4), cubic NiTi (B2) and cubic NiTi

phases [36,53,54].
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Figure 2.7: Ni-Ti phase diagram [52].

The ternary phases observed in the AI-Ni-Ti phasgrdm (Figure 2.8) are the
cubic 1-Al13NioTis, 2-AloNITi and 4-AlNioTi phases, and the hexagonat
Al3NiTi phase [36,54,55]. A decagonaglwas also observed on the Al-rich side at
the composition AkNiogTiis by various authors [36,53,56,57]. Theand 4 melt
congruently at 1289 and 1500°C respectively, while , and s melt
incongruently at 1347, 1255 and 1107°C respectiv@lye AI-Ni-Ti patrtial
isothermal section at 1050°C is shown in Figure[273.
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Atomic Percent Nickel

Figure 2.8: The Al-Ni-Ti partial isothermal sectianh 1050°C [57].

Man et al. [3] used a continuous wave Nd:YAG lasealloy aluminium AA6061
with preplaced NiTi (54 wt% Ni & 46 wt% Ti) powdéo improve its hardness
and wear resistance. The processing parametersamMaser power of 1.5kW, a
beam diameter of 2.5mm and a scanning speed of 19Mmgon was used as the
shielding gas at a flow rate of 20L/min. A lasdowd surface, free of cracks and
pores was achieved and SEM micrographs showed driiermicrostructure.
XRD patterns confirmed the intermetallics formed B#&l; and NgAl. The
interdendritic film was composed ofAl. The wear tests were performed on a
pin-on-disc setup. A hardness increase of 200HVvesal resistance of about 5.5
times that of the virgin substrate was achieved tfe@ modified layer. The
increase in hardness and wear resistance wasuétlito the formation of the
TiAl 3, NisAl and -Al phases. The intermetallic phases (GiAhd NAl) resisted
abrasion while the softer -Al phase suppressed crack growth. Ternary
intermetallic phases were not reported by the asthdabhali et al [58] observed

Al3Ni, Al3Niy, AlsTi and NiTi intermetallic phases when laser allgyaduminium
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AA1200 with Ni and Ti powders of different compasiis. A hardness increase
of up to 808HV was achieved after alloying with 8%Mi and 20wt%Ti. The
authors reported that the hardness and wear neststacreased as the Ni content

in the alloying powder increased.

Gunnees et al [50] investigated the microstruct@nestbpment in laser-processed
Al-Ti-Ni alloys with 25at.%Ti. Laser processing wasrformed with a C@laser
and the power was varied between 5 and 6kW. Thieoetobserved Al-rich
dendrites with Ni-rich interdendritic phases. Thendritic phase of the alloy with
5at.%Ni contained the ATi phase while alloys with higher Ni contents (8-
15at.%Ni) had AJNigTi.s. AlsTi has a low density (3.3g/chy high melting point
(1340°C) and good corrosion resistance, but is sy \wittle phase. The
interdendritic phases consisted mainly ofMilfor the alloy with 5at.%Ni while
the higher Ni containing alloys consisted of,)ilTi and AINi or Al3NiTio.
Biswas and Varin [59,60] also observed theNATi phase during induction
melting of Al, Ni and Ti metals followed by homogdeation at 1000°C.

2.3.4 Laser alloying with SiC or SiC containing compounds

The previous section explored the literature reigarthser alloying with metallic
materials which result in improvement of surfaceparties due to the formation
of intermetallic phases. Surface properties can hésimproved by incorporating
(or injecting) ceramic particles (such as SiCg@| TiC and WC) into the
aluminium melt pool [2,8-10]. An aluminium matriomposite is formed with
aluminium as the matrix and the ceramic as reigfiment. The matrix could also
be products from the dissociation of the ceramiu$ r@actions of those products
with aluminium. Since SiC was chosen as a ceraori¢his project, this section
will look at work done on processing aluminium wi8iC particles. Some

literature work on TiC will also be considered iacBon 2.3.5.

In the AI-Si phase diagram a eutecti®l + Si is formed below 577°C and there

are no intermetallic phases formed between Al an@1562]. In the Si-C binary
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system, two phases are observed. These phasdweatalble cubic-SiC and the
metastable hexagonalSiC [63]. The only intermetallic phase observedhia Al-

C system is a rhombohydral &; phase [64,65]. The Al-Si-C phase diagram is
shown in Figure 2.9 [64]. The ternary phases oleskare AISIC, (Al4C3.SiC),
and the more Al-rich hexagonal #8iC; (2A14C3.SiC) which forms peritectically
between 2273 and 2373K [64-68]. The hexagonaSibCs (Al4C3.2SiC) phase
which is stable between 2173 and 2243K, was notrgbd by Raghavan [64].
These phases together with a hexagonabiéCs (Al4C3.3SiC) were however
observed by Hu and Baker [10].
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Figure 2.9: Al-Si-C phase diagram [64].

The main problem in the Al-Si-C system is the fotiora of the needle-like AC;

phase. This phase is extremely brittle and lowatgde resistance and thermal
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stability of the AI-Si-C system [69]. It also cagseorrosion sensitivity due to its
high water reactivity according to the followingaoion [69,70]:

Al,Cs+ 12H0  4Al (OH)s + 3CH, (Reaction 2.1)

Various researchers have studied the phases fowhed aluminium was laser
alloyed with SiC [10,69,71-75]. The common obseaoraivas that the phases are
temperature dependent. When the alloying tempe&wtare between 940 —
1620K, the brittle A|C3 phase is formed (reaction 2.2). At temperatures@lor
equal to 1670K, the ABIC, phase is formed (reaction 2.3).

4Al + 3SiC  AlCs + 3Si (Reacta)

4Al + 4SIC  Al4SIC, + 3Si (ReactioB3)2.

Work has been conducted to suppress the formafidheoAl,C; phase during
laser processing. Su and Lei [71] laser claddedl21%Si with a powder
containing SIiC and Al-12wt%Si in a 3:1 volume ra#oCO; laser was used with
2-4kW laser power, 2-10mm/s laser scanning speedaaBmm diameter laser
beam. The aim of the study was to form a surfaceQVillyer on the aluminium
matrix. It was reported that the laser melting @@ Particles onto an aluminium
substrate produces aluminium carbides. As statedealbhe presence of the,8%
phase in MMC is not desirable as it is brittle &yydroscopic. The addition of Al-
12wt%Si was found to suppress or eliminate the adiwm carbides in the MMC
layer. A good distribution of injected SiC partisieas achieved near the surface.

The microhardness of the coating was between 22280 HV.

Hu and Baker [10] formed metal matrix compositeetgdyon aluminium AA6061
alloy surfaces by incorporating SiC particles ussnGQ laser at different energy

densities. Energy density is given as:

E = g/(vd) (Equation 2.1)
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Where g is the laser power, v is the laser scanmahgcity and d is the diameter
of the laser beam.

Large surface areas of MMC layers were produced\srlapping single laser
tracks by Hu and Baker [10]. The thickness of thel®/1layer was dependent on
the laser energy density. The microstructure aras@h in the layers were also
strongly dependent on the energy density,CAheedles, AlSIC, platelets and
free Si phases were formed at nominal energy dessif 100-200MJ/f These
phases are shown in Figure 2.10. The formation lg€£needles in the MMC
layer could be reduced by applying high energy itiessof ~560 MJ/. The
laser energy density is directly related to thdemie temperature generated by the

laser beam.

Figure 2.10: MMC layer showing #8iC,, Al,Cs, Si, and SiC phases [10].

Anandkumar et al [72] conducted a detailed studyhef microstructure of the
aluminium MMC layers produced by a 2 kW Nd:YAG lasehe main processing
parameter found to have a significant influence tbe microstructure and
properties of the coating was energy density. At émergy densities (~26 MJfin

the SIC particles were retained and dispersed éencthating. At high specific
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energies (~ 58 MJ/Mthe SiC dissolved and reacted with the moltematium.
Analysis of the microstructure revealed small amewi SiC dispersed near the
surface along with phases such agS#C and eutectic Al-Si. The undesirable

Al ,C3 phase was completely suppressed.

Zhang and Chen [76] studied the influence of SiCtipdates on the grain
structure development of an aluminium AA7075 alldyring laser rapid
solidification. A CQ laser was used and the processing conditions 6@85&/ of
power, a 30mm/s scanning speed and a beam diamaét8mm. Epitaxial
columnar grains were observed for solidified laseglted alloys without SiC
particles. The epitaxial grain growth of columnaaigs was also observed by
Abboud and West [46] while alloying titanium witHueninium powder. The
addition of SiC particles resulted in a random gtowf the primary Al, i.e. the
arrangement in crystal growth changed from regtbarandom. The random
growth was caused by the distortion of the subgs#incture. The SiC particles
act as a barrier to the solute and heat transfdrtha disturbed solute and
temperature fields may give rise to unsteady datamtion. Once the branched
dendritic structure is formed, irregular growth magcur in any given columnar
grain resulting in non-epitaxial grain developméirttis effect was observed with
high volume fraction of particles (10vol%SiC) of i@ in size. When the volume
fraction of SiC particles was low (2vol%) and treetrle size fine (4um), the loss
of the epitaxial relationship with unmelted subsrés ascribed to a particle
restricted mechanism. The SiC particle ahead o$dlidification interface creates
a diffusion barrier to crystal growth. This resteid growth allows sufficient time
for new grains to develop. These findings show thatparticle volume and size

play a role in the growth and development of mittagure.

2.3.5 Laser alloying with TiC

TiC has a cubic crystal structure [77,78] and eithia very high melting point
(1668°C), thermal stability, hardness and wearstasce [2]. Katipelli et al. [2]
laser deposited TiC on an Al AA6061 alloy usingkd\2continuous wave Rofin
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Sinar Nd:YAG laser. 10wt%Si was added to TiC torease wettability and
fluidity of the Al due to the formation of Ti-Si iermetallic phases. Wettability
can be defined as the ability of a liquid to spread solid surface, and represents
the extent of intimate contact between a liquid ansblid [79]. The processing
parameters were a laser power of 1.8kW, a scarspagd of 20mm/s and a beam
diameter of 3.5mm. The phases observed after f[aseessing were Al, Si, TiC,
SiC, TiSp and AkTi. The matrix consisted of aluminium, titanium asdme
silicon. The Ti in the matrix was due to the disation of TiC particles at high
temperatures. The C released, reacted with Sirta the SiC observed. The Ti
(together with the Si) in the matrix enhanced tbading between TiC particles
and the matrix. An improved hardness of approxiigafe times that of the
substrate was achieved after laser processingw€he rate was also significantly

improved.

Wu [80] laser cladded a 5CrMnMo steel with a caatbonsisting of Ni, Ti and
graphite powder using a continuous wave,T43er. The phases produced in situ
during laser cladding were-Ni, TiC, Cr3C,B), NisSi, and CgB. The Ni-Ti
intermetallic phases were not observed. The volfrawion of TiC particles was
high near the surface of the cladded layer anduglfddecreased towards the
cladded layer/substrate interface. The differenege microstructure and
composition in different regions of the claddedeiaffrom the surface towards the
substrate) results in the formation of a functibngiraded coating (FGC). The
hardness of the cladded layer was 1250HV near thieace and gradually
decreased towards the base. The wear propertietheofcoating were also

significantly enhanced.

2.3.6 Laser alloying with Ni and SiC or TiC

The previous sections reviewed laser alloying witatallic materials and with
ceramic materials in isolation. Due to the advaesagchieved with both

techniques, incorporating metals and ceramic samebusly would further

27



LITERATURE SURVEY

improve the surface properties. Work has been doreok at this scenario and

the following sections review such work.

Le n and Drew [81] investigated the influence of nicke the wettability of
silicon carbide by aluminium. The problem encouaderin fabrication of
composites is the rejection of the ceramic phaséhbyliquid metal due to their
poor wettability [79,81]. To improve wettability &iC by liquid aluminium, a
nickel coating was applied on the SiC which incegbthe overall surface energy
of the solid, promoting wetting by the liquid alumum [81-83]. Aluminium is
highly reactive with silicon carbide and forms alomam carbide (AICs) that
results in reinforcement degradation and a redaoctio the strength of the
composite. The added nickel improved the wettghdftSiC by liquid aluminium
and the AI/SIC adhesion which led to the suppressb aluminium carbide
formation. The AINi and AkNi, intermetallic phases were formed from the
reaction of aluminium with nickel. The exothermiture of the Ni-Al interaction
together with the precipitation of thesAli and AkNi, intermetallic phases were
the reported factors leading to the improvementhaf wettability of SiC by

aluminium.

Selvan et al. [84] laser alloyed titanium with Si6d 50wt%Ni + 50wt%SiC and
studied the microstructure and hardness of thgedldayers. Laser alloying was
performed with a C@laser and the processing parameters were lasesrpai 1

and 5kW, a beam diameter of 1Imm and scanning spafed$-1.5m/min. The

shielding gas used was argon. The results shoveefbtimation of dendrites when
titanium was laser alloyed with SiC and the phasieserved were TiC, TiSi,
TisSiy and TgSis. Uniformly distributed Ni precipitates were obsedvwhen

alloying with 50wt%Ni + 50wt%SiC. At low scan speednd high laser power,
the surface temperature was very high (approx. ZB00Due to these high
temperatures, Ni dissolved completely and reactétt 8iC and the molten
titanium to form complete dendritic structures. Therface temperature was

calculated from the following equation [14,84,85]:
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Toy= CR/K) ( t/) (Equation 2.2)
Where | = P /A, k — thermal conductivity, — thermal diffusivity, t — interaction
time, P — input laser power, — absorption coefficient and A — area of laser

irradiation.

The phases formed after laser alloying with 50wt%N50wt%SiC were TiSi,
TisSi, TiNiSi and NiTp. The NiTp phase improves ductility and fatigue
resistance while TiSi, Tbiz and TiNiSi are potential strengtheners which can
improve oxidation, corrosion and wear resistancé].[8he surface hardness
achieved was 900-1200HV when alloying with SiC &8@D-1000HV when
alloying with 50wt%Ni + 50wt%SiC.

Fujimura and Tanaka [86] studied the in situ reacat the Ni/SiC interface with
a high temperature x-ray diffractometer. The aigheported that-Ni,Si and -
Ni,Si was formed at the Ni/SiC interfaceNi,Si is a high temperature (1400K)

phase of -Ni,Si. The reaction for the formation of the,Si phase is as follows:

2Ni+ SIiC  -Ni,Si +C (Reaction 2.4)
At high temperature,-Ni,Si -Ni,Si (Reaction 2.5)

Viswanathan et al. [87] laser alloyed a Al-Si alith Ni and TiC powders of
different composition using a 5kW continuous wav@,(aser. A good MMC
reinforced with TiC particles was formed when allay with 75wt%TiC and
25wt%Ni. The phases formed in the alloyed layerew&rC, Al-Si and Al-Ni
intermetallics. The Al-Ni intermetallic phases fardhduring rapid resolidification
strengthened the interface between the TiC andridweix. Al-Si also has good
wetting with TiC which further strengthened the adimce between the
metal/ceramic interface as well as the layer arel ghbstrate. TiC did not
dissociate to form Ti and C due to its high meltipgint (3160°C) and that
prevented the formation of the /8; phase as there was no free C. The hardness
of the alloyed layer was 750HV which is approxinhat@ times the hardness of
the substrate (80HV).
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2.3.7 Laser alloying with Ti and SiC

Kloosterman et al. [88] laser injected SiC parscieto a Ti-6Al-4V alloy. The
laser processing was performed with a Nd:YAG lem®dl the parameters used
were a laser power of 1kW, a beam diameter of 2-3mchscanning speeds of 8-
17mm/sec. Argon was used as the shielding gas.idtt temperatures, SiC
decomposed and the C reacted with Ti to form Ti@ddiées shown in Figure
2.11.

Ti + TisSis

Figure 2.11: Micrograph showing TiC dendrites and+TTisSk eutectic phase
[88].

These TiC dendrites were randomly orientated asttiduted over the alloyed
track. TiC was also observed around the SiC pariek either a cellular reaction
layer or an irregular reaction layer. These reaclayers were also observed by
Pei et al. [89]. The cellular layer was relativéiyn and regularly shaped around
the SiC particles. Spherical TiC grains were fornredhe irregular layer with a
ternary TiSiC, phase found as small plates around the randombntated

spherical TiC grains. This 3%$iC, phase was also confirmed by other authors

30



LITERATURE SURVEY

[65,68,90,91].The microstructure of the matrix detexd of -Ti and TgSis
eutectic phases. §8i; is the more thermodynamically stable phase inShei
phase diagram [92,93]. Other titanium silicidesz$Tiand TiSi;) are unstable
especially in the presence of carbon and play aomiole in the AI-C-Si-Ti
system [68]. The hardness of the alloyed layer between 650 and 1100HV. Li
et al. [94] reported the formation of TiC andSig when Ti reacts with SiC and
when the temperature is between 1173 and 1373KeWniSiC, phase is formed
above 1473K.

Pleshakov et al. [95] also laser injected SiC pkadiinto a Ti-6Al-4V melt pool.
Phases observed in the modified layer wef@, TiC, SiC, TsSis, TiSi. The
TisSiC, phase was not identified since its reflectionsiciied with the TiC and
TiSi; in the investigated 2 theta range of 25-85°. Lasedification improved the
wear resistance of the Ti-6Al-4V alloy with the sffie mass loss improved by
almost 180 times. Selvan et al. [96] laser allogedi6Al4V alloy with SiC
particles using a CQOlaser. The phases observed in the alloyed layee w4i,
SIC, TiC, TiSi and T§Si;. The TiSp and TgSIC, phases were not observed. The
dendrites of TiC were found to be embedded in i@ matrix. The dendrite-like
population was high at the top surface and decde&®@ards the base. This
resulted in a hardness gradient with a high hagl(@s0-800HV) at the top and a
lower hardness (469-350HV) towards the substrale. Jubstrate hardness was
300HV.

Man et al. [97] synthesized TiC in situ on an AA&O&luminium surface by
alloying with SiC and Ti powders. An Nd:YAG laseasvused during the alloying
at 1 to 1.5kW laser power. The processing speedbetygeen 5 and 25mm/s and
the track overlap was 50%. The optimum powder cationm for a high quality
surface metal matrix composite was achieved witht#®SiC and 60wt%Ti. The
average size of the TiC particles that formed &dtlrying was less than & and
these were uniformly dispersed in the matrix. XRialgsis of the alloyed layer
revealed TiC, TiAl, T4Al, SIC, Al and Si phases. The hardness increasmd f
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75HV to 650HV due to the formation of the TiC pelds and TiAl and BAl

intermetallics.

2.4 Wear

Wear can be classified into two groups, mechanwehr (e.g. mechanical
interactions between two surfaces) and chemicat {e&eg. tribochemical reaction
between counterfaces) [98,99]. Mechanical wear &niy subdivided into
abrasion, adhesion, surface fatigue, erosion adithglwear [98]. This work deals

with abrasive wear of composite materials.

Abrasive wear refers to the removal or displacenoématerial from a surface by
hard particles, or hard protuberances on a counface, forced against and
sliding along a surface [98-100]. The amount ofanat removed depends on the
microstructure and properties of the material, #teasives and the operating

conditions of the system [101].

There are two types of abrasive wear, namely twaykand three-body abrasive
wear. Two-body abrasive wear refers to the weachis caused by two bodies
sliding against each other or by protuberanceshercountersurface while three-
body abrasive wear refers to the wear which is e/ hard particles that are
free to roll and slide between two, perhaps didammsliding surfaces [98]. Figure

2.12 shows a schematic diagram of these types af.we
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Figure 2.12: Schematic diagram illustrating two-lyodnd three-body abrasive
wear [102].

2.4.1 Factors affecting abrasive wear rates

Wear is influenced by the properties of the malgtigpe of material, volume
fraction of reinforcements, size and distributidrtiee reinforcements, interfacial
bonding between the matrix and the reinforcemdrdsiness, etc), properties of
the abrasives (type of abrasives, hardness, sideshape), system properties
(applied load, sliding distance, etc) and the emnmnental properties (temperature,
humidity, etc) [98-105]. The interaction betweee thaterial and the abrasives is
also crucial especially in unlubricated wear as tdmaperature will rise due to
friction [100]. In this work, the focus will be dhe effect of material and abrasive

properties.

MMC material properties

Increasing the volume fraction of reinforcementtigles improves the wear
resistance and hardness of the MMC [100,103-108. Gond between the matrix
and the reinforcements is also important. This bedormed by a reaction
between the ceramic particles and the metal matrike metal/ceramic interface.

High wear rates are achieved when a strong bofansed. Large reinforcement
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particles result in a lower volume fraction of emfed particles in the matrix
thus reducing the wear resistance [103].

Axén and Zum Gahr [103] studied the abrasive wesistance of steel substrates
laser cladded with TiC particles. They concludedt thbrasive wear resistance
was influenced by the size of the reinforcementigas, matrix hardness and the
abrasive. The mean free path (defined as the awergzacing between
reinforcement particles) also plays an importanke rduring wear. Matrix
protection is improved by a reduced mean free fmtween the reinforcing
particles. Large reinforcement particles resultaim increased mean free path
which ultimately results in reduced wear resistafid¥,103]. The effect of the
size of the reinforcements depends on the matructtre. Small reinforcement
particles are of greater advantage within a harttixnénan large particles within a
soft matrix [103].

Applied load

The abrasive wear rate is generally proportionahtoapplied load [104,109] as

shown in Figure 2.13. Larsen-Basse et al [109] dotmat the depth of penetration
of the abrasive grits into the specimen increasabe applied load increased due
to an increase in the average load per abrasive.drais results in increased

wear rates and should occur when the abrasive éssda greater than that of the
material and the abrasives do not fracture.
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Figure 2.13: Graph of volumetric metal removal ratrsus applied load [10¢

Abrasive properties

30

Properties of the abrasives such as type of alaaparticle size and shape p

an important role during wea

Wear rate increase with increasing abrasive parfide up to a critical value a
then it remains constant [103,109,110]. This ref&hip is shown in Figure 2.1
The critical value is influenced by the hardned$eknce between the abras

particles and the wearing material [1.
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Figure 2.14: Graph of removal rate versus grit deter where R is the minimum

grit size which will remove a significant amountadterial [109].

The wear rate is influenced by the shape of thasibe particles due to its effect
on the depth and cross-section of grooves formettherefore the amount of
material removed [98,101]. Angular or sharp abmagarticles give greater wear
rates compared to rounded particles [98-101].dfdhgle of the front face of the
abrasive is sharp then the material it moves acr®sshipped, but for blunt

abrasives the material will be pushed to the sideke groove [101]. Figure 2.15
shows round and angular silica abrasives [98].

Figure 2.15: (a) Round and (b) angular silica abires [98].
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The hardness of the abrasive material is importanvear as the ratio of the
hardness of abrasive relative to the hardnesseofnidterial being worn (Hn) is
related to the resultant wear mechanisms [98-1@Qrasive wear can be

classified as high or low wear depending on thi®ra

High abrasive wear occurs when the ratio of theltess of the abrasive particles
to the hardness of the wearing material is grehter 1.2 (i.e. Ha/Hm» 1.2) [98].
The penetration depth of the abrasive increasestt@nanaterial is removed or
fractured during wear [100]. This results in deepoge formation and cracking
of the material. Conditions that favour high abrasivear are high applied loads

and large abrasive particle sizes.

Low abrasive wear occurs when the ratio of the mesd of the abrasive particles
to the hardness of the wearing material is less tha (i.e. Ha/Hm< 1.2). The
wear mechanism is characterized by plastic smeapinghe material [100].
Conditions that favour low abrasive wear are lopl@g loads and small abrasive

particle sizes.

As wear progresses, abrasives are also worn aotlifea thereby reducing their
cutting abilities. Sin et al. [110] investigatecetkdeterioration of abrasive grits
during abrasive wear using a pin-on disk set-uphvB8iC abrasive papers of
different grit sizes and applied loads of 4.9N 832N. The specimens followed
a spiral track and always passed over fresh alessivhe materials tested were
polymethylmethacrylate (PMMA), commercially purekel, AlISI 1095 steel and

OFHC copper. The authors found that the reducetthguability of the abrasives

as wear progressed resulted in a reduction in thar wates and that the wear
debris clogged the interstices between abrasiie gausing a further reduction in
the wear rate. This was also observed by Mabhali][I1Depending on the ratio of
the groove width to the radius of the sphericalbfiphe SiC grit particle, abrasive
particles would either plastically deform or cué tburface of the material. As the
abrasive particles become duller or the particlee sdecreases, the wear

mechanisms exhibit a transition from cutting tcati@hation wear.
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Larsen-Basse and Premaratne [112] showed thatrsrhaten on the surface of a
material when the grit was trapped (but could stitate) between the counterface
and the specimen. Trapped grit particles that cowldrotate resulted in micro-

grooving of the material’s surface.

2.4.2 Mechanisms of abrasive wear

There are two predominant mechanisms of abrasia e plastic deformation
and brittle fracture [98]. This section reviewsgbanechanisms.

Abrasive wear by plastic deformation

This mechanism involves the removal of materiaplastic deformation. As wear
progresses, the material becomes strain hardengthbtyc flow which increases
the surface hardness of the material comparecetoutk. Shear strain due to wear
decreases with depth into the bulk of the matefiaé depth of penetration of the
abrasive material is proportional to both the degtlleformation and strain at a
given depth [98]. Therefore, hardness of the wamrdase is more important in
this type of wear than the bulk hardness of theematand improving the surface

hardness by laser alloying should result in impcowear resistance.

There are three modes of plastic deformation cabsedbrasive wear, namely
cutting, ploughing and wedge formation. These marfedeformation depend on
the abrasive attack angle which is the angle betwbe leading face of the
abrasive particle and the wearing surface [98,100].

Cutting mode - This mode of deformation occurs at high attack es§®8,102].
The deformed material is deflected through a skheae and forms a chip up the
front face of the abrasive particle [98,99]. Alletmaterial displaced by the

abrasive particle is removed in the chip.
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Ploughing mode- In this mode of deformation, a ridge of deformedterial is
pushed down ahead of the abrasive particle anche@ostdes of the groove
[98,99,102]. There is little or no material remavEhis mode occurs at low attack

angles.

Wedge formation mode- This mode represents the intermediate of theipusv
two modes. It involves limited slip or complete adion between the front face of
the abrasive particle and a raised prow of matésgiling to continuous growth

and detachment of the material [98,99].

Not all material removed during cutting and wedgsarfation forms wear debris.
Some is displaced without being removed. The ptogorof material which
forms debris decreases with the ratio E/H (Young@dulus/surface hardness)
[98].

Abrasive wear by brittle fracture

In this mechanism, material removal occurs by leriftacture. Fracture occurs

when the load on the specimen exceeds the frastraegth of the specimen.

Zum Gahr [102] described the microcracking modecWwhoccurs when highly
concentrated stresses are imposed by abrasivelpsrtLarge wear debris are
removed from the surface of the material due telkcfarmation and propagation.
In brittle materials, microcracking may cause we&atumes greater than the

groove volume produced.

Figure 2.16 shows the formation of median and dteracks by a point indenter.
In abrasive wear the stress on the material igailyitvery high because the
abrasives are fresh and sharp. To relieve thesssss, the tip of the abrasive
subjects the material to local plastic flow or déaation (Figure 2.16(a)). When
the load reaches a critical value, a median cracfoimed by tensile stresses

across the vertical plan (Figure 2.16(b)) and grawsdepth as the load is
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increased (Figure 2.16 (c)). During unloading, thedian vent cracks close
(Figure 2.16 (d)) and lateral vent cracks everyutdrm (Figure 2.16 (e)) and
propagate towards the surface of the material (EiguL6 (f). Lateral cracks lead
directly to wear and are formed by residual elasttiesses due to the relaxation of
the deformed material around the region of conf@81102]. Deuis et al. [100]
also identified radial cracks which formed on pxréseng surface flaws like

micro-cracks.

(@) (d)

Load increasing
o
< q
o
=
Load decreasing

(b) )

() ()

Figure 2.16: Diagram showing median and lateral dkaformation in a brittle
material due to indentation by a sharp indenter][98 is the damaged layer, M
is the median crack and L is a lateral crack. Toad is increased from (a) to (c)

and progressively decreased from (d) to (f).
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Lateral cracks form only when the applied load loa &brasive is greater than a
critical value (v*) which depends on the fracture toughnesg)(&nd the hardness
(H) of the material as described by Equation 2&8100].

K| 3
W L TC Kic (Equation 2.3)

Residual stresses in the sample may increase #uk ¢éength and reduce the
critical load for microcracking [102]. The ratio Ki¢ is the brittleness index and
decreases with an increase in the critical lo&t.(Reloading closes the lateral

cracks and re-opens the median cracks.

During abrasive wear, plastic grooves form andréteracks grow upwards
causing the deformed layer to chip off (see Fig2u¥/). High loads and large
abrasive particle sizes favour brittle fracture arfigin result in high wear rates
[98,100].

Figure 2.17: Schematic illustration of material rewal in a brittle material by
the growth of lateral cracks below a plastic grod@8]. b is the depth of the
damaged layer where the lateral cracks occurred amslthe length of the lateral

cracks.

41



LITERATURE SURVEY

2.4.3 Wear of aluminium alloys

Research has been conducted on wear of aluminiumiC81and laser alloyed
surfaces by various authors [107,113-116]. Elle@thal. [115] studied the
abrasive wear of aluminium alloys rubbed againstisdhe author reported that
the wear rate increased by 3 times as the incidegte of sand was increased
from O to 45°. Abrasive grooves and wear debrisewabserved on the worn

surfaces.

ahin [116] studied the abrasive wear of aluminium2814 reinforced with SiC
particles of different sizes (&1, 14 m and 33m). The wear tests were performed
on a pin-on-disc machine and the counter surface $I€ abrasive paper. The
authors observed that the wear rate was affectdtblyness of the metal matrix
composite, the particle size of the embedded pestithe applied load, sliding

distance and abrasive particle size of the cowsudace in the following manner:

Wear rate decreased with increasing hardness ofIfh€,

Wear rate increased with increasing abrasive parsize of the counter
surface,

Wear rate increased with increasing applied load,

Wear rate increased with sliding distance up toaximum value, then

either decreased or remained constant.

Almeida et al. [117] studied the dry sliding weagehanisms of Al-Mo deposited
on an aluminium substrate by laser surface allayirige wear mechanisms were
predominantly adhesion followed by material detaehtrand transfer, oxidation
and some abrasion, mainly by hard intermetallic moamd particles on the steel
counterbody.

Staia et al. [113] alloyed aluminium A356 with awater consisting of
96Wt%WC, 2wt%Ti and 2wt%Mg. The alloying was peni@d with a 2kwW
Nd:YAG laser at different scanning speeds (16.76607mm/s). Smaller and
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uniformly distributed WC grains were formed aftdogng with lower scanning
speeds (66.7mm/s). This was attributed to a higham-material interaction time
which was achieved at lower scanning speeds. Riffecarbides (WC, VC,
WeC,.54 and ALC3) were formed after alloying. Oxidation leadingthe formation
of Al,O3 and SiQ occurred in the molten pool because an inert dimglgas was
not used. The wear behaviour of the alloyed mdtagginst AIS152100 steel
balls under a load of 5N was investigated. For Hager scanning speeds, large
WC particles were formed which served as the loadymg particles and
severely abraded the steel. For low laser scanspaegds, the WC patrticle size
decreased and the wear mechanisms changed asitfiaiam matrix participated
in the transference process. The wear mechanismiseciluminium A356 was

adhesive with high quantities of aluminium transddrto the steel counterface.

Miyajima and Iwai [107] reported that SiC and.®4 reinforcement caused
severe wear of a steel counter surface duringnglidiear of the aluminium matrix
composite on a pin-on-disk wear tester. Metal matomposites with low volume
fractions of embedded ceramics produce severe wiearacterized by plastic
deformation and large grooves. MMCs with high votufractions of embedded
ceramics did not wear severely and the surfaceg werooth and flat without
large grooves. The embedded ceramic acted as totslagainst plastic flow and

adhesion of the matrix metal to the steel counigfiase.

Majumdar et al. [114] laser alloyed Ti with Si, with Al, and Ti with Si + Al
using a 6kW continuous wave gfser and studied the wear behaviour on a ball-
on-disc wear testing machine. The microstructuréhefsurfaces alloyed with Si
and Al + Si consisted of §%i; and -Ti phases and those alloyed with Al only
consisted of -Ti phase. A hardness of 780HV was obtained whiayialy with

Si compared to 700HV when alloying with Si + Al ad80HV when alloying
with Al. The high hardness for surfaces alloyedhw@i was attributed to the
formation of the T§Siz phase. The hardness of the Ti substrate was 200H¥ .
increase in hardness for surfaces alloyed with Alswdue to solid solution

hardening. The wear resistance of the alloyed sesféollowed a similar trend as
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the hardness. The wear of pure Ti was charactetigedxtensive amounts of
adhesive wear and localized deformation. This tedulin formation and
propagation of micro-cracks. Surfaces alloyed wttsuffered extensive amount
of abrasive and adhesive wear. The micro-cracksrgbd in these surfaces were
smaller compared to pure Ti, which resulted in Ioweaterial loss. Surfaces
alloyed with Si + Al suffered abrasive wear while significant amount of
adhesive or abrasive wear was observed in samidge@d with Si. This decrease
in the wear rates was associated with the formaifaihe TiSi; phase. Surfaces
alloyed with Si produced a higher volume fractidrntlee TiSis phase compared
to surfaces alloyed with Si + Al.

Shipway et al. [118] studied the sliding wear meusims of aluminium
reinforced with TiC particles. The wear tests weomducted on a pin-on-disc
testing machine. The counter surface was a distadion-manganese steel (BS
080A15). The hardness of the metal matrix compolsiyer increased as the
volume fraction of the TiC patrticles increased. e Maear rates increased as the
applied load increased. Das [6] also reported arease in wear rate as the load
increased for aluminium reinforced with SiC paggl Delamination cracks were
observed in the MMC layer. Addition of TiC partisleesulted in counter surface
wear as hard particles act as abrasives in theglgtocess. The wear rates of the
steel counter surfaces increased as the volumdioimaof the TiC particles
increased. These TiC particles resulted in plougjhamd cutting of the steel

counter surfaces in the sliding direction.

Axén and Zum Gahr [103] studied the abrasive wéa twol steel 90MnCrVv8
laser alloyed with TiC particles. Laser treatmeisvperformed with a CQaser
using powder densities of 8 and 10kWtiand a scanning speed of 100mm/min.
The wear tests were performed on an abrasive whaehine with SiC abrasive
papers of different grit sizes (20, 75, 135, an@ 20) and a load of 10N. The
hardness of the MMC increased with decreasing Ta@igles (from 30 to 3m)
due to the increased volume fraction of embedd& pirticles and the reduced

mean free path between individual particles. Argjrmterfacial bond between the
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TiC reinforcements and the matrix is also impor@uning wear. If the interfacial
bond is weak, the reinforcements are easily putlet during wear and act as
additional abrasives increasing the wear rate. Wéar resistance increased with
decreasing size of the SiC abrasive grits. Lagectimg TiC particles on tool steel
increased the wear resistance by a factor of appeigly four against 200n
SIiC paper and approximately six against m5SiC paper. Coarse abrasive grits
(200 m) were able to crack and spall off large TiC mdes (30 m) embedded in
the soft matrix while fine abrasive grits (28) caused mild surface damage.
Small TiC particles (3m) were easily dug out of the soft matrix by coats€
abrasive grits (200m) owing to greater deformation of a softer ma#aia given
load. Loose TiC particles acted as abrasives iitiaddo SiC grits increasing the

wear rate. Fine abrasive grits (20) were not able to pull out & TiC particles.

2.5 Fracture

Fracture is the end result of plastic-deformatioocpsses [119]. There are two
main types of fracture, brittle and ductile fraetuFatigue fracture also occurs due

to cyclic loading (or alternating stresses) but wit be reviewed in this work.

2.5.1 Ductile fracture

During tensile tests, small cavities (pores) maguodn the metal near the centre
of the cross-section [119]. The density of theseepancreases with increasing
deformation. Under high stresses, these pores gravcoalesce leading to the
formation of a ductile crack. A ductile crack smisaas a result of intense
localized plastic deformation of the metal at the af the crack. The crack

propagates by a void-sheet mechanism. The streseations at the end of the
crack localizes the plastic deformation in thesgiams into shear bands that
makes angles of 30° to 40° with the stress axisth&sdeformation inside the
band is very intense, the bands become filled watils. The bands filled with

voids are also known as void sheets. As the vaidw gthey eventual impinge on

each other splitting the void sheet into two amdaek advances.
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Failure of most ductile materials occurs with a-eugl-cone fracture. This type of
fracture is closely associated with the formatidrameck in a tensile specimen.
Completion of the fracture occurs at an angle ¢f vhh the tensile-stress axis.
This leaves the surface of one half of the specinwgh an appearance of a
shallow cup and the other half with a cone flattereg the top. At low

magnification, the fractured surface has a rougth spongy texture. At high

magnification, cuplets are observed.

2.5.2 Brittle fracture

A brittle fracture occurs when the movement of thack involves little plastic
deformation of the metal adjacent to the crack [1Egactured surfaces are sharp
and smooth. Cleavage occurs when a crystal sptibstivo pieces along planes of
low indices (or cleavage planes). A certain amaintlastic deformation almost
always occurs when metals fail by brittle cleavaghbis plastic deformation
occurs because metals are never completely bexta at very low temperature.
Thus, cleavage cracks nucleate by plastic defoomafprocesses. Plastic
deformation associated with a moving crack is miatae to occur just ahead of
the crack. This region (ahead of the crack) is stade of high stress and the stress
is normal to the plane of the crack. A tensile sref this type is equivalent to a
set of shear stresses on planes at 45° to thdeexss. Since these shear stresses
are large, it is possible to nucleate dislocatianead of the crack on slip planes
that are favourably oriented with respect to thessistresRiver patternsare tell-

tail marks formed when cleavage cracks are formidéaek origin of a cleavage

crack can be traced by following the river pattieack to its origin.
Brittle fracture can also occur along grain bourekadue to a grain-boundary film

of a hard/brittle second phase or due to a conagortr of solute in the metal close

to the crystal boundary.

46



LITERATURE SURVEY

Research has been conducted to investigate tharefarhechanisms of laser
alloyed metal matrix composites [120]. Vreeling &t [120] studied failure
mechanisms in a Al/SiC metal matrix composite poaduby laser embedding
with a 2kW Nd:YAG laser. Large, isolated and rantiodistributed ALC; plates
were formed near the surface where the temperatutee melt pool was the
highest during laser injection. Short,8% plates ( 20 m) were also observed at
the Al/SIC interface. Tensile tests were perfornmedhe longitudinal direction

(direction of laser injection). The fracture mecisams observed were:

decohesion of the incoherent bond between the rmalyddlistributed
Al4C;3 plates and Al matrix;

brittle fracture of the embedded SiC particles (abhterized by crack
formation);

decohesion of SiC particles from the Al matrix and

ductile fracture of the Al characterized by a tgbianorphology of

dimples.

The Al,C; particles which formed around the SiC particlesisisd in anchoring
the SiC particles to the Al matrix preventing deesibn of the SiC particles.
However, when the matrix is deformed, the@l plates transfer the stress to the
particle surface, which may lead to failure of 8i€ particle. The brittle fracture
of the SIC particle initiates and propagates thhotdige particle by cleavage
mechanisms. Suppressing the formation of thgCAphase would postpone the
failure initiation process and failure would onlgooir by particle cracking and
Al/SiC interface debonding.

The size of the powder particles affects their tiree process. Small powder
particles are less prone to have internal defentisame thus more difficult to be
fractured [121]. The stress concentration leveleanh particle is lower because
there are more particles bearing the applied lohttwlowers the probability of

fracturing. The high surface to volume ratio of #mparticles promotes
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agglomeration and clustering. Clusters have lesktyalbo transfer shear and
tensile stresses resulting in poor mechanical ptigse
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3. EXPERIMENTAL PROCEDURE

This chapter describes the experimental procedotldwied. Laser surface
alloying of Aluminium AA1200 with various combinatis of Ti, Ni and SiC

powders was done. The resulting alloy microstresgtuvere characterized with
optimized alloys being subjected to mechanical aedr testing. This chapter is
arranged as follows:

Aluminium AA1200 characterization
Powder characterization

Synthesis of the alloys

Characterization of the alloyed surfaces
Hardness testing

Wear testing

Impact testing

Microscopy analysis

3.1 Aluminium AA1200 characterization

3.1.1 Specimen preparation

Aluminium AA1200 specimen obtained from Non-Ferradgtal Works (SA)
(Pty) Ltd were sectioned to 10x10x6rdimensions using a Struers Discotom-2
cutting machine with a Corundum L205 cut-off whe®lStruers lubricant, which

also acts as a coolant, was used during cutting.

After sectioning, the specimens were mounted ihaniosetting bakelite resin
using a Struers Prestopress-2 heat and pressurstingyress. The specimen
were then ground and polished to a 01®84(OP-S suspension) surface finish
using a Struers TegraForce-5 auto polisher. Aftelishing, specimens were

rinsed in water and subsequently in alcohol, beli@ieg cleaned ultrasonically in
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alcohol. The polished samples were etched with éfsllreagent (3mIHCI +
2mIHF + 5mIHNQ + 190mIH0O) to reveal the microstructure. Microstructural

investigations were conducted using different unsients (refer to section 3.7).

3.1.2 Vickers Hardness

The Vickers hardness of polished specimens wasrdigted using a Matsuzawa
Seiki micro-hardness tester. Indenting loads ofgl@0d 1kg were applied for a
dwell time of 15 seconds. Different loads were usedrder to provide a direct
comparison with the hardness results of the lds®yreal surfaces.

3.1.3 Density
The density was determined using the Archimedexple. The specimens were

first weighed in air, then again while suspendedwater. The density was

calculated using equation 3.1 [108].

. Mw (Equation 3.1)

Where: ¢ = density of aluminium AA1200
w = density of water
Ma = mass of specimen in air

M,, = mass of specimen in water

3.2 Powder Characterization

The Ni, Ti and SiC powders obtained from WEARTECRHtY) Ltd were

characterized using different instruments to deteerthe powder properties.
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3.2.1 Powder particle morphology

The Ni, Ti and SiC powder particles were examindth & Jeol JSM840 scanning
electron microscope (SEM) to determine the parstiape. Plan view and cross-
sectional micrographs of the powder particles weaken. Cross-sections were
made by mounting the powders in a thermosettingn résen grinding and
polishing the particles with a Struers TegraForcadfo polisher to a 0.04n
finish (OP-S colloidal silica suspension). Enedigpersive spectroscopy (EDS)
was used to identify the elements present in eagider. A PANaytical X'Pert
Pro powder diffractometer (XRD) was used for phasalysis. The powder
particle size and distribution were determined gsirMalvern Mastersizer 2000.
The powder patrticle size and distributions deteadifrom the experiments were
compared to the values obtained from the suppli@rlO0Oum for each of the Ni,

Ti and SiC powders).
3.2.2 Hardness of the powder particles

Vickers hardness measurements of the Ni, Ti andpBilders were performed on
cross-sections of mounted powder particles usinlyladsuzawa Seiki micro
hardness tester. The loads used were 10g (for dliTarpowder particles) and
100g (for SiC powder particles). A higher load wiagd for SiC particles because
the indentations obtained with 10g load were to@lbto measure. The dwell

time was 15 seconds for each hardness indent.

3.3 Synthesis of the alloys

Aluminium AA1200 100x100x6mmplates were sand blasted and cleaned with
acetone to enhance the absorption of laser engrgyebaluminium substrate. The
plates were laser alloyed using a laser injectiymtesn shown in Figure 3.1. The
laser light was delivered to the target materiabdigh fibre optics and focused
using a ZnSe lens. A KUKA articulated arm robot wased to control the

movement of the alloying head and an off-axis r@z#l2.5mm in diameter was
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used for powder delivery. The nozzle was mountethernaser head and fixed at
a distance of 12mm from the substrate. This arnauege assured that the powder
stream coincided with the laser beam at the intemaczone. The alloying
powders constituted different compositions of Niamd SiC powder mixtures. A
commercial powder feed instrument equipped withoa fbalance was used for
controlling the powder feed rate; this was set ggnm2n. The powder feed rate
varied between 2-3g/min depending on the powderpomition. Argon was used

as the carrier and shielding gas to prevent oxadaduring the alloying process.

KUKA articulated
arm robot

A

v

Nd:YAG fibre optics

<+«—Cooling water

v

Laser head

v

Powder feeding tube _
Off axis nozzle

A

A

Aluminium sample

Figure 3.1: Experimental setup using a Nd:YAG laser

3.3.1 Optimization tests

Optimization tests were performed on single tracakalys in order to determine

the optimum processing parameters. The selectieariar during optimization
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tests were that surfaces must have a homogenegarsfiae of porosity and have

an alloyed thickness (depth of alloying) less tt&nm (i.e. 50% of the base

aluminium thickness). The scanning speed was vétieéd12, 15 and 20mm/sec)

in order to determine the optimum processing patarse(i.e. parameters for

homogeneous crack free surfaces). The laser paveelager beam diameter used
were 4kW and 4mm. These laser parameters are irsteable 3.1.

Table 3.1: Laser parameters used during the ladlelyag experiments.

Laser power 4kw
Laser beam diameter 4mm
Laser scanning speeds 10, 12, 15 and 20mm/s
Powder feed rate 2-3g/min
Shielding gas Argon
Shielding gas flow rate 4L/min

Table 3.2 shows the powder compositions that whosen for the optimization
tests. These compositions were chosen throughaindlerror. A high laser power
was used in order to melt the Ni and Ti powderipiag, but partially melt the
SIiC particles. Some of the SiC particles were ne@iin order to form metal

matrix composites.

Table 3.2: Starting powder mixtures.

Sample numbers Composition (wt %)
1-4 33.3Ni+33.3Ti+33.3SiC
5-8 80 Ni+15Ti+5SiC
9-12 50 Ni + 20 Ti + 30 SiC
13-16 5Ni+ 80 Ti+ 15 SiC
17-20 30 Ni + 50 Ti + 20 SiC
21-24 15Ni+5Ti+80SiC
25-28 20 Ni + 30 Ti + 50 SiC

After the optimization tests, laser alloying wasrfpemed with the powder
compositions listed in Table 3.3. Single track amdlti-track alloys were made.
For multi-track alloying, ten overlapping tracksthiva pass overlap of 50% were
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made (i.e. the width of one track was overlapped5b9y when forming the
following track). After alloying, cross-sections mgeprepared using the same

procedures described in Section 3.1.1.

Table 3.3: Compositions of powder mixtures.

Composition No. Ni (wt%) Ti (Wt%) SiC (wt%)
1 33 33 33
2 85 5 5
3 8C 15 5
4 70 10 20
5 7C 2C 1C
6 6C 3C 1C
7 60 20 20
8 5C 3C 20
9 5C 20 3C
10 50 10 40
11 5C 4C 1C
12 4C 2C 4C
13 40 30 30
14 5 85 5
15 5 8C 15
16 10 70 20
17 2C 7C 1C
18 1C 6C 3C
19 20 60 20
20 3C 5C 20
21 20 5C 3C
22 10 50 40
23 4C 5C 1C
24 2C 4C 4C
25 30 40 30
26 5 5 85
27 15 5 8C
28 20 1C 7C
29 1C 2C 7C
3C 3C 1C 6C
21 2C 2C 6C
32 20 3C 5C
33 3C 20 5C
34 1C 4C 5C
35 4C 1C 5C
36 4C 4C 2C
37 3C 3C 4C
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3.3.2 Breakdown alloy systems

Due to the complexity of the AI-Ti-Ni-SiC alloy d¢sn investigated in this
project, laser surface alloying was also conductedhe breakdown systems of
the alloy system. These breakdown systems werAlthi, Al-Ti, Al-Si, Al-TiC,
Al-SiC, Al-Ni-Ti, AI-Ni-Si, Al-Ti-Si, Al-Ni-SiC and Al-Ti-SiC systems. The
purpose of making these systems was to understamdmicrostructures and
phases formed in the complex Al-Ni-Ti-SiC systerheTaser parameters used to
form these breakdown systems were those optimiz&ction 3.3.1 above.

3.4 Hardness of the alloys

The Vickers hardness of polished alloyed surfaces wetermined using the
Matsuzawa Seiki hardness tester. An indenting tdatkg and a 15 second dwell
time was used for each hardness indent. The averhigieven indentations is

reported for each alloy.

Polished cross-sections were used to determineudhrthickness hardness
profiles (indentations from the surface of the w#ld layer through to the
aluminium base) using a 100g load with 100 spacing between subsequent

indentations.
3.5 Wear testing

Wear tests were performed on alloyed surfaces usiadgody and three body dry
abrasion wear rigs. The size of the sample holadéréhese two machines
determined the size of the specimen that coulddeel with each machine. Two
body abrasion wear tests were performed on polishegle track alloyed surfaces
while the three body abrasion wear tests were pedd on polished multi-track

alloyed surfaces.
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3.5.1 Two body abrasion wear tests

The two body abrasion wear apparatus is shownguar€i3.2. The diameter of the
sample holder of the two body abrasion wear appsreg 10mm. In the laser
alloying process the diameter of the beam used 4mas resulting in a track
width of approximately 4mm. Therefore, single tradloyed surfaces were used
in this sample holder. The size of the samples uasdi9mm x 4mm with a height
of 6mm. The samples were polished to a Od4inish prior to testing. The laser
alloyed aluminium (body 1) was attached to the ilogchrm which moved the
alloy across the SiC abrasive paper (body 2). &SI€ grinding paper with a

diameter of 200mm was used as the abrasive material

Sample Holder 7&t\/8top switches
\ Loading
/arm

‘  Rotating

disc
with SiC
abrasive
paper

Figure 3.2: Two body abrasive wear apparatus.

The loading arm moves horizontally in a straigimeliup to the centre of the
rotating disc. The stop/start switches were usedotdrol the movement of the

loading arm. The rotating disc had a fixed speed262.7rpm which was
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measured using a tachometer. The speed of thenpadim was set such that
specimens constantly abraded on fresh grits. Tpeed was determined using a
marking pen (body 1) and a sheet of paper (bodyo2kimulate the wear
experiment. The marking pen traced a spiral wedhn feee Figure 3.3) with a

spiral length of 2.53m.

Figure 3.3: The traced sliding path of the specimeluring two body wear

testing.

The samples traced the spiral path twice over tB8ep&per before being weighed
and the SiC paper changed. This resulted in anglidistance of 5.06m in a time
of 4.8s. The total duration of each wear test wasétonds but at intervals of 4.8
seconds the test was interrupted and the mas® &fatimple recorded. Three tests

per alloy were conducted.

The load applied onto the wear sample was basetthhenveight of the sample
holder that pressed down onto the specimen dutiegtést. The load on the
specimen was therefore calculated as follows:

F=mg
Where F is the applied load, m is the mass of sanmplder and g is the

gravitational force.

Therefore, F = (220.362/1000)kg x 9.8Mms2.16N
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3.5.2 Three body dry abrasion wear tests

Specimens that were alloyed with multiple tracksensubjected to three body dry
abrasion wear tests in accordance with the ASTM-G68ry sand, rubber wheel
standard [122] using the machine shown in Figude Bhe three bodies were the
sand, rubber and samples. Silica sand obtained fRoffes (Pty) Ltd. with a

particle size range of 0.3-0.65mm was used as lihesave. Prior to wear testing
the sand was sieved with a MACSALAB electronic sishaker to determine the
particle size distribution. A sample of 2kg sandswaken from the top, middle
and bottom of the bag for the sieve tests. Thregkes were taken at the different
depths in the bag (top, middle and bottom) to deitee the consistency of the
sand particles. The electronic sieve shaker wag inseontinuous vibration mode

for 10 minutes.

The silica sand is poured into the hopper andtiediiced to the testing chamber
by a vibratory feeder. The sand feed rate was 2.3dlis feed rate ensured that
sufficient sand was introduced into the rubber Wkpecimen contact area in the

testing chamber (see Figure 3.5).
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Sand hoppe————»

Sand fed to
Vibratory > < the testing
feeder chamber
Testing > Loading
chamber « hook with
weights
Sand collected >
after test

Figure 3.4: Three body dry abrasion wear instrument

The size of the multi-track samples used was 708@0R. These samples were
polished to a 0.04m finish prior to wear testing and placed in the sknfylder
shown in Figure 3.5. A 1kg weight was placed oti® lbading hook to give an
applied load of 9.8N. The duration of each weat tegs 60 minutes with the
mass of the samples recorded at 10 minute interValge tests were conducted

to determine the average for each alloy.
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Sand feeder

A

Rubber wheel

v

Sample holder

A

Silica sand

A

Figure 3.5: The testing chamber of the three botlyasive wear apparatus
showing a rubber wheel, a sample holder and a $aeder.

3.6 Impact testing

Aluminium AA1200 and multiple-track laser alloyepgeximen were subjected to
impact testing (Charpy V-notch) according to theTAMB5G23-05 standard [123].

The tests were performed on a Tinius Olsen impaathime shown in Figure 3.6.
The impact test is a standardized strain-rateviégth determines the amount of
energy absorbed by a material during fracture. ihmgact tester consists of a
sample holder, a swinging pendulum axe and theggnedicator. Specimens

were machined to 55x10x6mm dimensions (see Figure &hd a 2mm deep
notch machined at mid-length (27.5mm) at 45 degiedse surface.
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A

Pendulum axe

Pendulum lock

A

Energy indicator

v

Sample holder

v

Figure 3.6: The impact testing machine.

<«—— Safety guards

| 55mm

emm

Notch

Figure 3.7: Specimen used for impact tests.
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Specimens were placed in the sample holder usiifecesgtering tongs. The
pendulum axe was raised to a latched positionHews in Figure 3.6) and locked
before each test. The energy was set to the maxipuasition and the pendulum
released. The pendulum axe strikes the specimentl§iopposite the notch. The
energy reading after fracturing the specimen wasroed as the energy absorbed
by the specimen.

3.7 Microscopy analysis

Surfaces and cross-sections of aluminium AA1200 lasdr alloyed specimens
were viewed with different types of microscopesvatious magnifications in
order to characterize the microstructures. The gh&mmed during laser alloying
were determined using an X-Ray diffractometer. Wamd fractured surfaces
were viewed with various microscopes to determihe tvear and failure

mechanisms. This section describes the microsaogesh
3.7.1 Optical microscopy

An OLYMPUS BX51M optical microscope was used ati®as magnifications

(5X to 100X). An ALTRA 20 Soft Imaging system diglitcamera is connected to
the microscope and images of the specimen are \wzbeand captured with
analySI$ FIVE software.

3.7.2 Stereo microscopy

An OLYMPUS SZ-CTV stereo microscope with a magmifion range of 0.67X
to 4X and a BAXALL CDX digital camera was used. Thacroscope is
connected to a computer and images were obsencedagiured with analySFs
FIVE software. The depth of the alloyed layerss measured with the analySIS

FIVE computer software.
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3.7.3 Scanning electron microscopy

A JEOL JSM-840 scanning electron microscope (SEMjswsed for the
following:

0 Determination of the powder morphology;

0 Microstructural characterization
o EDS analysis
0

Examining the wear scars and fractured surfaces.
3.7.4 X-ray diffraction

A PANalytical X' Pert Pro diffractometer (XRD) wassed to determine the
phases present in the alloyed surfaces. The radiaburce used was Cu K
(1.54A wavelength). The XRD was operating at 40kM 20mA. The data was
acquired in the diffraction angle range of 102 130°, with a step size of
0.02°. The phases were identified using X'Pert Bafe with ICDD PDF

reference cards.

63



RESULTS: SYNTHESIS OF THE ALLOYS

4. RESULTS: SYNTHESIS OF THE ALLOYS

This chapter presents the results of the syntloésiee aluminium alloys. It begins
with characterization of the Aluminium AA1200 mastwhich was subjected to
surface modification. This is followed by the chasaization of the Ti, Ni and
SiC powders used to alloy the Aluminium AA1200. Nthe optimization process
for laser surface alloying is described. Due todbmplexity of the Al-Ti-Ni-SiC

alloy system investigated in this project, lasafae alloying was first conducted
on the breakdown systems of the alloy system a@al ¢im the selected Ni-Ti-SiC

compositions.

4.1 Aluminium AA1200 characterization

The microstructure of Aluminium AA1200 is shown Hkigure 4.1 and the
chemical composition in Table 4.1. The SEM imagevwshthe -Al phase with

traces of FeAl

+«—FeAl;

Figure 4.1: SEM micrograph of aluminium AA1200 shmtraces of FeAlin the

-Al matrix.
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Table 4.1: Chemical composition of aluminium AA1200

Element Cu Si Fe Al

Composition (wt %) 0.12 0.13 0.59 Balance

Figure 4.2 is the XRD pattern of aluminium AA12006owing only Al peaks
despite the chemical composition listed in Table, 4n indication of the high
purity level of the aluminium. The Miller indiceswfirm that the crystal structure

of aluminium is face-centered cubic (fcc).

Figure 4.2:XRD pattern of aluminium AA1200.

The average Vickers hardness for the Al AA1200 4s020.4H\6 ;. This was

calculated from the average of the ten hardnesnitations listed in Table 4.2.

Table 4.2: Vickers hardness of Aluminium AA1200.
Test 1 2 3 4 5 6 7 8 9 10
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The density of five aluminium AA1200 specimen isegi in Table 4.3 and the
average of 2.70+0.01g/Cris taken as the density of the alloy.

Table 4.3: Density of aluminium AA1200 specimen.

Sample number 1 2 3 4 5
Density (g/cr) 2.70 2.70 2.71 2.69 2.70

4.2 Powder characterization

The Ni, Ti and SiC powders were characterized ims$eof particle shape and size
distribution as well as hardness and phase analysie shape of the powder
affects the manner in which it flows during laséoyng with round particles
flowing more easily than irregular particles. Theesof the particles affects the
powder efficiency during laser alloying. Small peds coagulate within the
powder nozzle, due to their large surface areakiolg the nozzle while large
particles produce poor powder focus. The hardnéslseopowder particles were
used for comparison with the hardness of the pHase®ed during laser alloying.
Hardness was also useful in identifying un-disstlpewders after laser alloying.

Ni powder

Figure 4.3(a) is an SEM micrograph of the Ni powdarticles showing that the
majority of the particles are spherical while soare irregular. Large particles
were formed by the agglomeration of small particlegure 4.3(b) shows the
Vickers hardness indent made on one Ni powdergbantising an applied load of
10g. The average hardness for the Ni powder is815460.1H\4 o:.
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(@) (b)

Figure 4.3: (a) SEM image of the Ni powder partsclshowing spherical,

irregular and agglomerate particles. (b) Hardnesdeéntation on a Ni particle.

The XRD pattern of the Ni powder is shown in Figdtd; only Ni peaks were
detected. The Miller indices show that Ni has aefaentered (fcc) crystal

structure.

Figure 4.4: XRD diffractograph of Ni powder showiNgpeaks.

The Ni powder particle size distribution (7-200) is shown in Figure 4.5 with

the average Ni powder particle size at 55.6pum.
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Particle Size Distribution
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Figure 4.5: Ni powder patrticle size distributionrge.

Ti powder

Figure 4.6(a) is an SEM micrograph of the Ti powparticles showing irregular
agglomerates. Figure 4.6(b) shows the Vickers hesslindent made on one Ti

powder particle using an applied load of 10g. Therage hardness for the Ti
powder is 83.0 £ 25.2Hyb;.

(@) (b)

Figure 4.6: (a) SEM image of the Ti powder partclshowing irregular

agglomerates. (b) Hardness indentation on a Tiiphat
The XRD pattern of the Ti powder is shown in Figdr& with only Ti peaks

detected. The Miller indices show that Ti has adgewal close-packed (hcp)

crystal structure.
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Figure 4.7: XRD diffractograph of Ti powder showihigpeaks.

The Ti powder particle size distribution (5-1%8) is shown in Figure 4.8 with

the average Ti powder particle size at 69.2um.
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Figure 4.8: Ti powder particle size distributionrea.

SiC powder

Figure 4.9(a) is an SEM micrograph of the SiC pawabeticles showing that the
particles were irregular in shape. Figure 4.9(lovahthe Vickers hardness indent

made on one SiC powder particle using an appliad laf 100g. A higher load
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(compared to 10g used for Ni and Ti powder pariclevas used since the
indentations made with a 10g load were too smalhfeasurement. The average

hardness for the SiC powder is 2630.9 = 760.5HV

(@) (b)

Figure 4.9: (a) SEM image of the SiC powder paesclshowing irregular

particles. (b) Hardness indentation on a SiC paetic

The XRD pattern of the SiC powder is shown in Fegdrl0 and only SiC peaks
were detected. The Miller indices show that SiC,(3GiC) has a zinc blende

cubic crystal structure similar to that of diamd6d].

Figure 4.10: XRD diffractograph of SiC powder shogvSiC peaks.
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The SiC powder patrticle size distribution (14-809 is shown in Figure 4.11
with the average particle size at 63.6um.

Particle Size Distribution
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Figure 4.11: SiC powder particle size distributionrve.

Summary of powder characterization results

Table 4.4 summarizes the results obtained fromadharization of the Ni, Ti and
SiC powders. The SiC powder has a wide particle digtribution compared to
the Ni and Ti powders. SiC also has the highestirfemss with Ti showing the

lowest. Ni powders were spherical while Ti and $vders were irregular.

Table 4.4: Summary of the powder properties.

Particle size range Average particle _ Vickers
Powder _ Particle Shape
(um) size (um) Hardness (HV

_ Spherical with
Ni 7 -200 55.6 154.8 + 50.1
agglomerates

) Irregular
Ti 5-158 69.2 83.0 + 25.2
agglomerates

SiC 14 - 800 63.6 Irregular 2630.9 + 760.5

4.3 Optimization of the laser surface alloying proess

After laser alloying the aluminium AA1200 specimengh selected Ti-Ni-SiC
compositions according to the procedure describedChapter 3.3.1, alloyed
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cross-sections were cut and metallurgically pregp&me microscopic analysis and
hardness measurements. The criterion for optinuzaticludes production of a
homogeneous, crack-free surface layer. Thereftogeal surfaces which revealed
a heterogeneous microstructure were excluded frothdr testing. Since the aim
of the project was to modify only the surface af gluminium, 3mm was selected
as the maximum depth for the laser alloyed surfager. The thickness of the
base aluminium was 6mm. Therefore, a 3mm thickrdesshe alloyed layer
meant that 50% of the base aluminium was laseyedloThus alloyed layers with
a thickness greater than 3mm were excluded fronthdurtesting. Phase
identification is described in Chapter 4.5.

4.3.1 Microstructure of the alloyed layers

Figure 4.12 shows the single-track alloyed layerscbmpositions alloyed using a
laser scanning speed of 10 mm/s. These layers avack-free. In the figure the
alloyed layer (AL) represents a layer filled witthoged microstructure while the
thermo-affected layer (TL) is a heat treated layath no (or little) alloyed

microstructure. The shape of the alloyed layerdue to convective flow of the
melt pool and the Gaussian shape of the laser b&amere is a temperature
gradient from the centre towards the edges of tloyeal track. The centre is
subjected to higher temperatures while the edges smbjected to lower
temperatures. During alloying the molten metal ptholvs from the region of

high to the region of low temperature by convection

Good quality alloyed layers are those which havdénomnogeneous alloyed
microstructure throughout the layer as shown irufgég 4.12 (a-c and g). The
layers in Figures 4.12 (d-f) have a thermo-affedég@r in the heat affected zone
and were therefore excluded from further charazaéion. The thermo-affected
layers were observed on surfaces laser alloyedigth Ti ( 50wt%Ti) and high
SiC ( 80wt%SiC) contents in the alloying powder mixturése melting points
of Ni, Ti and SIC are 1453, 1668 and 2730°C respelst The surface
temperature achieved during laser processing I°Z36see calculations in
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Chapter 6, Section 6.3pue to the high melting points of Ti and SiC, some
material did not dissolve during laser processiegpecially in layers which
contained high proportions thereof (refer to Figudel2 (d-f)). Layers formed
with high Ni contents (Figures 4.12 (b-c) did notrh thermo-affected layers
since all the Ni powder dissolved in the melt podole to the lower melting
temperature of Ni. The width of the alloyed layerck was approximately equal

to the laser beam spot size (or laser beam diajratémm.
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(a) (b)
Length: 2.16mr
Length:1.9C(mm

AL =2.16mm——» <« Al =1.90mm

(c) (d)
Length: 237mm

<«—AL =1.67mm
Length 1.07mm

<+«—TL =1.07/mm

AL =2.37mm—»

(e) ®
<+—AL =0.65mm
AL =0.91Imm———» Length 1.66mn Length:0.65mm
TL =0.77mm— <«—TL =1.83mm

(9)

Length: 240mm

AL =2.40mm——

Figure 4.12: Stereo micrographs showing the alloyagkers (AL) and thermo-
affected layers (TL) for samples alloyed with poswdmntaining (a) 33.3wt%Ni
+ 33.3wt%Ti + 33.3wt%SiC, (b) 80wt%Ni + 15wt%Ti arbivt%SiC, (c)
50wt%Ni + 20wt%Ti + 30wt%SiC, (d) 5wt%Ni + 80wt%Fi 15wt%SiC, (e)
30wt%Ni + 50wt%Ti + 20wt%SiC , (f) 15wt%Ni + 5wt%Fi80wt%SiC and (g)
20wt%Ni + 30wt%Ti + 50wt%SiC at 10 mm/s laser sdagnspeed. The

thickness of each layer is reported.
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Figure 4.13 shows the single-track alloyed layerssbmples alloyed using a 20
mm/s laser scanning speed. High laser scanningdspesult in low heat input
and limited reaction times. This results in partiaking of the powders in the
melt pool as observed in Figure 4.13(b). The vestigf convective flow lines
induced in the melt pool by the Marangoni flow aveserved by the coiled

patterns in all the microstructures.

@ (b)
Thickness = 1.74m Thickness = 1.77m

Coiled patterns
induced by
convective flow
lines

(c) (d)

Thickness = 2.25m Thickness = 2.70mm

Figure 4.13: Stereo micrographs of samples alloyeith (a) 33.3wt%Ni +
33.3wt%Ti + 33.3wt%SiC, (b) 80wt%Ni + 15wt%Ti + BaBiC, (c) 50wt%Ni +
20wt%Ti + 30wt%SiC, (d) 20wt%Ni + 30wt%Ti + 50wt%aSat 20 mm/s laser

scanning speed.

4.3.2 Hardness of the alloyed layers

As stated in Chapter 4.1.3, the average hardneakiofinium AA1200 is 24.0+
0.4HVp 1. Aluminium AA1200 was also laser treated withoay @owder input to
determine the effect of laser treatment on the iessl of the metal. Figure 4.14
shows a through-thickness hardness profile of #serl treated aluminium as
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measured from the surface to the untreated baserialaiThe average hardness
increased to 30.9+2.3HY due to grain refinement. Grain refinement occure d
to the rapid heating and cooling rates 3(20 10° K/s) associated with laser
alloying [16,21,27,124].
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Figure 4.14: Hardness profile of the laser treasdminium AA1200.

Through-thickness hardness profiles were also oactstd for the alloyed
materials. Figure 4.15 shows hardness profilestlier surfaces alloyed with
33.3wt%Ni + 33.3wt%Ti + 33.3wt%SiC powder at vagdaser scanning speeds.
The average hardness decreased as the laser srameed increased. From
195.1+£3.9H\} ;1 for a 10mm/s scanning speed to 171.2+8.gH%r a 12mm/s
scanning speed to 161.7+9.7Mor a 15mm/s scanning speed and finally down
to 138.0+£6.1H\; for a 20mm/s scanning speed. The overall increabardness
compared to that of untreated aluminium was dueth® formation of the
intermetallic phases and the metal matrix compggitefer to Chapter 4.5.1). The
hardness decreased as the scanning speed inchegsete low scanning speeds
(e.g. 10mm/s) give sufficient time for the powdersmelt and react to form the
intermetallic phases and the metal matrix compsskigh scanning speeds (e.g.
20mm/s) leads to incomplete mixing and un-dissoleddying particles. The
depth of alloying also decreased as the scanniegdsjncreased because less
energy is absorbed at high scanning speeds. Thithigtness hardness profiles
for aluminium surfaces alloyed with 80wt%Ni + 15wik%et 5wt%SiC, 50wt%Ni
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+ 20wt%Ti + 30wt%SiC and 20wt%Ni + 30wt%Ti + 50wt¥eSollowed similar

trends. Different phases were formed in differagions within the alloyed layer
due to the differences in density and melting moiot Ni, Ti and SiC. These
differences result in fluctuations of the measuheddness profile values. This

will be discussed in further detail in Chapter 4.5.

Figure 4.15: Hardness profile of surface alloyedthwipowder containing

33.3wt%Ni + 33.3wt%Ti + 33.3wt%SiC at various laseanning speeds.

Table 4.5 summarizes the hardness results for ltmairum surfaces alloyed
using the various laser scanning speeds (10mmsmI®, 15mm/s and 20mm/s).
For the same powder composition, hardness increastd decreasing laser
scanning speed. Since the highest hardness andnagkoous microstructure
were achieved when alloying with a 10mm/sec lasansing speed, this speed

was chosen as the optimum processing speed fhefugser alloying tests.
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Table 4.5: Hardness of the alloyed layers at ddfgrscanning speeds.

Powder Composition

Hardness (HY1)

Laser scanning speed

10mm/s 12mm/s 15mm/s 20mm/s
33.3wt%Ni + 33.3wt%Ti
) 195.1 +3.9| 171.2+48.3 161.749/7 138.0+6.1
+ 33.3wt%SiC
80wt%Ni + 15wt%Ti +
_ 312.8+12.9| 298.6+16.8286 + 13.7| 254 + 14.2
5wt%SiIC
50wt%Ni + 20wt%Ti +
) 244.4+16.0| 212+11.3 196+16.8 184+12.2
30wt%SiC
20wt%Ni + 30wt%Ti +
) 152.1+21.4| 138.7+11.[7127.5+15.7| 117.1+12.4
50wt%SiC

4.4 Laser alloying of the breakdown alloy systems

Due to the complexity of the AI-Ti-Ni-SiC alloy q¢$n investigated in this

project, laser surface alloying was first conduotedthe breakdown systems of

the alloy system. Studies on these systems woudttam understanding the

microstructures and phases formed in the AI-Ni-ilG-Ssystem. The laser

parameters used to produce these breakdown systenesthose optimized in

Chapter 4.3 above. Ten breakdown systems weresdtndmely:

Al-Ni
Al-Ti
Al-Si
Al-TiC
Al-SiC
Al-Ni-Ti
Al-Ni-Si
Al-Ti-Si
Al-Ni-SiC
Al-Ti-SiC
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The results for each system are presented in depaetions. The layers observed
for the samples were free of cracks.

4.4.1 Laser alloying Al with Ni

Aluminium AA1200 was laser alloyed with the Ni pogrdshown in Figure 4.3.
During laser processing, alloyed layers with akhess of 1.3mm were achieved.
Figure 4.16 is the microstructure of the alloyegelashowing -Al (black) and
Al-Ni (grey) eutectic phases. EDS analysis revedtet the grey ‘flower-like’
structures consisted of 58at%Al and 42at%Ni. From Al-Ni phase diagram in
Figure 2.4, this phase appears to be the hexaddaldl, which was confirmed
with XRD analysis (Figure 4.17). This i, intermetallic phase was formed in-
situ by the reaction of Al and Ni. The Ali, phase was also reported by various
authors [30,39] but the ANi phase reported in [38-41] was not observed under
these processing conditions. An improvement inesd from 24.0+£0.4H)4 (Al
AA1200) to 766.9+38.5HV for the alloyed layer washi@ved. The increase in
hardness was attributed to grain refinement andAtBi, phase formed during

laser processing.

Figure 4.16: SEM micrograph of Al AA1200 laser g#d with Ni powder

showing an in-situ formed Mi, phase (grey) within an-Al (black) matrix.

79



RESULTS: SYNTHESIS OF THE ALLOYS

Figure 4.17: XRD pattern of Al laser alloyed with $howing Al, Ni and ANi;

phases.

4.4.2 Laser alloying Al with Ti

Aluminium AA1200 was laser alloyed with the Ti posvd shown in Figure 4.6.
The thickness of the alloyed layer was 2.5mm. Fagui8 is the microstructure of
the alloyed layer revealing in-situ formed dendriitructures. EDS analysis
showed that the dendrites consisted of 78at%Al 22at%Ti. According to the
Al-Ti phase diagram in Figure 2.6, the phase formedthis region is the
tetragonal AdTi intermetallic phase. This was confirmed by XRiabsis of the
alloyed layer (Figure 4.19). The Ali intermetallic phase was also observed by
Wendt et al. [51]. The microstructure in Figure 8i% therefore a-Al matrix
with a Al-Ti eutectic phase. The hardness of theyald layer was approximately
159.2+17.5HY ;. This hardness is less than the 766.9+38 &Hac¢hieved with

the AkNi; intermetallic phase when alloying Al with Ni.
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Figure 4.18: SEM micrograph of an Al laser alloywdh Ti powder showing-Al
(black) and AdTi (grey) phases.

Figure 4.19: XRD pattern of an Al laser alloyed witi showing Al, Ti and ATi

phases.
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4.4.3 Laser alloying Al with Si

The alloying of Aluminium AA1200 with Si powder nd¢ed in an alloy thickness
of 0.8mm. The microstructure of the alloyed layleown in Figure 4.20 reveals a
-Al (black) matrix and an Al-Si eutectic (white) gde. XRD analysis (Figure
4.21) confirmed the AI-Si phase. The hardness & #lloyed layer was
39.9£3.4H\41. This is slightly harder than the aluminium AA1200
(24.0+£0.4H\4 1) and the laser treated Al layer (30.9£2.3H)N The increase in
hardness is attributed to grain refinement andfah@ation of the Al-Si eutectic

phase.

Figure 4.20: SEM micrograph of an Al laser alloy@dh Si showing -Al (black)

and Al-Si eutectic (white) phases.
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Figure 4.21: XRD of an Al laser alloyed with Si m®r showing Al and Si

phases.

4.4.4 Laser alloying Al with TiC

Aluminium AA1200 was laser alloyed with TiC powdé@rhe thickness of the
alloyed layer was 0.9mm. A metal matrix compositeA( and Al;Ti) layer
reinforced with TiC was formed in the alloyed lagarshown in Figure 4.22. EDS
showed that the retained particles were 49at%Ti 2hat%C. XRD analysis,
Figure 4.23, confirmed the presence of all threasph. The hardness of the

matrix in the alloyed layer is 58.0 + 9.0klV
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TiC———

Figure 4.22: SEM micrograph of an Al laser alloy@tth a TiC powder showing
TiC particles, -Al (black) and an Alli (white) phase.

Figure 4.23: XRD of Al laser alloyed with TiC shagiAl, AkTi and TiC phases.
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4.4.5 Laser alloying Al with SiC

Laser alloying aluminium AA1200 was performed wiitle SiC powders shown in
Figure 4.9. The thickness of the alloyed layer Ww&nm. Figure 4.24 is a SEM
micrograph of the alloyed layer showing that a metatrix composite reinforced
with SiC particles was formed. Due to the high temapures (2362°C) generated
during laser alloying, some of the SiC patrticlessdriated to form Si and C. Al
reacted with Si and C to form the,8iC,; phase. EDS analysis showed that the
Al4SIC, phase consisted of 43at%Al + 11at%Si + 46at%®a# been reported
[71-75] that the temperature required for this tieacto occur is above or equal to
1670K. The in-situ reaction of Al and SiC is sholeiow:

4Al + 4SIC  AlSIC, + 3Si (ReactioB3)2.

The free Si produced during this reaction is obsérn Figure 4.24. The 4C;
phase which forms at temperatures between 940 6KL@&s not observed. This
indicates that the temperature of the melt pool alagve 1620K. Figure 4.25
shows the XRD analysis of the alloyed layer coniigrthat the phases observed
are Al, Si, ALSIiC, and SiC. The matrix consisted ofAl and Al-Si eutectic
phases. The hardness of the alloyed layer is 238.3HV.
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Figure 4.24: SEM micrograph of an Al laser alloyeith SiC powder showing
SiC particle (black particle), ABiC, intermetallic phase (dark grey platelets), Si
phase (white), -Al (grey) and Al-Si eutectic phase (white dotthiegrey phase).

Figure 4.25: XRD of an Al laser alloyed with Si®ualing Al, SiC, Si and 4$iC,

phases.
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4.4.6 Laser alloying Al with Ni and Ti

Laser alloying aluminium AA1200 was performed wigowders containing
different weight ratios of Ni and Ti (30wt%Ni +70%Ti, S0wt%Ni + 50wt%Ti
and 70wt%Ni + 30wt%Ti). The microstructures of Hilwyed layers are shown in
Figure 4.26. Layers alloyed with 30wt%Ni + 70wt%€sulted in the formation
of AlsTi and AkNi phases as shown in Figure 4.26(a). ThegTAbhase was more
dominant in the microstructure. Alloying with 50w+ 50wt%Ti resulted in
the formation of AINi and AkTi phases as shown in Figure 4.26(b). TheNAl
and AkTi phases were equally present in the microstrectuaser alloying with
70wWt%Ni + 30wt%Ti resulted in the formation ofaAli, AlsNi, and AkTi phases
as shown in Figure 4.26(c). The Al-Ni intermetajiicases (i.e. ANi and AkNi»)
were more dominant in the microstructure. All tHeages were identified using
EDS, XRD and phase diagrams. The XRD pattern faudace alloyed with
70wWt%Ni + 30wt%Ti is shown in Figure 4.27. The #ness of the alloyed layer
was 2.81mm when alloying with 30wt%Ni + 70wt%Ti52mm when alloying
with 50wt%Ni + 50wt%Ti and 2.61mm when alloying Wit Owt%Ni + 30wt%Ti.

The hardness of the alloyed surface was 139+2135HNhen alloying with
30wt%Ni + 70wt%Ti, 220+14.7Hy1 when alloying with 50wt%Ni + 50wt%Ti
and 400+23.4HY; when alloying with 70wt%Ni + 30wt%Ti. Hardness eased
with increasing Ni content in the Ni-Ti powder mix¢. This shows that alloyed
surfaces with Al-Ni intermetallic phases ¢NI and AkNi,) are harder than those
with AlsTi phases. The results for the microstructure aaitess of AA1200
laser alloyed with Ni and Ti are summarized in Eadl6.
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Figure 4.26: SEM micrograph of an Al laser alloysdth (a) 30wt%Ni +
70wt%Ti, (b) 50wt%Ni + 50wt%Ti and (c) 70wt%Ni +\806Ti.

Figure 4.27: XRD of an Al laser alloyed with 70wt?eN30wt%Ti.
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Table 4.6: Phases observed and hardness for Al lesntgsser alloyed with Ni+Ti.

Powder composition Phases observed Hardnesg {HV
30wt%Ni + 70wt%Ti -Al, Al 3Ti and AkNi 139+21.5
50wt%Ni + 50wt%Ti -Al, Al 3Ni and AkTi 220+14.7
70wt%Ni + 30wWt%Ti -Al, Al 3Ni, Al3Ni, and AkTi 400+23.4

4.4.7 Laser alloying Al with Ni and Si

Aluminium AA1200 was laser alloyed with a powdemtaining 50wt%Ni and
50wt%Si. The thickness of the alloyed layer wasmirl Figure 4.28(a) shows the
microstructure revealing AlNi and AkNi, phases. The reaction between Ni and Si
resulted in the formation of a NiShntermetallic phase shown in Figure 4.28(b).
This is thermodynamically the most stable phase/@ld®0°C in the Ni-Si phase
diagram [125]. Due to the high heating rates assediwith laser alloying, Mbi
and NiSi which form at approximately 200°C and 35Q%spectively did not
form in the alloyed layer. The XRD pattern of thieyed layer is shown in Figure
4.29 confirming the phases were Al, Si,sMi, Al3Ni; and NiS;. The matrix
consisted of -Al and an Al-Si eutectic. The hardness of the yatb layer is
216.6+22.8HV.

(@) (b) «— -Al

Al3Nis

v

A

_ AloNi
AlNi ———»

+«—NiSi;

Figure 4.28: SEM micrographs of Al laser alloyedthwbOwt%Ni + 50wt%Si
showing (a) Al-Ni intermetallic phases and (b) AkNi and NiSj phases.
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Figure 4.29: XRD of Al laser alloyed with 50wt%NB&wt%Si.

4.4.8 Laser alloying Al with Ti and Si

Aluminium AA1200 was laser alloyed with a powdemtaining 50wt%Ti and
50wt%Si. The thickness of the alloyed layer wasmiriiand Figure 4.30 shows
the microstructure. The reaction of Al and Ti résdlin an in-situ formation of an
Al3Ti intermetallic phase. The matrix consisted oAl and an Al-Si eutectic. The
reaction of Ti with Si resulted in the formation @fTiSis phase. This phase is
thermodynamically the most stable in the Ti-Si ghasagram [126]. These
phases were confirmed with XRD (Figure 4.31). Thadhess of the alloyed layer
is 120.9419.3HY 1.

90



RESULTS: SYNTHESIS OF THE ALLOYS

(@) (b)

<+«—A|-Sj eutectic
 1153%

<+—Al3Ti

Al3Ti

v

Figure 4.30: SEM micrographs of Al laser alloyedtiwbOwt%Ti + 50wt%Si
showing (a) AJTi phase and (b) Al-Si eutectic

Figure 4.31: XRD of Al laser alloyed with 50wt%T56wt%Si.

4.4.9 Laser alloying Al with Ni and SiC

Laser alloying of aluminium AA1200 with a powderntaining Ni and SiC of
different ratios (30wt%Ni +70wt%SiC, 50wt%Ni + 5048iC and 70wt%Ni +
30wt%SiC) resulted in microstructures of the albyayers as shown in Figure
4.32. Figure 4.32(a) is a typical optical microdray the alloyed surface showing
an alloyed layer (AL) and a thermo-affected layElt)( As previously stated, an
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alloyed layer (AL) represents a layer filled witHoged microstructure and a
thermo-affected layer (TL) is a heat treated layath no (or little) alloyed
microstructure. The alloyed layer formed at thdaae of the alloyed material and
consisted of a homogeneous microstructure. Thekribgs of the heat treated
layer (alloyed layer + thermo-affected layer) wapraximately 4.9mm for all
these alloyed surfaces. Figure 4.32(b) is a labeyeal 30wt%Ni + 70wt%SiC
layer showing a SiC particle, AI3 phase and an Al-Si eutectic. Due to the high
temperatures reached in the alloyed layer, sontbeofSiC particles dissociated
and reacted with Al to form a needle-like 84 phase. An ANi phase was
formed from the reaction of Al with Ni. The Al;3 phase was more dominant in

the alloyed layer compared to thesMi dendritic phase.

Figure 4.32(c) is the 50wt%Ni + 50wt%SIC alloyegtdashowing a SiC particle,
AlsNi, phase and an Al-Si eutectic. sNi formed from a peritectic reaction
between Al and ANi,. The dissociation of SiC particles resulted infibrenation
of an ALC; phase. Figure 4.32(d) is a 70wt%Ni + 30wt%SIC taghowing
Al4Cs, Al-Si eutectic and ANi, phases. The Al-Ni intermetallic phases 34k
and AkNi) increased as the Ni content in the Ni-SiC pomwméx increased, while
the AlLC; phase was dominant when the SiC content was figh.phases in the

microstructures were identified using XRD (Figur83).

The hardness of the alloyed surface was 104+1135HNhen alloying with
30wt%Ni + 70wt%SIiC, 110+10.4HM when alloying with 50wt%Ni +
50wt%SiC and 138+17.2H\M when alloying with 70wt%Ni + 30wt%SiC. This
represents a 5 times increase in hardness compardde base aluminium
AA1200. Increasing the Ni content and decreasiegSIC content in the alloying
powder mixture did not have a significant effecttbe hardness. The results for
the phases and the hardness of Al A1200 laseradlayith Ni and SiC are

summarized in Table 4.7.
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(@) Thickness = 4.6mm (b) “ SiC
AL————
< Al 4C3
TL —>
«—— Al-Si eutectic
Base—»
(©) (d) «—AlCs
Al-Si eutectic >
<«——Al-Si eutectic
Al 3Ni2 —>
< AlsNi»
SiC >

Figure 4.32: SEM micrograph of an Al laser alloyimgth (a & b) 30wt%Ni +
70wt%SIC, (c) 50wt%Ni + 50wt%SiC and (d) 70wt%N3Bwt%SiC. In (a) AL is
the alloyed layer and TL is the thermo-affectecttay

Figure 4.33: XRD of an Al surface laser alloyedhwiOwt%Ni + 30wt%SiC.
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Table 4.7: Phases and hardness for Al surfaces &lémyed with Ni + SiC.

Powder composition Phases observed Hardnesg {HV
_ _ -Al, Al 3Ni, SiC, Al,C3 & Al-Si
30wt%Ni + 70wt%SiC _ 104+11.5
eutectic
_ _ -Al, Al 3Ni, Al3Niy, SIiC, ALCs
50wt%Ni + 50wt%SiC 110+10.4

& Al-Si eutectic

_ _ -Al, Al3Ni, AlsNis, SiC, ALCs
70wWt%Ni + 30wt%SiC _ _ 138+17.2
& Al-Si eutectic

4.4.10 Laser alloying Al with Ti and SiC

Laser alloying aluminium AA1200 with powders comiag Ti and SiC of
different ratios (30wt%Ti +70wt%SiC, 50wt%Ti + 5G48iC and 70wt%Ti +
30wt%SiC) led to the microstructures shown in Fegdr34. A homogeneous
layer was formed as shown in Figure 4.34(a). Adl phhases in the microstructures

were identified using XRD, EDS and phase diagrams.

Figure 4.34(b) is a 30wt%Ti + 70wt%SIC layer shogvan SiC particle, ASIC,,
TisSiz, AlsTi and Al phases. Again due to high laser alloyiegpperatures, some
of the SIC particles dissociated and reacted withadd Ti to form different
intermetallic phases. The reaction of Al with Sdab (from SiC) resulted in the
formation of the AJSIC, phase and free Si, as shown in reaction 2.3. ATh@E;
phase which forms at lower temperature (between 94®%20K) compared to
Al4SIC, (above 1670K) was not formed. This was also olezerwhen Al
AA1200 was alloyed with only SiC particles (see t®er 4.4.5). The free Si
reacted with Ti to form the %i; phase. This is the most stable phase in the Ti-Si
system as it has the lowest energy of formatio6[.L2&I reacted with Ti to from

the AlTi intermetallic phase.

Figure 4.34(c) is a 50wt%Ti + 50wt%SiC layer. ThHeapes identified by XRD
(Figure 4.35) are Al, SIiC, TiC, §%i3 and AETi. The dissociation of SiC particles
resulted in the formation of TiC ands¥i; phases. The interfacial TiC phase was
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formed around the SiC particles due to adsorptibrTioon the SiC particle
surface. As the Ti content in the alloying powdesviurther increased to 70wt%,
an increase in the Ali phase was observed in the microstructure as shaw
Figure 4.34(d). The Thiz phase was also observed from the dissociation®@f S

and the reaction of Si with Ti.

The hardness of the alloyed surface was 81.8+8,3HNMhen alloying with
30wt%Ti + 70wt%SiC, 111.3+20.3RM when alloying with 50wt%Ti +
50wt%SiC and 149.0+21.3HVY when alloying with 70wt%Ti + 30wt%SiC.
These results show that the hardness increasbs s tontent increased because
of the increase of the hard and brittles Bl phase in the microstructure. The
results for samples laser alloyed with Ti and SiQlifferent weight ratios are

summarized in Table 4.8.

(a) (b)

«— -Al

Al 4SICy

A

<—T|58|3
-Al
SiC

A

A

(©) (d)

/ <+SiC
Sic
TiC

Al 3Ti

[
»

+«—Al3Ti

TisSis

A

Figure 4.34: Micrographs of an Al laser alloyed Wwi{a & b) 30wt%Ti +
70wWt%SiC, (c) 50wt%Ti + 50wt%SiC and (d) 70wt%T36wt%SiC.
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Figure 4.35: XRD of an Al surface laser alloyedns0Owt%Ni + 50wt%SiC.

Table 4.8: Phases and hardness for Al samples as®yed with Ti and SiC.

Powder composition Phases observed Hardnesg {HV
_ _ -Al, SIiC, Al;SICy, TisSiz &
30wt%Ti + 70wt%SiC _ 81.8+8.5
Al 3Tl
50wt%Ti + 50wt%SiC -Al, SiC, TiC, TiSiz & Al 3Ti 111.3+20.3
70Wt%Ti + 30wt%SiC -Al, SiC, TiC, TiSiz & Al 3Ti 149.0+21.3

4.5 Laser alloying Al with Ni, Ti and SIiC

Aluminium AA1200 surfaces were laser alloyed withwalers containing Ni, Ti
and SiC in different ratios as listed in Table 3Be processing conditions were
the same as those listed in Table 3.2 using a Eseming speed of 10mm/s as
optimized in Chapter 4.3. The width of the singiack alloyed layers was
approximately equal to the beam diameter of 4mne ffiickness of the layers
produced varied between 1.8 to 2.8mm. The microsira of alloyed layers that
did not form a thermo-affected layer was furthearelcterized to determine the

phases present. Of the 37 alloys listed in Tab& dhly 14 alloys met this
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criterion. Detailed microstructural analysis of th# alloys is given in Appendix

A. In this section a summary of the results ofldllalloys is presented.

Table 4.9 lists the phases that were detectedl ihdahlloys using XRD, while

Table 4.10 lists the phases that were only foundelected alloys, also using

XRD. The XRD patterns for all the alloys as well mmcrostructure images

reflecting the phases are given in Appendix A.

Table 4.9: Phases found in all the Al surfacesradieyed with Ni, Ti and SiC.

-Al | SIiC AlsNi | Al 3Ti

Table 4.10: Phases found in selected Al surfacesrlalloyed with Ni, Ti and

SiC.

Phases Results for Alloys

TiC, TisSi3 Found in all alloys except 80wt%Ni + 15wt%Ti + 38&iC and
10wt%Ni + 70wt%Ti + 20wt%SiC

Al3Ni, Found in all alloys except 10wt%Ni + 70wt%Ti + 2005iC
and 20wt%Ni + 40wt%Ti + 40wt%SiC

Al4Cs Only found in alloys 50wt%Ni + 20wt%Ti + 30wt%Siénd
70wWt%Ni + 10wt%Ti + 20wt%SiC

Ti3SIC, Only found in alloys 40wt%Ni + 20wt%Ti + 40wt%SiC
40wWt%Ni + 30wt%Ti + 30wt%SiC, 20wt%Ni + 40wt%Ti
40wWt%SiC, 30wt%Ni + 40wt%Ti + 30wt%SiC, 40wt%Ni
40Wt%Ti + 20wt%SiC and 30wt%Ni + 30wt%Ti + 40wt%SiC

Al4SIC, Only found in alloys 20wt%Ni + 30wt%Ti + 50wt%SiC
40wWt%Ni + 20wt%Ti + 40wt%SiC, 20wt%Ni + 40wt%Ti
40Wt%SiC, 30wt%Ni + 40wt%Ti + 30wt%SiC and 30wt%Ni
30wt%Ti + 40wt%SiC

Si Only found in alloys 20wt%Ni + 40wt%Ti + 40wt%Si
30wt%Ni + 40wt%Ti + 30wt%SiC and 30wt%Ni + 30wt%Fi
40wWt%SiC

Al3TiC, Only found in alloy 20wt%Ni + 30wt%Ti + 50wt%SiC
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Due to different densities, Ni (= 8.91 g/cr), Ti ( = 4.51 g/cm) and SiC ( =

3.21 g/cm) reacted with the Al at different positions withine alloyed layer.
Generally the SiC reacted with molten Al close e surface while Ni reacted
with Al near the middle of the alloyed layer. Theedle-like A}Ti phase was

observed throughout the microstructure.

The formation of an aluminium SiC-embedded metatrinaomposite (MMC)
depended on the amount of un-dissolved SiC pastidl¢he alloyed layers which
in turn depended on the amount of SiC added to elof as well as the size of
the SIC particles. All 14 alloys formed a MMC bbgtalloy to which 5wt%SiC
was added did not form a good MMC as few SiC pladiavere retained in the
alloyed layer. Figure 4.36 shows the effect of &o@tent on the microstructure of
two alloys. It also appeared as though the adduiohi influenced the formation
of MMCs. When Ti was added together with low amguoit SiC (10 — 20wt%),

the amount of retained SiC particles decreased.

(@) (b)

Figure 4.36: Effect of SiC content on alloys (aB®Ni + 15wt%Ti + 5wt%SiC
and (b) 20wt%Ni + 30wt%Ti + 50wt%SiC. A good MMQedlected in alloy (b).

Due to the high surface temperatures achieved gllaser alloying, some of the
SiC powder particles dissolved in the melt pooleTdissolved SiC particles
dissociated to form Si and C. The C reacts withegifli or Al to form TiC or the
brittle Al,C; phase. The Gibbs free energy is more negativéhioformation of
TiC and thus there was a higher tendency for th@dtion of TiC than for AJCs.

Two types of TiC phases were observed, namely dendnd interfacial TiC as
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indicated in Figure 4.37. The interfacial TiC pleaseere formed around SiC
particles due to adsorption of Ti on the SiC swefdaue to the high cooling rates
associated with laser treatment, these TiC phasesad grow or aggregate. The
dendritic TiC phases were formed inside the metil fiom the reaction of the
dissolved SiC particles and Ti. TiC formed in atcept two alloys. The brittle
Al4C3; phase was only detected in two alloys which bad low Ti and SiC
contents. The formation of the &; phase can be controlled by (1) selecting a
suitable laser energy density to reduce the meliémgperature and restrain the
melting and dissolution of SiC particles, (2) usantprge laser scanning speed to
shorten the melt pool time and weaken the reactibi&iC and Al, and (3)
increasing appropriately the amount of SiC to eestthe nucleation and growth
of the ALC3 phase [73].
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Figure 4.37: Alloy33.2wt%Ni + 33.3wt%Ti + 33.3wt% SiGhowingthe different

phases observed.

The dissociated Si and reaction with Ti generabgrfed the thermodynamical
favourable T4Si; phase which has the lowest Gibbs free energy cadgarothe
Ti-Si phases such as TiSi, T, and TiSis. Increasing thdevel of Ti added
increasedhe formation of TsSis. In three alloys free Si was detected while i

few alloys traces of 3SiC, and ALSIC, were found.
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Due to the high Al content in the base material garad to the Ti and Ni contel
the Ni-rich and Tirich Al-intermetallic phases were not form¢The reaction of
Al with Ni generallyresulted in the formation of the dendriti¢zNi phase while
the reaction of Al with Tigenerallyresulted in the formation cthe needle-like
Al3Ti (refer to Figure 4.38). When high Ti contents wadeed the microstructu
was dominated by the formation of thesTi intermetallic phas: When high Ni
contents were added the microstructure was donunhbie the formation ¢
usually the AINi phase and occasionally the3Ni, phase.These phases a
formed in the Al rich side of the -Ni phase diagranlThe dendritic A3Ni phase
forms from a eutecticeaction between Ni and liquid Al. The Ali phase which
was seen to envelope thesNi, phase was formed by a peritectic reac

between the liquid and the 3Ni, phase.

<+«—Al3Ni

Figure 4.38 Alloy 70wt%Ni + 20wt%Ti + 10wt%Sishowing the dendritic 3Ni

and the needléke ALTi intermetallic phases.
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5. RESULTS: MECHANICAL AND WEAR TEST
RESULTS OF THE ALLOYS

The 14 alloys described in Chapter 4, Section 4&Evsubjected to abrasion and
impact testing. The results of these tests areepted in this chapter. The surface
hardness, as well as hardness profiles throughs-s®sdions of each alloy, was

also determined and the results described here.

5.1 Hardness

Through-thickness hardness profiles (indentatioos fthe surface of the alloyed
layer through to the base) were constructed usintP@g indenting load on
polished cross-sections of the alloyed surfaces. §gacing between consecutive
indentations was 100n. Figure 5.1 shows a typical hardness profile dar
aluminium surface alloyed with 33.3wt%Ni + 33.3wtPof 33.3wt%SiC. The
average hardness of the alloyed layer (region A195.1 + 3.9HVi1 The
hardness is highest in the alloyed layer (regiosi#jwing a sharp decrease in the
interface region (region B) between the alloyectagnd the pure aluminium and
is lowest in the pure aluminium (region C). Thisnfions that laser alloying
improved the surface hardness. The improvementandress is related to the
formation of hard intermetallic phases and metatrimaomposites as well as
grain refinement due to the rapid heating and ogotates associated with laser
alloying. During alloying a temperature gradientasmed in the material due the
heat source (the laser beam) and the heat sinkelpdhe substrate, which acts to
extract heat from the surface. This temperaturdigna together with the density
variations between Al (2.7g/én Ni (8.91g/cmi), Ti (4.51g/cmi) and SiC
(3.21g/cm) produces a strong convective flow in the meltIpebich in turn
results in the formation of different phases (sé@apfer 4, Section 4.5). This in

turn leads to the small fluctuations in hardnesseoled in region A.
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Figure 5.1: Hardness profile through cross-sectiohaluminium alloyed with
33.3wt%Ni, 33.3wt%Ti and 33.3wt%SIC. (A) is theoydd layer, (B) is the
interface between the alloyed layer and the alunmmsubstrate and (C) is the Al

substrate.

The hardness results for all the alloyed cross@eci{average hardness of region
A in Figure 5.1) are listed in Table 5.1. The soefdhardness of these alloyed
samples using a 1kg load are also listed in Taldleabd illustrated in Figure 5.2.
The two hardness values for each alloy are simildrin experimental error. The
results show that laser alloying improved the siafdardness for all the
compositions used. Grain refinement, due to the&rhpating and cooling rates
associated with laser alloying plays a role in @asing the hardness of the laser
alloyed surfaces [124]. The highest hardness waairdd when alloying with
high Ni contents. This is likely due to the higlrdh@ess of the ANi (732HV) and
Al3Ni, (1013HV) phases present in this alloy [127]. Tleasity of the equiaxed
dendritic AgNi, grains was high resulting in small Al mean fre¢hpabetween
the grains. This limits the contribution of the @wluminium to the hardness of
the high Ni alloys. The Si containing intermetajihases namely, sBis, TizSIC,
and ALSIC, did not increase the hardness significantly du¢htolow volume

fraction of these phases.
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Table 5.1: Hardness of the alloyed layers.

Powder Composition

Hardness (HVy.1)

from Region A

Surface

Hardness (HV,)

Untreated aluminium AA1200 24004 240+0.3
Laser treated aluminium 309+23 30.7+4.2
10wt%Ni + 70wt%Ti + 20wt%SiC 136.5+ 125 143.7.89
20wWt%Ni + 30wt%Ti + 50wt%SiC 1521 +21.4 149.5&¢1
20wt%Ni + 40wt%Ti + 40wt%SiC 168.3 + 28.6 172434
30wt%Ni + 30wt%Ti + 40wt%SiC 183.0+17.4 184586
30wt%Ni + 40wt%Ti + 30wt%SiC 189.0+11.4 192.2.28
33.3wt%Ni + 33.3wt%Ti +
33 BWIASIC 195.1 + 3.9 1974+ 75
40wWt%Ni + 20wt%Ti + 40wt%SiC 195.4 + 28.6 198.233
40wt%Ni + 30wt%Ti + 30wt%SiC 229.7+17.6 218946
40wt%Ni + 40wt%Ti + 20wt%SiC 235.7+21.3 239.7¢3
50wt%Ni + 20wt%Ti + 30wt%SiC 2444 +16.0 250.1.87
60wt%Ni + 30wt%Ti + 10wt%SiC 265.3 £ 22.7 264.3.49
70wWt%Ni + 10wt%Ti + 20wt%SiC 289.6 £ 10.6 290.4x9
70wWt%Ni + 20wt%Ti + 10wt%SiC 2925+219 295.8kx2
80wt%Ni + 15wt%Ti + 5wt%SiC 312.8+12.9 318.6 £ 9.
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Figure 5.2: Surface hardness of untreated aluminiand the laser alloyed

surfaces.

5.2 Two body abrasion wear tests

Two body abrasion wear tests were performed orsipetl surfaces of the alloys
according to the procedure outlined in Chapter 8¢tiSn 3.5.1. The pure

aluminium and all the alloyed layers displayed Hagne wear rate response in
terms of an initial high wear rate during the fiegt of testing followed by a

levelling off of the wear rate for the remaindertbé test. Figure 5.3 illustrates
this behaviour for several alloys while Figure prbvides a comparison of the
wear rates for all the alloys after 24 seconds eanw Graphs, similar to Figure

5.3, reflecting the wear rates for each alloy aoviged in Appendix B1.
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Figure 5.3: Wear response of untreated aluminiumd Eser alloyed surfaces.

Figure 5.4: Wear rate of untreated and laser alldyduminium surfaces.

The results in Figure 5.4 show a reduced average vete after laser alloying
which is due to the formation of the metal matromposites and intermetallic
phases. The common linear trend of increasing lasiheading to increasing

wear resistance was not observed. The 80wt%Ni +%3w+ 5wt%SiC alloy
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which has the highest hardness did not show thevieesr resistance. This alloy
has the ninth highest wear rate of the fifteen nedte The best wear resistance
was shown by the 20wt%Ni + 30wt%Ti + 50wt%SiC allefiich only had the
thirteenth highest hardness.

SEM images of the worn surfaces were taken to iiyetite wear mechanisms.
Similar features were found on the wear scars lotha alloys. The degree to
which the different types of mechanisms occurregedded on the alloying
composition. SEM images of the untreated aluminid1200 alloy worn

surfaces are shown in Figure 5.5. The wear featobeerved were grooves
formed by the motion of the SIiC abrasive grits (ffegg 5.5(a) and (b)) and
material pile-up due to groove formation (Figur&(b)). Plastic deformation
(Figure 5.5(c) showing differences in grey levedgd cracking in the deformed
layer (Figure 5.5(d)) were observed in the crossiges. Cracks which initiated
in the deformed layer, and at the interface betwbendeformed layer and the
bulk material, facilitated material removal duritige cutting action of the abrasive

grits leading to high mass losses.
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(@) (b)

() (d)

Figure 5.5: Worn surfaces of the untreated alunmmiin (a) and (b) plan view

(c) and (d) crossectiors.

Figures 5.6 to 5.8 illustrate the typical wear scabserved on the alled
surfaces. Images of the wear scars all the alloys canobed in Appndix Bl.
Groove formation, material pi-up and crackingas shown in Figures 5.6 and
were generallyobservecon all the worn surface3he wear grooves in the las
alloyed surfaces were shallow compared to thosenddr on the untreate
aluminium. Ths is attributed tcthe presence of the haogramic particles ar

intermetallic compouncwhich hinder groove formation.
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() (b)

© (d)

Figure 5.6: SEM plan view images of wear scarshef kaser alloyed surfaces
showing typical features observed in all the altbyayers. Images taken at low

magnifications.
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(a) (b)
© (d)
(e) ()

Figure 5.7: SEM plan view images of wear scarshef taser alloyed surfaces
showing typical features observed in all the albyayers. Images taken at high

magnifications.

Figure 5.8 shows SEM images of the cross-sectidrseweral alloys. No sub-
surface plastic deformation was observed in therlaBoyed materials due to the
presence of the hard ceramic particles and int@liitetompounds. In Figures
5.8(a) and (b), the SiC particles appear to himtlack growth. Fracturing of the
SiC particles (Figure 5.8(c)) and cracking of timermetallic matrix (Figure

5.8(f)) was also observed. Lateral cracking seesome of the cross-sectional
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views wasfound to betransgranular and contributed to chipping of therry

surface layer as seen in Figures(d) and (e).

(@) (b)

© (d)

(e) (f)

Figure 5.8: SEM images ccross-sectios of the worn surfaces of the las

alloyed surfaces.
5.3Three body dry abrasion wear tests

Three body dryabrasion wear tests were performed on polisheceesfof the
alloys according to the procedure outlined in Chapter &tiSn 3.5.2. Silici

(Si0Oy) sand was used as the abrasive material. Thevgandieved to determir

111



RESULTS: WEAR AND MECHANICAL TEST RESULTS OF THE AIOYS

the particle size and distribution. Figure 5.9 shdhe size distribution curve for
the silica sand used. Majority of the sand parsickere in the range of 500-
600um with a [ of 525um. The silica particles were generally dagin shape.

Figure 5.9: Size distribution curve for the silisand.

The wear response of all the alloys was similathvan initial high wear rate
during the first 10 minutes of testing followed ayevelling off of the wear rate
for the remainder of the test. Figure 5.10 illustsathis behaviour for several
alloys while Figure 5.11 provides a comparisonhaf wear rates for all the alloys
after 60 minutes of wear. Graphs, similar to Figbr®0, reflecting the wear rates

for each alloy are provided in Appendix B2.
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Figure 5.10: Wear response of untreated aluminiund Eser alloyed surfaces.

The results in Figure 5.11 show a reduced averasge vate after laser alloying
which is due to the formation of the metal matromposites and intermetallic
phases. Again no correlation was observed betwesam vesponse and hardness.
The 80wt%Ni + 15wt%Ti + 5wt%SiC alloy which had theghest hardness did
not show the best wear resistance. This alloy hadwelfth highest wear rate of
the fifteen materials. The best wear resistance stasvn by the 40wt%Ni +
20wt%Ti + 40wt%SiC alloy which only had the eigltighest hardness.
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Figure 5.11:Wear rate of untreated and laser alloyed aluminsunfaces.

SEM images of the worn surfaces were taken to ifjetite wear mechanisms.
Similar features were found on the wear scars lotha alloys. The degree to
which the different types of mechanisms occurregedded on the alloying
composition. Figures 5.12 to 5.15 illustrate thgicsl wear scars observed on the

metals. Images of the wear scars of all the alt@ysbe found in Appendix B2.

Figure 5.12 shows the wear scars on the pure Ak Bu high ductility of
aluminium, some of the SiOparticles were embedded in the deformed
microstructure. Figures 5.12(a) and (b) show cragkind plastic deformation of
the surface. During testing the rubber wheel pusiesand against the specimen
leading to point indentation on the aluminium soefdy the applied load and the
SiO, particles. The extent of deformation and crackamgthe surface is evident
on the cross-sections of the aluminium shown irufgg 5.12(c) and (d). Cracks

which initiated in the deformed layer facilitatectarial removal during wear.
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(@) (b)

© (d)

10pm 10pm
Figure 5.12:Worn surfaces of the untreated aluminium in (a) émdplan view;

(c) and (d) crossectiors.

Similar wear features oploughing, smearing, material pilgz and extensive
cracking were observed in the laser surface allogaterials as shown in Figur
5.13 and 5.14.The SiC particles seem to hinder crack growth anobwpe
formation as seen in Figure 5.14 (a) and The wear grooves were shallow &
shortercompared to those formed during two body abrasiea. However the
degree of plastic deforman was greater under three body abrasion condit
This is attributed tcthe lower hardness of the silica sand (800HV) compaoe
silicon carbide abrasive grits (2500F as well as the different applied loads u

for the two tests (higher in the 3 bcwear tests).
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() (b)

© (d)

Figure 5.13:SEM plan view images of wear scars of the lasayalll surface
showing typical features observed in all the althyayers. Images taken low

magnifications.
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@ (b)
(© (d)
(e) (f

Figure 5.14:SEM plan view images of wear scars of the lasesyalll surfaces
showing typical features observed in all the allbyayers. Images taken at high

magnifications.

Sub-surface plastic deformation occurred in therlatloyed materials. This was
evident in the cross-sections of the worn surfaskere distortions in the
microstructures were observed, for example unifohanges in grain orientation
in the direction of motion of the abrasive. Thigateation is caused by the cyclic
action of the abrasive over the surface under nifleence of the applied load.
Lateral cracking seen in the cross-sectional viem&s transgranular and
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contributed to chipping of the worn surface laysrsaen in Figures 5.15(a) a
(b). Fracturing of the SiC particles (Figures 5.-e)) and transgranular cracki
of the intermetallic matrix (Figure 5.15(f)) wassaved

@ (b)

10pm 10pm

(©) (d)

(e)

Figure 5.15:SEM images ocross-sectios of the worn surfaces of the la:

alloyed surfaces.
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5.4 Impact tests

Charpy impact tests were performed on untreatechialum and laser alloyed

samples. The tests were conducted according tprideedure outlined in Chapter
3, Section 3.6. The energy absorbed by aluminiuchtha laser alloyed samples
during fracture was recorded and is listed in T&b® The reported energy is the
average of 4 measurements. The data shows thaeha&glyy was absorbed during
fracture of the ductile aluminium AA1200 metal. €Tlaser alloyed samples

absorbed lower energies due to the increased regari¢he surface layers.

Table 5.2: Absorbed energy during fracture.

Sample Average Energy (J)
Aluminium 14.8+0.2
10wt%Ni + 70wt%Ti + 20wt%SiC 10.2+0.2
20wWt%Ni + 40wt%Ti + 40wt%SiC 10.0+0.0
40wt%Ni + 40wt%Ti + 20wt%SiC 10.0+0.0
30wt%Ni + 30wt%Ti + 40wt%SiC 10.0£0.0
33.3wt%Ni + 33.3wt%Ti + 33.3wt%SiC 9.8+0.2
30wt%Ni + 40wt%Ti + 30wt%SiC 9.5+0.4
80wt%Ni + 15wt%Ti + 5wt%SiC 9.5+0.2
20wWt%Ni + 30wt%Ti + 50wt%SiC 9.2+0.3
70wWt%Ni + 20wt%Ti + 10wt%SiC 9.0+0.0
70wWt%Ni + 10wt%Ti + 20wt%SiC 9.0+0.0
40wt%Ni + 30wt%Ti + 30wt%SiC 9.0+0.0
40wWt%Ni + 20wt%Ti + 40wt%SiC 8.7+0.2
50wt%Ni + 20wt%Ti + 30wt%SiC 8.5+0.4
60wWt%Ni + 30wt%Ti + 10wt%SiC 7.3+x0.2

After impact, the pure aluminium samples did notptetely fracture but were
plastically deformed and simply bent, as shownigufe 5.16. Therefore, plastic

deformation occurred in these surfaces, not fractand the absorbed energy
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listed in Table 5.2 for aluminium is due to thisagic deformation and not

fracture.

Figure 5.16: Untreated aluminium AA1200 after impsst.

A typical fractured surface for the laser alloyegnples is shown in Figure 5.17.
Three different regions are observed; the laseyedl layer followed by the
aluminium surface and then the notched aluminiuhe fractured surface of the
aluminium surface region is shown in Figure 5.1&Ipléts characteristic of
ductile fracture were observed in this region.
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<+— Alloyed layer

Al surface

A

Notched A

A

Figure 5.17 A typical fracture surface for the laser alloysamples

Figure 5.18 Fracture surface of the aluminium surface showenglets
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The typical fracture surfaces of the alloyed layars shown in Figure 5.19.
Images of the fractured surfaces of all the allogs be found in Appendix C. In
alloys with a high SiC content (Figure 5.19(a-cyyack propagation was
promoted by transgranular fracture of these ha@lfirticles. Fracture of the SiC
particles occurred by cleavage which is charadterdd brittle fracture while the

matrix was dull and fibrous which is characteristialuctile fracture. Cleavage is
known to occur due to transgranular fracture [1F@w cracks were observed in
alloys with a low SiC content, but decohesion a# thtermetallic phases was
observed as shown in Figures 5.19(d-f). This was abserved by Vreeling et al.
[120] while studying the failure mechanisms in dffsfC metal matrix composite.
Cracking of the intermetallic phases was also oleskin the fractographs. In

general the overall fracture was ductile.
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(@) (b)

<«———Matrix with
intermetallic

phases

+«—SiC

(©) (d)

Decohesion of

/the intermetallic

phases

(€) (f)

Figure 5.19:SEM fractographs of tl laser alloyed samples. @-are alloys witt
high SiC content ( 20wt%) while (d® are alloys with low SiC content
20wt%).
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6. DISCUSSION

The originality of this research was the laseryafig of aluminium AA1200 with
Ni, Ti and SiC powders simultaneously. Optimizatminthe laser parameters for
the formation of homogeneous and crack-free alloyedaces; studying th
situ formation of the metal matrix composites and imetallic compounds; and
characterizing the mechanical and tribological prips of the alloyed material
were also novel aspects with regard to this speaifioy system. This chapter

discusses the results obtained with emphasis @e th@vel components.
6.1 Optimization of the laser surface alloying proess

The initial challenge in this work was to producgand quality alloyed layer on
the aluminium surface. A good quality alloyed lay@s a homogeneous alloyed
microstructure throughout the layer. This layer welsieved by carefully (through
trial and error) determining the optimum procesgragameters. Only the laser
scanning speed was varied while determining thenyoh processing parameters.
Samples that formed a thermo-affected layer (layeith no alloyed
microstructure) due to heterogeneous mixing in thelt pool were not
characterized further. As the aim of the researab tw modify only the surface of
the aluminium AA1200 while retaining the bulk profpes, samples with an
alloyed thickness (laser alloying depth) greatat @mm were not characterized.
The thickness of the base aluminium was 6mm ancefive a 3mm alloying

depth represents 50% of the aluminium base plate.

Prior to laser processing the untreated aluminiumPA1200 metal was
characterised. The major phase observed in theostrocture was -Al with
traces of FeAl The crystal structure of aluminium is face-ceetlecubic and the
density is 2.70+0.01g/cinThe Ni, Ti and SiC powders were also charactdrise
determine the particle size and shape. The sizlkeoparticles affects the powder
efficiency during laser alloying while the shapéeafs the manner in which they
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flow. The SiC powder had a wide particle size disition compared to the Ni and
Ti powders. SiC also had the highest hardness Witehowing the lowest. Ni

powders were spherical while Ti and SiC powderssvileegular.

Laser alloying Al with Ni, Ti and SiC simultaneoystas successfully performed
with an Nd:YAG laser. The processing conditionsdugedetermine the optimum
conditions are given in Table 3.2. In determinirge toptimum processing
parameters, only the laser scanning speed wasdvartee off-axis nozzle and
powder feed rate used ensured that sufficient powess introduced to the
laser/material interaction zone. A laser power kbfVdand a laser beam diameter
of 4mm were sufficient for the dissolution of thewrers. The laser scanning
speed affects the heat input during laser alloylngreasing the laser scanning
speed decreases the absorption of radiation orsubstrate which results in
insufficient heat to melt the substrate and to aliss the powder particles. The
optimum laser scanning speed was determined to Gmemls based on the

following reasons:

At high laser scanning speeds (e.g. 20mm/s), \estij convective flow
lines induced in the melt pool by the Marangonwflavere observed.
These vestiges of convective flow lines show thanbgeneous mixing
did not occur.

Due to the fast cooling rates (00" K/s) associated with laser alloying,
high scanning speeds did not give sufficient tinoe the powders to
dissolve in the melt pool.

The surface hardness increased as the alloyingd speereased because
the powders dissolved and reacted with Al to forardhintermetallic
phases. Some of the powders did not dissolve atititescanning speeds
(e.g. 20mm/s).

Low scanning speeds (e.g. 10mm/s) resulted in atgredepth of
penetration due to the high heat input. This pcedualloyed layers with
the required thickness.
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The study of thein-situ formation of the metal matrix composites and
intermetallic compounds was then conducted on thtanized layers. Due to
complexity of the AI-Ni-Ti-Si-C system investigatedth this project, the

breakdown systems were first studied.
6.2 Laser alloying of the breakdown alloy systems

A summary of the results obtained from the breaki®ystems are shown in
Table 6.1. The increase in hardness after laseyialj was attributed to grain
refinement and the-situ formation of phases (intermetallic phases and/etain
matrix composites) within the -Al matrix. The highest hardness of
766.91£38.54HY 1 was achieved when laser alloying with Ni powderdénse
network of equiaxed dendritic Mli, grains was observed in the microstructure.
The -Al mean free path (spacing between two consecuiiybli, intermetallic
phases seen in Figure 4.16) was low compared tacas alloyed with the Ti or
SiC powders. Therefore, the high volume fractionhef AgNi, phase and the low
-Al mean free path were major contributors to thghhhardness of the laser
alloyed surface. The dendritic Ali phase formed when laser alloying Al with Ti
resulted in a lower hardness (159.2+17.%5hVcompared to the effect of the
Al3Ni; phase. The -Al mean free path was higher due to the dendnisiture of
the ALTi phases which resulted in a low hardness duédeoiricreased volume

fraction of the -Al in the alloyed layer.
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Table 6.1: Summary of the results from the breakdsystems.

Alloying powder
ying pow Phases observed Hardness (H)V|
composition
Ni -Al & Al 5Ni, 766.9+38.5
Ti Al & Al 5Ti 159.2+17.5
Si -Al & Al-Si eutectic 39.9+3.4
TiC Al TiC & Al 5Ti 58.0 + 9.0
sic -Al, SIiC, Si, ALSICs & Al-Si 938.3+33.7
eutecti
30Wt%Ni + 70Wt%Ti _Al. Al sTi and ALNi 1394215
30Wt%Ni + 50Wto%Ti _Al. AlsNi and AkTi 220+14.7
70Wt%Ni + 30Wt%Ti _Al. AlsNi. AlsNi, and ATi 400+23.4
50Wt%Ni +50Wt%Si - Al, Si, AlsNi, AlsNiz and 216.6+22.8
NiSi,
50Wt%Ti + 50Wt%Si -Al, AlsTi and TkSis & Al-Si 120.9+19.3
eutectic
30wteNi +70wtgesic | b AlaNi SIC, ALCs & Al-Si 104+11.5
eutectic
50wto6Ni + sowtesic | A AlaNi AlaNiz, SIC, ALCs 110+10.4
& Al-Si eutectic
70wt96Ni + 3owtoesic | b AlsNi AlaNiz, SIC, ALCs 138+17.2
& Al-Si eutectic
30Wt%Ti +70Wt%SiC -Al, SIC, AlLSIC, TisSis & 81.8+8.5
AlsTi
50Wt%Ti + 50Wt%SiC |  -Al. SIiC, TiC, TSk & Al 5Ti 111.3+20.3
70Wt%Ti + 30Wt%SiC |  -Al. SIiC, TiC, TSk & Al 5Ti 149.0+21.3

Laser alloying Al with a powder consisting of mixédi + Ti in different

compositions resulted in the formation ofsli, AlsNi, and AETi intermetallic

phases. No Ni-Ti phases were present. The hardridbe laser alloyed surfaces

increased with increasing Ni content in the powdexkture due to the high
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hardness of the ANi (1013HV [127] ) and AdNix(732HV [127] ) phases. The
highest hardness of 400+23.4kkVwas observed when laser alloying with
70wWt%Ni + 30wt%Ti.

Si did not form intermetallic phases with Al butsva solid solution in the Al-Si
eutectic. This was also observed by other auth®@ts6p]. The hardness of the
laser alloyed surface was 39.9+£3.4 {{VThe increase in hardness from 24.4+0.4
HV 1 for the untreated aluminium was attributed to gra&finement and the Al-
Si eutectic formed. When Al was laser alloyed via@wt%Ni + 50wt%Si, AN,
Al3Ni, and NiSp intermetallic phases were formed in the Al-Si etitematrix.
The Ni and Si in the melt pool resulted in the fation of the thermodynamically
stable (above 750°C) NiSintermetallic phase. The p8i and Ni-Si phases which
form at lower temperatures did not form due tohlgh heating and cooling rates
associated with laser alloying. A surface hardnets216.6+22.8H\; was
achieved after laser alloying. Al and TgSis intermetallic phases were formed
when laser alloying aluminium with 50wt%Ti + 50wt%%$he TSiz phase is the
most thermodynamically stable phase in the Ti-Sisehdiagram compared to the
TiSi, TiSk, and TSI, phases [126]. The surface hardness was 120.9+¥9.:3H
which is lower than 216.6£22.8 HY observed when laser alloying with Ni + Si.
This highlights the efficiency of the Al-Ni (AlNi and AkNi») intermetallic phases
to increase the surface hardness compared to f$ie &hd TgSiz intermetallic

phases.

Laser alloying aluminium with ceramic materials @Tand SiC) resulted in the
formation of metal matrix composites. A metal matcomposite (MMC) is a
composite material consisting of at least two malemwith one material being a
metal. In this work, -Al was the metal matrix and the ceramic (TiC o€ Swas

the reinforcement. Due to the high temperatureseaeld during laser alloying
and the wide size distribution of the powder p#tc some of the ceramic
particles dissociated and reacted with aluminiunfaion in-situ products. An

aluminium MMC reinforced with TiC particles was foed when laser alloying
Al with TiC powder. Some of the TiC particles disgded and reacted with Al to
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form the ALTi intermetallic phase. A surface hardness 58.0.G ¥V, ; was
achieved after laser alloying. This is the hardreégshe matrix which consisted of
-Al and AlsTi phases with a high volume fraction of theAl phase. A metal
matrix composite was also formed when Al was |laseface alloyed with SiC.
Some of the SiC particles dissociated in the melbl pdue to the high
temperatures achieved during laser irradiation asacted with Al to form
Al,SIiC, and free Si. The ABIC, phase is reported to form at temperatures above
1640K [10] while the brittle AJCs, which forms at lower temperatures (940-
1620K) was avoided due to the high temperaturéaeearmelt pool. The hardness
of Al4SiC, is 1200HV while that of AIC; is 300HV [129]. The surface hardness
of the matrix (consisting of-Al, Si and ALSIC, phases) was 238.3£33.7blV
This increased hardness was due to the high haradfdise ALSIC, phase [129].

To determine the combined effect of intermetallicapes and metal matrix
composites, aluminium was laser alloyed with mixéid+ SiC powders and
mixed Ti + SIC powders of different compositionsvd@regions, the alloyed layer
and the thermo-affected layer, were observed inntieostructures of surfaces
laser alloyed with mixed Ni + SiC powders. The wld layer was formed in the
region near the surface. The thermo-affected lasger a heat treated layer with no
(or little) alloyed microstructure. The phases abed in this layer were-Al and
-Al-Si eutectic. The hardness of the thermo-affedtg/er was 48.1 + 8.2H\.
This is twice the hardness of aluminium AA1200. Therease in hardness was
attributed to the -Al-Si eutectic formed and -Al grain refinement. The
microstructures of the alloyed layers consisted\leNi (Al sNi + Al3Ni,) phases
and the AIC; phase. The volume of the Al-Ni intermetallic pbsi$n the alloyed
layer increased as the Ni content in the powdeturgxincreased, while the A3
phase was dominant when the SiC content was high.n€edle-like AIC; phase
formed from the dissociation of SiC (to form Si J &hd reaction of Al with C.
An increase in hardness with increasing Ni conienthe Ni + SiC powder
mixture was observed. The hardness increase wasuggt to the AINi + Al3Ni,
phases formed which have a higher hardness (732tdV1813HYV respectively)
compared to the needle shaped@l phase (300HV) [127,129]. The highest
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hardness of 138+17.2HY was achieved after laser alloying with 70wt%Ni +
30wt%SiC. This represents a five times hardnesease compared to that of a
aluminium AA1200 metal (24.0£0.4R\).

When laser alloying Al with mixed Ti + SiC powdesme of the SiC particles
dissociated due to the high temperatures achieuadgllaser alloying to form Si
and C. The C reacted with either Al to formy@4, or with Ti to form TiC. The
Gibbs free energy is higher for the formation of,;@J compared to TiC.
Therefore, the formation of TiC was a more thernmayically favourable
product. The free Si reacted with Ti to form a thedynamically stable T6iz
phase while reactions between Al and Ti resultethen formation of the ATi
intermetallic phase. When the SiC content in tHeyalg powder mixture was
high (70wt%SiC + 30wt%Ti), the AiC,, formed from the reaction of Al with Si
and C. The surface hardness increased with incigdsicontent in the alloying
powder mixture and the highest hardness of 149.@G+A1,; was achieved when
laser alloying with 70wt%Ti + 30wt%SiC.

6.3 Laser alloying Al with Ni, Ti and SiC simultaneusly

Following the study of the breakdown systems, ramex Al-Ni-Ti-SiC system
was investigated in detail. Studies of thnesitu formation of the metal matrix
composites and intermetallic compounds during lafleying of Al with various
combinations of Ni, Ti and SiC simultaneously wamaucted and the phases
observed reported in Chapter 4, Section 4.5. Duasgr alloying, heat from the
laser beam created a melt pool on the aluminiurfaserand the Ni, Ti and SiC
powder mixtures were injected into the melt podle Tolten powders react with
aluminium and each other to form varioussitu products the composition of
which depended on the percentage of each powdedaaltd the temperature of
the melt pool. The melt pool temperature dependtherabsorbed heat which in
turn depends on laser power, laser scanning speessxt, beam spot size, thermal
conductivity and absorption coefficient of the bamsaterial. The laser energy
density was maintained at 100M3/mfter the scanning speed of 10mm/s was
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determined during optimization. The laser energgsdg is calculated from: E
(MJ/nf) = g/(vd) ,where q is the laser power (4kW), this laser scanning speed
(10mm/s) and d is the diameter of the laser beamm( The surface temperature
of aluminium during laser alloying was calculatesing the following equation
[14]:

Ts={[ 4 /)C

Where T is the surface temperature, | is the laser beaemsity, k is the thermal
conductivity of Al, is the thermal diffusivity, is the laser-material interaction
time and C is the absorption coefficient. Intensgycalculated from | = P/A
(Where, | = intensity, P = power, A = spot arear3. Substituting the values from
Table 6.2 gave J= 2635 K.

Table 6.2: Values used to calculate the surfacetzatiure
Thermal Conductivity (k) 237 WK™

Thermal diffusivity () 8.418x10° m‘/s
Laser-interaction time ) 0.3s
Intensity (1) 318x10 wWinr

Absorption Coefficient (C) 0.2

The phases in the alloyed microstructures weretiitksh using EDS elemental
analysis, phases diagrams and XRD. The phase diagseere used as guidelines

during phase identification.

The reaction between Al and Ni is exothermic arelhibat provided by the laser
beam initiates this reaction. The Al-Ni binary phasagram in Figure 2.4 shows
that two solid solutions and five stable intermetgdhases (ANi, AlsNiy, NiAl,
NisAlz and NgAl) exist. Two of these phases were detected ia ghudy. The
molten Al reacted with Ni to form ANi and AkNi, intermetallic phasem-situ.
Two types of AINi phases were observed. The dendritigNAlphase was

produced from a eutectic reaction between Ni agdidi Al, while the A}Ni

131



DISCUSSION

phase was observed around theNdd phase was produced as a peritectic product
of a reaction between liquid Al and thesMl, phase. These Al-Ni intermetallic
phases were also observed by other authors [3@]38/8en laser alloying Al
with Ni. The morphology of the ANi, phase was equiaxed dendritic. Ke et al.
[130] also reported equiaxed sub-micron sizegNAparticles dispersed in the Al
matrix while columnar ANi particles surrounded the Ai; grains. The reaction
of Al with Ti resulted in the formation of ATi. This is the most
thermodynamically stable phase in the Al-Ti systend was also observed by
Wendt et al. [51] when laser alloying Al with TiuB to the high Al content (from
the Al base) available during laser alloying coneplato the Ti and Ni contents,
only the Ni-rich (AkNi and AkNi,) and Ti-rich (AkTi) Al-intermetallic phases

were formed.

Due to the high surface temperatures achieved gllaser alloying and the wide
distribution of the SiC particles, some SiC paesctlissolved in the melt pool and
dissociated into C and Si. The C reacts with eiffiesr Al to form TiC or ALC;,
while Si reacted with Ti to form the thermodynantiicdavourable TiSi; phase.
The Gibbs free energies for the formation of othiesi phases (TiSi, Tigiand
TisSis) are greater than that ofsBi; [126]. The Gibbs energy for the formation of
TiC is lower than that of ACs;, therefore the reaction of C with Ti was more

favourable.

Two types of TiC phases were observed, namely dendnd interfacial. The
interfacial TiC phases were formed around the Si€igles due to adsorption of
Ti on the SiC surface. Due to the high cooling satssociated with laser
treatment, these TiC phases did not grow or agtgedae dendritic TiC phases
were formed inside the melt pool from the reactbthe dissolved SiC particles
and Ti.

When the SiC content was greater than or equdigolt content and there was

sufficient SiC ( 20wt%) in the powder mixture, Al reacted with #ecess SiC to

form either the AIC; or Al;SiC4 phase. Thén-situ products from the reaction of
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Al with SiC have also been reported by other awgh@d-75]. The AICs phase
was formed when the SiC content was low2Qwt%) while ALSIC, formed with
high SiC contents (40wt%). Ti also reacted with SiC to form a3iC, ternary

phase according to the reaction below [90,91]:

3Ti+SIC+C TisSIG

Surface hardness values of the laser alloyed sampkye investigated and
compared to the pure aluminium AA1200 metal in €abll. The effect of the
laser beam on the hardness of the pure Al, withioeitaddition of the alloying
powders, was also tested. This resulted in a 25%ease in the hardness due to
refinement of the -Al grains. Laser surface alloying with Ni, Ti ar§iC
simultaneously resulted in a further improvementhe#f surface hardness due to
the formation of the intermetallic phases and tleaimatrix composites as well

as the refinement of theAl grains.

A minimum hardness increase of 6 times that of alwm was achieved when
alloying with 10wt%Ni + 70wt%Ti + 20wt%SiC and a riiaum of 13 times was
achieved when alloying with 80wt%Ni + 15wt%Ti + ®&HiC. The hardness
increased with increasing Ni content. This trenduoed primarily because the
in-situ formed Al-Ni (AlsNi and AkNiy) intermetallic phases have high hardness
values. An additional reason is the high densityhef equiaxed dendritic ANi,
grains which resulted in low Al mean free pathsisTimited the contribution of

the -Al to the overall surface hardness.

The ALTi phase was dendritic which led to high volumecfi@ns of -Al with
large mean free paths. This resulted in a lowedress with increasing Ti (and
reducing Ni and SiC) in the alloying powder mixtuhecreasing the SiC content
in the alloying powder mixture led to the formatiohneedle-like (e.g. ACs) and
platelet (e.g. ASIC,) phases which promoted the formation of larg&l mean
free paths. This resulted in an increased contohutom the -Al phase to the

overall alloy hardness.

133



DISCUSSION

6.4 Effect of laser alloying on wear resistance

A reduction in wear rate (or improved wear resisgrwas observed for the laser
alloyed surfaces compared to the aluminium metaleursliding (two body
abrasion) and three body abrasion wear conditiBnsaaximum reduction in
wear rate of 38% (compared to pure Al) was obsewledn laser alloying with
20wt%Ni + 30wt%Ti + 50wt%SiC during sliding weardanf 82% when laser
alloying with 40wt%Ni + 20wt%Ti + 40wt%SIiC durindiee body abrasion.
This enhanced wear performance was attributeddartbtal matrix composites
and the intermetallic phases formed during laselialg. The abrasive particles
could easily cut into and plough through the dectdluminium while the
presence of the hard metal matrix composites atednetallic compounds in the

laser alloyed surfaces limited deep cutting andigiing.

The wear rates measured under two body abrasioditmors were at least four
times higher than those determined under three hbdysion and the associated
wear mechanisms were found to be more severe twddbody abrasion. There
are several factors which contributed towards tbsponse including the Ha/Hm
ratios (ratio of the hardness of the abrasive gadito the hardness of the
material surfaces), the applied stress and theedegrwhich the abrasive is able
to facilitate material removal. The hardness valfethe SiC and Si@abrasives
are 2500HV and 800HV respectively [98]. The hardnet the laser alloyed
surfaces are in the range of 144-319HVherefore the ratio of the hardness of
the abrasive particles to the hardness of the edlasurfaces (Ha/Hm) is in the
range of 7.8-17.4 for two body abrasion wear anithénrange of 2.5-5.6 for three
body abrasion wear. The Ha/Hm ratios for two bodlyasion wear are three
times higher than those under three body wear gatti more severe material
damage. The applied stress was calculated to @M®8& during two body
abrasion and 0.02MPa during three body abrasiospittea higher load being
applied during three body wear testing (9.8N verau$N). This is due to the
smaller contact area between abrasive and matkniedg two body wear testing,
namely 36mrhcompared to 420mmThe degree to which the abrasive facilitates
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material removal is influenced by the depth to whan abrasive indents the
material [98]. During three body abrasion the st are free to roll between the
surfaces compared to the fixed particles on th@stace in two body wear. The
free rolling particles generally cause more indegntnd ploughing on the surface
while the fixed particles tend to indent and cubithe surface resulting in higher
material removal rates. The depth of indentationthef abrasives increases with
increasing hardness of the abrasive particles. éléme SiC is expected to indent
the surface to a greater depth than the,Silhe indentation depth is also
proportional to the depth of deformation and th&uced strain at a given depth.
Hutchings [98] reported that abrasion wear intr@sdueery high strains into the
surface of the material which decreases with deptih the bulk. The higher

stresses exerted during the two body wear testsharefore expected to have

caused higher induced strains compared to the boeg abrasion conditions.

The predominant wear mechanisms for the alloyedrtawere groove formation
by ploughing and cutting action of the abrasiveipl@s, smearing, material pile-
up, extensive cracking of the intermetallic phaaed fracturing of the embedded
SIiC particles in the MMCs. Groove formation of alammm MMCs during

abrasive wear was also reported by Elleuch [11b¢ main wear mechanisms of
the pure aluminium metal were extensive plastioeétion and deep groove
formation. This severe wear led to surface crackailgo at a sub-surface level)
and material pile-up. This type of severe wear raogrof both the pure

aluminium and the alloyed layers can be predicteninfthe Ha/Hm ratios

discussed above. The calculated ratios are gréaaer 1.2 which signifies the

boundary condition between mild and severe wedeéised by Hutchings [98].

Abrasive wear occurs by plastic mechanisms or dractnechanisms or both
[98]. In this work, both mechanisms were observedpkughing and cutting
(plastic mechanisms), and fracturing and crackirigaciure mechanisms)
occurred. The wear rates predicted by brittle trectare generally higher than
those due to plastic mechanisms [98]. The actiothefabrasive particle on a

region of the hard matrix reinforcement can leaglastic flow or to fracture
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depending on the load carried by each abrasiveclgagnd on its geometry, as
well as on the size and the mechanical propertiesh® abrasive and the
reinforcement particles and of the matrix. AlloyghAlow Al mean free paths had
high wear rates as brittle fracture was promotedthy formation of high
densities of the hard and brittle intermetallic pd®and MMCs in which cracking
of the intermetallic phases and fracturing of tif@ Rarticles were observed. The
Ti containing and the Al-SiC intermetallic phasesulted in large Al mean free
paths. This promoted wear by plastic ploughing e@utting. The hard phases, e.g.
the equiaxed dendritic ANi, grains and the SiC particles, were also seen to

interrupt groove formation (plastic mechanism).

Man et al. [3] observed abrasive wear by microdragland flaking during wear
of aluminium AA6061 laser surface alloyed with NiTihe authors reported that
the presence of the hard and fine intermetallicsphd AtNi and AkTi) together
with the soft -Al in the interdendritic region, constituted a dawvable
combination with hard phases resisting abrasionthadsoft phase suppressing
crack growth. Guo et al. [49] also reported thatdhass and brittleness of the
intermetallic phases play a role in determining eckhphase would have more
wear resistance. Phases that have a high hardndsara less brittle will have
better wear resistance but when ductility is loar @rittle phases) fracture occurs
leading to high wear rates. Hutchings [98] alsmregd that fracture toughness of
the materials sometimes plays a more important ttud@ the hardness during
wear by fracture mechanisms and that wear ratesease with increasing
fracture toughness. This direct correlation wasotigerved in the current work
and no trends of increasing fracture toughnessaairtess leading to high wear
resistance could be formulated. The alloy with lighest hardness namely, the
80wt%Ni + 15wt%Ti + 5wt%SIC alloy, had a moderadedghness based on the
impact results and had the ninth highest wear ahtee fifteen materials tested.
The alloy with the best toughness and hardness ioatitn, namely the
70wWt%Ni + 20wt%Ti + 10wt%SiC alloy had one of thighrest wear rates.
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There is a direct correlation between the micrastmal properties, bonding and
volume fraction of the reinforcement particles e tMMCs and intermetallic
phases and their relationship to abrasive wead |93, These factors determine
if the alloyed aluminium surfaces would respond bgenously or
heterogeneously under wear test conditions. When sike of the abrasive
particles is greater than the size of the reinforeets, the material behaves in a
homogeneous manner during wear. If the size ofréi&orcements is greater
than or equal to the size of the abrasive parti¢te=n the material will respond
heterogeneously [98]. In this work, the size disttion of the SiC particles in the
alloyed surfaces was wide (14-800), the average size of the Sigarticles used
in the three body abrasion tests was $8Q@vhile the size of the SiC abrasive grit
particles used for two body abrasion was 251um. @une wide particle size
distribution in the alloyed surfaces the materralsponded either homogenously
or heterogeneously depending on the volume fraafahe reinforcements. It is
well known that a high volume fraction of small fees will result in low mean
free paths which would generally lead to a high mreaistance [98]. However
this correlation could not be established in theent work due to the complex
nature of the alloyed surfaces.

The hard intermetallic phases cracked due to redebtading and the high
stresses applied during wear and these crackgdiéei material removal as wear
progressed. Fracturing of the embedded SiC pastalleo occurred due to cyclic
loading but the strong bonding between the pagieled the matrix ensured that
decohesion (interfacial debonding and pull-out) tbe SiC particles was
prevented. A strong interfacial bond between thefoecements and the matrix is
important. When the bond is weak the reinforcemargseasily pulled out during
wear and can act as additional abrasives therafsgasing the wear rate, as was
observed by Axén and Zum Gahr [103]. Due to thenstrinterfacial bonding and
prior to fracture, the embedded SiC particles m MiMCs also hindered groove
formation by the abrasives. This was also obsetwednandkumar et al. [72]

who observed discontinuous grooves confined tartagix on the worn surfaces
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of Al-7wt%Si laser alloyed with SiC. The authorpoeted that the hard SiC
reinforcement particles interrupted the abrasiw®ging action.

6.5 Effect of laser alloying on impact resistance

Laser surface alloying the Al AA1200 metal led tB8&50% decrease in the
impact resistance of the pure metal. This is predantly due to the increased
hardness achieved by the laser alloying procesde®et al. [131] also observed
an increase in impact resistance for untreated ialum alloys (AA2124,
AA5083 and AA6063) compared to the aluminium MMQd$e high impact
resistance of the pure aluminium was noted by tigh ldegree of plastic
deformation experienced by the samples during impgasting. The pure
aluminium samples did not fracture; they simply tbehll the laser alloyed
samples fractured and displayed similar fracturaratteristics. Cleavage
occurred in the SIiC particles and transgranularcking occurred in the
intermetallic phases. Alloyed surfaces with largal mean free paths resulted in
high absorbed energies being recorded during fracftlihis was observed in
microstructures which had high volumes of dendritieedle-like or platelet
shaped phases. Cuplets characteristic of ductilgure were observed in the bulk

aluminium.

The intermetallic phases assist in anchoring ti@ [&irticles to the Al matrix by
preventing decohesion of the SiC particles. Vregelat al. [120] reported that
when the matrix is deformed, the intermetallic @sasansfer the stress to the SiC
particle surface which leads to fracture of the B#tticles. The brittle fracture of
the SIC particles is initiated by cleavage mechasisVreeling et al. [120]
concluded that suppressing the formation of intéathe phases would postpone
the fracture initiation process. For alloys witthoas SiC content, decohesion and
cracking of the intermetallic phases resulted atture of the alloys. Ozden et al.
[131] reported that when the distribution of SiCrtdes in the matrix is
heterogeneous, formation of clusters occur whiclcrelses the matrix-
reinforcement bonding and reduces the impact stineafjthe composite as the
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clustered particles are easily separated duringaangdoading. Interfacial
debonding occurs and voids nucleate around the @aidicles. In regions of
clustering and decohesion of the interface, a lowm&an free path facilitates
linkage between neighbouring voids and cracks dsext result of a decreased
propagation distance between cracked SiC parti¢las. behaviour was observed
in several alloyed surface layers in the currenfgmt. The impact strength has
been shown to increase with SiC patrticle size [131f in this work the SiC

particle size distribution was wide (14-800) and this effect was not observed.

6.6 Summary of the main results

The results from this research project are summedria Table 6.3. The highest
ranking (1) is given to a sample that performedlibst i.e. highest hardness or
lowest wear rate or highest absorbed energy dumpgct, while a ranking of 14

represents a sample that performed the worst. dtmple numbering used in the

table represents the following compositions:

Sample 1 = untreated aluminium AA1200
Sample 2 = 10wt%Ni + 70wt%Ti + 20wt%SiC
Sample 3 = 20wt%Ni + 30wt%Ti + 50wt%SiC
Sample 4 = 20wt%Ni + 40wt%Ti + 40wt%SiC
Sample 5 = 30wt%Ni + 30wt%Ti + 40wt%SiC
Sample 6 = 30wt%Ni + 40wt%Ti + 30wt%SiC
Sample 7 = 33.3wt%Ni + 33.3wt%Ti + 33.3wt%SiC
Sample 8 = 40wt%Ni + 20wt%Ti + 40wt%SiC
Sample 9 = 40wt%Ni + 30wt%Ti + 30wt%SiC
Sample 10 = 40wt%Ni + 40wt%Ti + 20wt%SiC
Sample 11 = 50wt%Ni + 20wt%Ti + 30wt%SiC
Sample 12 = 60wt%Ni + 30wt%Ti + 10wt%SiC
Sample 13 = 70wt%Ni + 10wt%Ti + 20wt%SiC
Sample 14 = 70wt%Ni + 20wt%Ti + 10wt%SiC
Sample 15 = 80wt%Ni + 15wt%Ti + 5wt%SiC
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From the table, it can be observed that sampldsauitigh Ni content had the best

hardness, samples with a high SiC content had #&st Wwear resistance and

samples with a high Ti content had the best impasistance. The hard, dense

Al3Ni, phase coupled with the low Al mean free paths wesponsible for the

increase in hardness. A combination of high harslnesd homogeneously

distributed SiC particles were required for goodaweesistance. The large Al

mean free paths between theTRldendrites and the §$i; and TSiC, phases led

to increased absorbed energies and better resstammpact.

Table 6.3: Ranking of samples according to hardnessir and impact.

Ranking Hardness Sliding wear Abrasive wear Impact

1 Sample 15 Sample 3 Sample 8 Sample L*
2 Sample 14 Sample 7 Sample 4 Sample 14
3 Sample 13 Sample 11 Sample § Sample|2
4 Sample 12 Sample 8 Sample 9 Sample 4

5 Sample 11 Sample 5 Sample 10 Sample|5
6 Sample 10 Sample 9 Sample 6 Sample 10
7 Sample 9 Sample 4 Sample 7 Sample|7

8 Sample 8 Sample 12 Sample 3 Sample |6

9 Sample 7 Sample 15 Sample 2 Sample 15
10 Sample 6 Sample 14 Sample 111 Sample|3
11 Sample 5 Sample 10 Sample 1P Sample|9
12 Sample 4 Sample 6 Sample 15 Sample 13
13 Sample 3 Sample 13 Sample 18 Sample|8
14 Sample 2 Sample 2 Sample 14 Sample 11
15 Sample 1 Sample 1 Sample 1 Sample 12

* Samples did not fracture but simply bent
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6.7 Industrial application of laser surface alloyed Al
AA1200

The hardness of the laser surface alloyed aluminh200 samples was in the
range of 140-320HVYwhich is higher than the hardness of aluminium 8856
(100HV), AA7075 (186HV) and AA2024 (130HV) alloysThe aluminium
AA2024 and AA7075 alloys are used in aircraft stuoes especially in wings and
fuse structures under tension, while the aluminAA6061 alloy is used in less
demanding structural applications. Based on hasdmésne, the laser surface
alloyed aluminium AA1200 can replace the high aliomn alloys (2xxx, 6XxX
and 7xxx series) in application.

With respect to wear resistance, by extrapolatimg wear rate-time curves it
would take 8.3 minutes under sliding wear condgi@md 22 hours under three
body dry abrasion conditions for the entire 3mmoyad layer to be removed. The
SIiC particles used during sliding wear are verydhamd led to aggressive wear
conditions while the silica abrasive used for thee¢ body abrasion resulted in
mild wear conditions. These results indicate thasé samples are not ideal for
applications in which severe wear will be experehcHowever they may be
suitable for mild wear conditions where short comgrt lifetimes (less than 20
hours) are required. It must be emphasized thabrder to assess the true
suitability of these materials in industrial applions, field tests should be

conducted.
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7. CONCLUSIONS

The novel components of this research were laseyia$) aluminium AA1200
with Ni, Ti and SiC simultaneously, optimizing thaser parameters for the
formation of homogeneous and crack-free alloyedases, studying thén situ
formation of the metal matrix composites and inteatlic compounds, and

characterizing the mechanical and tribological prtips of the alloyed materials.

Aluminium AA1200 was successfully laser alloyedwitii, Ti and SiC powders
simultaneously using an Nd:YAG laser. The optimumsel parameters were
experimentally determined to be:

4kW laser power;

4mm laser beam spot size;

10mm/s laser scanning speed;

2-3g/min powder feed rate;

4 1/min Argon (used as a shielding and carriel) gas

These parameters ensured that sufficient heat ugdied to create a melt pool
and melt the powders during laser alloying. Theinopin powder feed rate
ensured that sufficient powder was supplied toldlser/material interaction zone
(on the substrate) and that sufficient powder wgscted into the melt pool. The
Argon was used as a shielding gas to prevent amituatnd as a carrier gas to
transport the powders from the hopper to the mail preated on the aluminium
substrate. Metal matrix composites reinforced \&i@ particles and intermetallic
phases were formed in the alloyed layers. The pnétknt intermetallic phases
were AkNi, Al3zNiy, AlsTi, TiC and TiSis. The AkNI, AlsNi, and AkTi phases
were formed due to the reaction of Al with Ni and The dissociation of SiC
particles and reactions with Ti resulted in thaerfation of TiC and TSi; phases.
In alloys with a high SIC content, A3 AlsSIiCs, TisSIC, and AkTIC;
intermetallic phases were also formed from reactibthe dissociated SiC with
either Al or Ti.
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An improvement in surface hardness was achieveedr dftser alloying the
aluminium AA1200 metal. Hardness was found to iaseewith increasing Ni
content. A minimum hardness increase of 6 times$ ¢figoure aluminium was
achieved when alloying with 10wt%Ni + 70wt%Ti + 2006iC while a

maximum hardness of 13 times that of pure aluminmas achieved when
alloying with 80wt%Ni + 15wt%Ti + 5wt%SiC. The graimorphology of the

intermetallic and metal matrix composite phasesvel as the aluminium mean
free path influenced the hardness. Dense, equideedritic phases and small
mean free paths led to high hardness values whédeneedle-like and platelet

phases with large mean free paths produced lownkasdvalues.

In general laser alloying improved the wear resistaof the aluminium AA1200
surface. In 2 body abrasion (sliding) wear condgi@n improvement of 4-38%
was achieved, with alloy 20wt%Ni + 30wt%Ti + 50wt¥Sshowing the best
resistance to wear. The predominant wear mechanismdser these conditions
were groove formation by ploughing and cutting @ttof the abrasive particles,
smearing, material pile-up, extensive cracking fué tntermetallic phases and
fracturing of the embedded SiC particles in the MBVI@ 3 body abrasion wear
conditions an improvement of 19-82% was achieveih wlloy 40wt%Ni +
20wt%Ti + 40wt%SiC showing the best resistance @arwThe wear mechanisms
under these conditions were similar to those olesefar two body wear but less
severe. The aluminium mean free path was low ferAhNi intermetallic phases
and this promoted cracking and fracturing of th€ Barticles. The Ti-containing
and the AI-SiC intermetallic phases resulted iarge aluminium mean free path.

This promoted wear by plastic ploughing and cutting

From the impact studies, brittle fracture of th& Siarticles and transgranular
cracking of the intermetallic phases was obsereedHe laser alloyed samples,
while ductile fracture was observed for the bulknainium. Alloyed layers with a
high Ti content had high absorbed energies whighresent a reduction in
brittleness, while alloyed layers with a high Nntent had low absorbed energies

which indicate a preference for brittle fracture.
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8. RECOMMENDATIONS

A continuation of this investigation would increatbee knowledge base on the
general understanding on laser alloying of alunmmiwith mixed Ni, Ti and SiC

powders. Further studies could include:

Quantifying the volume fraction of each phase ie ldser alloyed layers
which would aid in quantifying their effect on theechanical properties;
Corrosion studies on the laser alloyed samplesamdinium AA1200;
Tensile tests to determine the strength of thefexte between the alloyed
layer and the base aluminium;

Determination of the high temperature propertieghefalloyed materials.
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APPENDIX A

APPENDIX A: SYNTHESIS OF THE ALLOYS

This Appendix provides detailed descriptions otlasurface alloying Aluminium
AA1200 with 15 combinations of Ni, Ti and SiC powsleThese results were
summarized in Chapter 4, Section 4.5.

Alloy 1: 33.3wt%Ni + 33.3wt%Ti + 33.3wt%SiC

Laser alloying of aluminium AA1200 surface with edj@mounts of Ni, Ti and
SiC powders (i.e. 33.3wt%Ni, 33.3wt%Ti and 33.3wi@)Swas performed and
the microstructure and phases observed in theeatlltgyer characterized. Figure
A.1l is a cross-section optical micrograph of thioyad layer showing SiC
particles distributed within the layer. The diffece in size of the SiC particles
observed in the layer occurred to a wide particke glistribution of the SiC

powder used (see Table 4.4). The thickness ofllbged layer was 2.16mm.

Figure A.1: Opticalmicrograph of a cross-section of a surface laseowdd with
33.3wt%Ni + 33.3wt%Ti + 33.3wt%SiC showing SiC et (black) distributed
within the alloyed layer.
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SEM cross-section micrographs of surface laseryatlowith 33.3wt%Ni +
33.3wt%Ti + 33.3wt%SiC are shown in Figures A.2 aAd@. The phases
observed were SiC patrticles, TiC dendrite®l, Al 3Ni, AlsNi,, AlsTi and TgSis.
These phases were identified with the aid of ED&nehtal analysis, phase
diagrams and the XRD. Due to high surface tempezatachieved during laser
alloying (2362°C), some powder particles dissolirethe melt pool. Some of the
SiC particles were retained and formed a metalimmatmposite as observed in
Figures A.1l. The dissolved SiC particles dissodidate form Si and C. The C
reacts with either Ti or Al to form TiC or &Cs. The changes in Gibbs free
energy, G, for the reactions are given by [97]:

4/3 Al+C  1/3 AlyCs G (kJ/mol) = 1/3 Gauacz =-89.611 + 0.0328T

Ti+C TiC G (kJ/mol) = -205.351 + 0.0291T

The Gibbs free energy is more negative for the &iom of TiC and thus there
was a higher tendency for the formation of TiC thamAl,Cs. Two types of TiC
phases are observed namely dendritic (Figure An®) iaterfacial TiC (Figure
A.3). The interfacial TiC phases were formed arotinel SiC particles due to
adsorption of Ti on the SiC surface. Due to thénhigoling rates associated with
laser treatment, these TiC phases did not growggregate. The dendritic TiC
phases were formed inside the melt pool from tlaetren of the dissolved SiC
particles and Ti.

The reaction of Al with Ni resulted in the formati@f Al3Ni and AkNi, phases
while the reaction of Al with Ti resulted in therfoation of AkTi. Around AkNi;

phase, the ANi phase (white phase aroundsMi, in Figure A.2) is formed by a
peritectic reaction between the liquid and thgNM phase. Due to the high Al
content in the base material compared to the TiNir@bntent, the Ni-rich and Ti-
rich Al-intermetallic phases were not formed. Therfation of AgNi, Al3sNi, and

Al3Ti were shown to increase the hardness and abrasese resistance of

aluminium alloys [54]. The authors reported a higirdness of approximately
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800HV when laser alloying with 80wt% Ni and 20wt% dt 10mm/s lase
scanning speed. The Si (from SiC) reacted withoTiotm a TsSi; phase shown

in Figure A.2. The ecation for the formation of F8iz is given below [126

3/8Si+5/8Ti 1/8 TisSis G (kJ/moI) =1/8 Gyrissiz  -72 + 0.0056T

The Gibbs free energies for the formation of othk-Si phases (TiSi, Ti, and

TisSis) are greater than that ofsSiz [126]. The XRD used to identify the phas

in the alloyed surfaces and cr-sections is shown in Figure A.The phases
identifiedin the XRD ar Al, SiC, TiC, AkNi, AlsNi,, AlsTi and TsSis.

v

Al3Ti

A
>

AlsNip ——»

A

TisSis

A

Al3Ti

TiC

+«— SiC

A

Al3Ni

v

A

Edge of the

surface

Figure A.2 SEM cros-section micrograph of a surfackser alloyed with
33.3wt%Ni + 33.8t%Ti + 33.3wt%85iC showing a near surface ron with SiC
particles, TiC dendritesAlsNi, AlsTi and AkNi, phases.

160



APPENDIX A

Al 3Ni2 >
«— -Al
< TiC
SiC >
<« Al3Ti

Figure A.3 SEM cros-section micrograph of a layer alloyedth 33.3wt%Ni +
33.3wt%Ti + 33.%t% SiCshowing aregion in the middle of the alloyed la
with SiC particle, TiC, A&Ti and AgNi, phases.

Figure A.4: XRD of a surface laser alloyed with 33.3wio+ 33.2wt%Ti +
33.3wt%SiC.
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Alloy 2: 80wt%Ni + 15wt%Ti + 5wt%SiC

Aluminium AA1200 was laser alloyed with a powdemtaining 80wt%Ni +

15wt%Ti + 5wt%SiC and the microstructure and phdeesied studied. Due to
low SiC content in the alloying powder, there weeey few SiC particles retained
in the alloyed layer as shown in Figure A.5. Theref metal matrix composite

was not formed. The thickness of the alloyed layas 1.90mm.

Figure A.5: Optical cross-section micrograph of arface laser alloyed with
80wt%Ni + 15wt%Ti + 5wt%SIiC showing SiC particleblagck) randomly
distributed in the laser alloyed layer.

SEM cross-section micrograph of the laser alloysebi is shown in Figure A.6.
The microstructure was dominated by the dendritraictures of AINi and
needle-structured ATi phases. XRD of a surface laser alloyed with 86t +
15wt%Ti + 5wt%SiC is shown in Figure A.7. The prasgentified are Al, SiC,
Al3Ni, Al3Ni, and AETi.
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Al 3Ti e

Al3Ni

A

«—SIC

Al3Ni;

A

Figure A.6 SEM cros-section micrograph of a layer alloyeslith 80wt%Ni +

15wt%Ti + Bwt%SiCshowing a region near the surface of the alloygebt:

Figure A.7 XRD of a surface laser alloyed with 80wt%Ni + wt%Ti +

Swt%SiC.
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Alloy 3: 50wt%Ni + 20wt%Ti + 30wt%SiC

Figure A.8 shows an optical micrograph of a crassien of aluminium AA1200
laser surface alloyed with 50wt%Ni + 20wt%Ti + 3@&iC. Due to high SiC
content in the alloying powder mixture, a metal mxactomposite (MMC) was
formed as evident by the SiC particles distributethin the alloyed layer. The

thickness of the alloyed layer was 2.37mm.

Figure A.8: Optical micrographs of a surface lasalfoyed with 50wt%Ni +
20wt%Ti + 30wt%SiC showing SiC particles (blackjhe matrix.

SEM cross-section micrograph the laser alloyedrlegssshown in Figure A.9. Due
to low Ti content in the alloying powder, the fortioa of the brittle ALC; phase

was not avoided (by forming TiC only) as observedhe microstructure. This

Al 4C; phase was formed according to the following equmati

4Al + 3SiC AlLCs + 3Si

The Si produced from the dissociation of SiC, redcwith Ti to form the

thermodynamically favourable sBi; phase. Some of the C from this dissociation
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reacted with Ti to form TiC phases. These were mfesemainly around the Si
particles. The formation of the 4C; phase can be controlled by (1) selectir
suitable laser energy csity to reduce the melting temperature and restifae
melting and dissolution of SiC particles; (2) usad¢prge laser scanning speec
shorten the melt pool time and weaken the readfd®iC and Al; (3) increasin
appropriately the amount of SiCrestrain the nucleation and growth of th,Cs
phase [73]. Other phases observed apNi, Al3Ni, and TiSis. Undissolved T
was also observed near the surface of the allogger.l XRD of a surface las
alloyed with 50wt%Ni + 20wt%Ti + 30wt%SiC is shn in Figure A.10. Thi
phases identified were Al, SiC, TiC, 3Ni, Al3Ni,, Al,Cs and TsSis. The AkTi

phase was also detected due to the reaction oftAl .

) Undissolved
Ti powde|
Al 3Ni > «SiC
< TisSis
Al 4C3 —>
Al 3Ni2 >

<«——TiC around

SiC particle

Figure A.9 SEM cros-section micrograph of a surface laser alloyed v
50wt%Ni + 20wt%di + 30wt%SiCshowing the near surface regi
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Figure A.10: XRD of a surface laser alloyed withws@Ni + 20wt%Ti +
30wt%SiC.

Alloy 4: 20wt%Ni + 30wt%Ti + 50wt%SiC

An optical micrograph of a cross-section of an alhiom surface laser alloyed
with 20wt%Ni + 30wt%Ti + 50wt%SiC is shown in FiguA.11. A metal matrix
composite was formed and SiC particles are digedbuhroughout the alloyed

layer. The thickness of the alloyed layer was 2.40m
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Figure A.11: Optical cross-section micrograph ofsarface layer alloyed with
20wt%Ni + 30wt%Ti + 50wt%SiC showing SIiC particl@sack) distributed

within the layer.

SEM micrographs of the laser alloyed layers arevshio Figures A.12 and A.13.
The phases in the microstructures were identifigtl the aid of EDS, XRD and
phase diagrams. In situ formedsMl, AlsNi, and AETi intermetallic phases were
observed from the reactions of Al with Ni and TheTin situ reaction of Al and
SiC resulted in the formation of the,8iC, and free Si. Some of the SiC particles
dissociated to form Si and C phases. The C reaeitbdTi to form a TiC phase.
Due to the high Ti content, some of the Ti reacteth Si to form T§Si; and
TisSIC, phases. The T$iC, phase is formed according to the reaction below
[90,91]:

3Ti+SIC+C TisSIG

167



APPENDIX A

<« TiC

«——A|

Al,SICi——— o
+—TI5Sis

\ 4

TisSIG

«—TiC

v

SiC

Figure A.12 SEM cros-section micrograph of &éayer alloyed with 2wt%Ni +

30wt%Ti + 5Qvt%SiCshowing a region near the surface of the ..

Al3Niy

A

Al3Ni

A

v

Al3Ti

Al —

Figure A.13 SEM cros-section micrograph of a layer alloyed withwt%Ni +
30wt%Ti + 5@vt%SiCshowing a region in theiddle of the alloyed laye

XRD of the laser alloyed layer is shown in Figur&4A The phases identifie
were Al, SIC, TiC, A3Ni, Al 3Ni2, A|3Ti, Ti5Si3, A|3TiC2 and AL;SIC4
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Figure A.14: XRD of a surface laser alloyed withw2®Ni + 30wt%Ti +
50wt%SiC.

Alloy 5: 60wt%Ni + 30wt%Ti + 10wt%SiC

The optical micrograph of an aluminium AA1200 sudalaser alloyed with
60wt%Ni + 30wt%Ti + 10wt%SiC is shown in Figure A.1An aluminium
matrix composite reinforced with SiC particles wasned during laser alloying.
The thickness of the alloyed layer was 2.21mm. SHMrographs of the laser
alloyed layers are shown in Figures A.16 and ATl# phases observed are SiC,
TiC, Al3Ni, AlsNiy, TisSiz and AgTi. These phases were identified with the
assistance of the XRD in Figure A.18.
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Figure A.15: Optical micrographs of a cross-sectioh an Al laser surface
alloyed with 60wt%Ni + 30wt%Ti + 10wt%SiC showingC Sarticles (black)

within the alloyed layer.

SiIC—> _
<+— Al3Ni

+———Al;3Ti

TiC

A

Figure A.16 SEM cross-section micrograph of an Al layer lasioyed with
60wt%Ni + 30wt%Ti + 10wt%SiC.
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+—Al3Ti
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Figure A.17 SEM cross-section micrograph of a layer alloyethviOwt%Ni +
30wt%Ti + 10wt%SiC.

Figure A.18 XRD of a surface laser alloyed with 60wt%Ni + 3%Wi +
10wt%SicC.
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Alloy 6: 70wt%Ni + 20wt%Ti + 10wt%SiC

An optical micrograph of a cross-section of an aluom AA1200 surface laser
alloyed with 70wt%Ni + 20wt%Ti + 10wt%SiC is shownFigure A.19. A metal
matrix composite was formed and SiC particles astriduted throughout the

alloyed layer. The thickness of the alloyed layasw.94mm.

Figure A.19: Optical micrographs of a cross-sectioh an Al surface laser
alloyed with 70wt%Ni + 20wt%Ti + 10wt%SIiC showingC Sparticles (black
distributed within the alloyed layer).

SEM micrographs of surface layers alloyed with P@Ni + 20wt%Ti +
10wt%SiC are shown in Figures A.20 and A.21. Therastructure is dominated
by the formation of ANi and ALTi phases. ANi, phase was also observed
within the AkNi phase. This observation was also reported by dad Gupta
[37]. AlsNi phase solidified from the liquid during coolirapd enveloped the
Al3Ni, phase. Figure A.22 is the XRD of a laser alloypdcéamen showing Al,
SiC, AkNi, Al3Ni; and AkTi phases.
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<—A|3NI

Figure A.20: SEM cross-section micrograph of a acef laser alloyed with
70wWt%Ni + 20wt%Ti + 10wt%SiC.

AlsNj ———

A

Al 3Ti

v

Al3Ni;

Figure A.21: SEM cross-section micrograph of a acef laser alloyed with
70wWt%Ni + 20wt%Ti + 10wt%SiC showingsfli;, ANi and AgTi intermetallic

phases.
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Figure A.22: XRD of an Al surface laser alloyed hwitOwt%Ni + 20wt%Ti +
10wt%SicC.

Alloy 7: 10wt%Ni + 70wt%Ti + 20wt%SiC
A cross-section microstructure of an Al surfaceetaalloyed with a powder
containing 10wt%Ni + 70wt%Ti + 20wt%SiC is shownkigure A.23. A metal

matrix composite was formed and SiC particles astriduted throughout the

alloyed layer. The thickness of the alloyed layes\2.03mm.
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Figure A.23: Optical micrograph of a cross-sectiminan Al surface laser alloyed
with 10wt%Ni + 70wt%Ti + 20wt%SiC showing SiC pelds (black) distributed

within the alloyed layer.

SEM micrographs of the laser alloyed layers arevshio Figures A.24 and A.25.
The microstructure is dominated by thesBlphase as shown in Figure A.24.
Some of the SiC particles dissociated to form $i @ Due to the abundance of
Ti in the alloying powder, these products (Si +r€acted with Ti to form Ebis
and TiC respectively. Al also reacted with Ti tarfoAlsTi. These phases are
shown in Figure A.25. XRD of the laser alloyed séamip shown in Figure A.26
and the phases identified are Al, SIiC, TiCgTAl TisSi; and AgNi. The AkNi
phase was formed from the reaction of Al with Ni.
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Al3Ti
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Figure A.24. SEM cross-section micrograph of a acef laser alloyed with
10wt%Ni + 70wt%Ti + 20wt%SiC.

A

SiC

TiC

A

Ti5Si3—>

AlTig—>

v

Al

Figure A.25. SEM cross-section micrograph of a acef laser alloyed with
10wt%Ni + 70wt%Ti + 20wt%SiC.
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Figure A.26: XRD of an Al surface laser alloyedhwitOwt%Ni + 70wt%Ti +
20wt%SiC.

Alloy 8: 70wt%Ni + 10wt%Ti + 20wt%SiC

An optical micrograph of a cross-section of an Alface laser alloyed with
70wWt%Ni + 10wt%Ti + 20wt%SIC is shown in Figure A.2A metal matrix
composite was formed and SiC particles are digedbuhroughout the alloyed

layer. The thickness of the alloyed layer was 1.8i/m
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Figure A.27: (ptical micrograph ola cross-section of an Alurface laser alloye
with 70wt%Ni + 10wtoTi + 20wt% showing SiC particles (black) in the la

SEM micrographs of the laser alloyed layers arevshio Figures A.28 and A.2¢
The microstructure is dominated by the formatioi\tsNi and AkNi, phases due
to high Ni content in the alloying powder mixturBC and A4Cs phases were
observed due to the dissociation of SiC and reafdC with either Al or Ti. The

Si (from SiC) reacted with Ti to form asSi; phase. An AJTi intermetallicphase

was formed irsitu from the reaction of Al with Ti. These phasesre identifiec

using the XRD in Figure A.3
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Al 4C3—>

Figure A.28: SEM cross-section micrograph of a gcef laser alloyed with
70wWt%Ni + 10wt%Ti + 20wt%SiC showing any@4 phase.

AlNi — -« sic

<+— A|3N|2

Figure A.29: SEM cross-section micrograph of a gcef laser alloyed with
70wWt%Ni + 10wt%Ti + 20wt%SiC.
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Figure A.30: XRD of an Al surface laser alloyed hwitOwt%Ni + 10wt%Ti +
20wt%SiC.

Alloy 9: 40wt%Ni + 20wt%Ti + 40wt%SiC
An optical micrograph of a cross-section of an Alface laser alloyed with
40wWt%Ni + 20wt%Ti + 40wt%SiC is shown in Figure A.3A metal matrix

composite reinforced with SiC particles was fornteding laser alloying. The

thickness of the alloyed layer was 2.14mm.
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Figure A.31: (ptical micrograph oflan Al surface laser alloyedith 40wt%Ni +
20wt%Ti +40wt%SiC showing SiC (black) particles distributethin the matrix

SEM micrographs of surface layers alloyed with 48Ni + 20wt%Ti +
40wt%SiC are shown in Figures A.32 to A.34. The XBDthe laser alloye
surface is shown in Figure A.35. The phases idedtiare Al, AsNi, AlsNiy,
Al3Ti, SIC, TiC, TiSiz and TgSiC,. Two types of AINi phases were observe
The dendritic AINi phase shown in Figures A.32 and A.33 formed fral
eutectic reaction between Ni and liquid Al. ThesNi phase in Figure A.3
formed as a peritectic product of a reaction betwiguid Al and the A3Ni,
phase. The AT intermetallic phas formed from the reaction of Al with T
Dendritic structures of TiC (Figures A.33 and A.24)d interfacial phases (FigL
A.32) were formed from the reactions of Ti with fto(n SiC). The interfacie
TiC phases formed around the SiC particles duedsarption of Ti on the SiC
surface. The free Si (from SiC) reacted with Tifdéom TisSiz phase. A ternar
TisSIC, phase was formed due to the reaction of Ti, C ai@l 8n Al;SIC,
ternary phase was also formed from the reaction ahd SiC
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Figure A.32: SEM cross-section micrograph of an sAirface alloyed with
40wt%Ni + 20wt%Ti + 40wt%SiC showing SIiC, TiCgMil AlNi, and AkTi

phases.

<« SIiC
_ «—— AlgTi
TiC >
< Al 3Ni
TisSis —>

Figure A.33: SEM cross-section micrograph of an f\lrface laser alloyed with
40wt%Ni + 20wt%Ti + 40wt%SiC showing sNi, AlsTi, TisSk SIC and TiC

phases.
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Figure A.34: SEM cross-section micrograph of ansAiface laser alloyed with
40wt%Ni + 20wt%Ti + 40wt%SIiC showing Al, AlNi, AbNiy, TisSk and
TizSIG phases.

Figure A.35: XRD of an Al surface laser alloyed hwtOwt%Ni + 20wt%Ti +
40wt%SicC.
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Alloy 10: 40wt%Ni + 30wt%Ti + 30wt%SiC

An optical micrograph of a cross-section of an Alface laser alloyed with
40wt%Ni + 30wt%Ti + 30wt%SiC is shown in Figure A.3A metal matrix

composite was formed. The thickness of the alldggdr was 1.81mm.

Figure A.36: Optical micrographs of an Al surfa@esér alloyed with 40wt%Ni +
30wt%Ti + 30wt%SiC showing SiC particles (blackihivi the alloyed layer.

SEM micrographs of the laser alloyed layers arevshim Figures A.37 to A.39.
The reaction of Al with Ni and Ti resulted in thermation of AgNi, AlsNi, and
Al3Ti intermetallic phases observed in the micrograpike dissociation of SiC
and reaction with Ti resulted in TiC, sBiz and TSiC, phases. Dendritic and
interfacial TiC phases are observed in Figure AXRD of a laser alloyed
specimen is shown in Figure A.40 and the phasestiftdl are Al, SiC, TiC,
Al3Ni, Al3Niy, AlsTi, TisSiz and TsSiC,.
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Figure A.37. SEM cross-section micrograph of a acef laser alloyed with
40wt%Ni + 30wt%Ti + 30wt%SiC showing SiC, TiCzRAland AiNi phases.
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Figure A.38: SEM cross-section micrograph of a gcef laser alloyed with
40wWt%Ni + 30wt%Ti + 30wt%SiC showing sAl, AlNi, AkNiy, TisSk, TisSIG

phases.
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Figure A.39: SEM cross-section micrograph of a acef laser alloyed with
40wt%Ni + 30wt%Ti + 30wt%SiC showingaAl, TisSk and AjNi phases.

Figure A.40: XRD of an Al surface laser alloyed hnvtOwt%Ni + 30wt%Ti +
30wt%SiC.
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Alloy 11: 20wt%Ni + 40wt%Ti + 40wt%SiC

The optical micrographs of aluminium AA1200 alloyrface laser alloyed wit
20wt%Ni + 40wt%Ti + 40wt%SiC is shown in Figures4A. A metal matri
composite reinforced with SiC particles wiormed. The thickness of the alloy

layer was 2.29mm.

Figure A.41: (ptical micrograph oflan Al surface laser alloyedith 20wt%Ni +
40wt%Ti +40wt%SiC showing SiC particles (black) in the atidyayer

SEM micrographs of cro-sections of the lasealloyed layers are shown
Figures A.42 and A.43. The reaction of Al with NndaTi resulted in th
formation of AkNi and AiTi intermetallic phases respectively. The dissdame
of SIC and reaction with Ti resulted in TiC,sS3 and TgSiC, phases. These
phases were identified from the XRD in Figure A.ZlAe reaction of Al with Si(
resulted in the formation of an 4SiC, ternary phase. Free Si from 1

dissociation of SiC is also observed in the X
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Figure A.42: SEM cros-section micrograph of a surface laser alloyed v
20wt%Ni + 40wtodi + 40wt%SiC.
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Figure A.43: SEM cros-section micrograph of a surface laser alloyed v
20wt%Ni + 40wtodi + 40wt%SiC.
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Figure A.44: XRD of an Al surface laser alloyed hwOwt%Ni + 40wt%Ti +
40wWt%SiC.

Alloy 12: 30wt%Ni + 40wt%Ti + 30wt%SiC
The optical micrographs of a cross-section of ammatium surface laser alloyed
with 30wt%Ni + 40wt%Ti + 30wt%SiC is shown in FiguA.45. A metal matrix

composite reinforced with SiC particles was formEde thickness of the alloyed

layer was 2.24mm.
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Figure A.45: Optical micrograph of a cross-sectiminan Al surface laser alloyed
with 30wt%Ni + 40wt%Ti + 30wt%SiC showing SiC pelds (black) distributed

within the matrix.

SEM micrographs of cross-sections of the laseryatlolayers are shown in
Figures A.46 and A.47. Al reacted with Ni and Tieom Al3Ni, Al3Ni, and AkTi
phases. The dissociation of SiC and reaction withe3ulted in TiC, T4Si; and
Ti3SIC, phases. These phases are identified from the XRtgure A.48. Free Si
and ALSIC, phases were also identified in the XRD. TheSAC, phase formed

from the reaction of Al with SiC.
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Figure A.46: SEM cross-section micrograph of a gcef laser alloyed with
30wt%Ni + 40wt%Ti + 30wt%SiC showing SiC, TiCzMih and TSk phases.
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Figure A.47: SEM cross-section micrograph of a acef laser alloyed with
30wt%Ni + 40wt%Ti + 30wt%SiC showingsAli, AlNi; and TgSiG, phases.
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Figure A.48: XRD of an Al surface laser alloyed hwg0wt%Ni + 40wt%Ti +
30wt%SiC.

Alloy 13: 40wt%Ni + 40wt%Ti + 20wt%SiC

An optical micrograph of a cross-section of an alhiom surface laser alloyed
with 40wt%Ni + 40wt%Ti + 20wt%SiC is shown in FiguA.49. A metal matrix
composite reinforced with SiC particles was formEde thickness of the alloyed

layer was 1.93mm.
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Figure A.49: Optical micrographs of an Al surfacsér alloyed with 40wt%Ni,
40wt%Ti and 20wt%SiC showing SIC particles (bladigtributed within the

matrix.

SEM micrographs of cross-sections of the laseryatlolayers are shown in
Figures A.50 and A.51. The reaction of Al with NidaTi resulted in the in situ
formation of AENi, AlsNi, and AgTi intermetallic phases. The dissociation of
SiC and reaction with Ti resulted in TiC,3is and T§SiC, phases. These phases
were identified using the XRD in Figure A.52.
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Figure A.50: SEM cross-section micrograph of a gcef laser alloyed with
40wt%Ni + 40wt%Ti + 20wt%SIiC at showingsNi, and ARTi intermetallic

phases.
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Figure A.51: SEM cross-section micrograph of a acef laser alloyed with
40wt%Ni + 40wt%Ti + 20wt%SiC showing SIiCgRil TisSk and T§SiG phases.
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Figure A.52: XRD of an Al surface laser alloyed hnvtOwt%Ni + 40wt%Ti +
20wt%SiC.

Alloy 14: 30wt%Ni + 30wt%Ti + 40wt%SiC

An optical micrograph of a cross-section of an alhiom surface laser alloyed
with 30wt%Ni + 30wt%Ti + 40wt%SiC is shown in FiguA.53. A metal matrix
composite reinforced with SiC particles was formEde thickness of the alloyed

layer was 1.95mm.
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Figure A.53: An optical micrograph of a cross-seatiof an Al surface laser
alloyed with 30wt%Ni + 30wt%Ti + 40wt%SiC showingC Sarticles (black)

distributed within the matrix.

SEM micrographs of cross-sections of surfaces laeyed with 30wt%Ni +
30wt%Ti + 40wt%SiC are shown in Figures A.54 an85A.The reaction of Al
with Ni and Ti resulted in the in situ formation tife AgNi, Al3Ni, and AgTi
intermetallic phase. The dissociation of SiC arattien with Ti resulted in TiC
and TgSis. All the phases were identified using the XRD igufe A.56. Ternary
TisSiC, phase observed in the XRD was formed from a reaaf SiC with Ti
and C, while AISiC formed due to the reaction of Al with SiC.
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Figure A.54: SEM cros-section micrograph of a surface laser alloywith
30wt%Ni + 30wt%di + 40wt%SiC showing SiC, Mi and AjNi, phases.
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Figure A.55: SEM cros-section micrograph of a surface laser alloyed v
30wt%Ni + 30wt%di + 40wt%SiC showing SiC, A, TiC, and TsSk phases.
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Figure A.56: XRD of an Al surface laser alloyed hw80wt%Ni + 30wt%Ti +
40wt%SiC showing SiC, Ali, TiC, and T4Sk phases.

The results for the phases observed in each |#ieged layer are summarized in

Table A.1.
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Table A.1:Phases observed in each of the laser alloyed layers

Powder composition

Phases observed

33.3wt%Ni + 33.3wt%Ti +
33.3wt%SiC

-Al, SIC, TiC, AlNi, Al3Niy, AlsTi &
TisSis

80wt%Ni + 15wt%Ti + 5wt%SiC

-Al, SiC, Al3Ni, Al3Niy & Al 3Ti

50wt%Ni + 20wt%Ti + 30wt%SiC

-Al, SIiC, TiC, AlNi, Al3Niy, AlsTi,
TisSiz & Al 4Cs

20wt%Ni + 30wt%Ti + 50wt%SiC

-Al, SIiC, TiC, AlNi, Al3Niy, AlsTi,
TisSiz, Al3TiCy & Al 4SICy

60wt%Ni + 30wt%Ti + 10wt%SiC

-Al, SIC, TiC, AlNi, Al3Niy, AlsTi &
TisSis

70wWt%Ni + 20wt%Ti + 10wt%SiC

-Al, SIiC, Al3Ni, Al3Niy & Al 3Ti

10wt%Ni + 70wt%Ti + 20wt%SiC

-Al, SIiC, TiC, AlNi, Al3Ti & TisSiz

70wWt%Ni + 10wt%Ti + 20wt%SiC

-Al, SIiC, TiC, AlNi, Al3Niy, AlsTi,
TisSiz & Al 4Cs

20wt%Ni + 70wt%Ti + 10wt%SiC

-Al, SIiC, TiC, AlNi, Al3Ti & TisSiz

40wWt%Ni + 20wt%Ti + 40wt%SiC

-Al, SIiC, TiC, AlNi, Al3Niy, AlsTi,
TisSis, TisSIC, & Al 4SICy

40wt%Ni + 30wt%Ti + 30wt%SiC

-Al, SIiC, TiC, AlNi, Al3Niy, AlsTi,
TisSiz & TisSIC,

20wWt%Ni + 40wt%Ti + 40wt%SiC

-Al, Si, SIC, TiC, AkNI, Al;sTi, TisSis,
TisSIC; & Al 4SiCy

30wt%Ni + 40wt%Ti + 30wt%SiC

-Al, Si, SIiC, TiC, AkNi, Al;3Nio,
Al3Ti, TisSis, TisSIC; & Al 4SICy

40wWt%Ni + 40wt%Ti + 20wt%SiC

-Al, SIiC, TiC, AlNi, Al3Niy, AlsTi,
TisSiz & Ti3SIC,

30wt%Ni + 30wt%Ti + 40wt%SiC

-Al, Si, SIiC, TiC, AkNi, Al;3Nio,
Al3Ti, TisSis, TisSIC; & Al 4SICy
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APPENDIX B: WEAR TEST RESULTS

This Appendix provides detailed results of the alma wear tests conducted on
the 15 alloys. These results were summarized impteh®, Sections 5.3 and 5.4.
Appendix Bl details the results of the two bodyaaion wear tests and Appendix
B2 details the results of the three body abrasiearvests.

B1: Two body abrasion wear tests

Pure Aluminium AA1200

The graph of wear rate versus time for pure alumnmis shown in Figure B.1.
The average wear rate is 4.48+0.2T%1@°/sec.

Figure B.1: Graph of wear rate versus time for @watted aluminium surface.
SEM images of the untreated aluminium AA1200 allayn surfaces are shown

in Figure B.2. The wear features observed werevg®dormed by the motion of

the SiC abrasive grits (Figures B.2(a) and (b)) enaderial pile-up due to groove
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formation (Figure B.2(b)). Plastic deformation (fiig B.2(c) showing differenc
in grey levels) andracking in the deformed layer (Figure B.2(d)) webservec
in the crosssections. Cracks which initiated in the deformegeta and at th
interface between the deformed layer and the budkeral, facilitated materiz

removal during the cutting acticof the abrasive grits leading to high mass lo:

() (b)

() (d)

Figure B.2: Worn surfaces of the untreated alunmmiun (a) and (b) plan view

(c) and (d) crossectiors.

Alloy 1: 33.3wt%Ni + 33.3wt%Ti + 33.3wt% SIC

The graphs of the wear rate versus time for theeatgd aluminium an
aluminium laser alloyed with 33.3wt%Ni + 33.3wt%#i33.3wt%SIiC are show
in Figure B.3. The average wear rate of the ladkryed aluminium wa:
3.40+0.13x10cm’/sec. Therefore, laser alloying Al AA1200 with 3&136Ni +
33.3wt%Ti + 33.3wt%SiC improved the wear resistabgeapproximately 259
under the tested conditions. The reduction in wate was attributed mainly
the formation of intermetallicompounds and the retained SiC particles in

matrix.
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Figure B.3: Graph of wear rate versus time for antrgated aluminium and
aluminium laser alloyed with 33.3wt%Ni + 33.3wt%T83.3wt%SiC.

The microstructures of worn surfaces (plan view amds-sections) of aluminium
laser alloyed with 33.3wt%Ni + 33.3wt%Ti + 33.3wt¥eSare shown in Figure
B.4. Wear grooves which were formed due to theirgytaction of the SiC
abrasive grits are observed in Figures B.4(a) &dThese wear grooves were
narrower and shallow compared to those formed lier untreated aluminium.
Cracking inside and outside the wear grooves wasrebd in Figure B.4(b). The
strong bonding between particles and the matrixias decohesion (interfacial
debonding and pull-out) of SiC particles did notwcduring wear. The randomly
distributed SIC particles and the intermetallic s#® act as load bearing
constituents leading to improved wear resistand¢® dross-sections in Figures
B.4(c) and (d) show that plastic deformation, whadturred in the untreated Al,
does not occur because of the presence of harthimeparticles and intermetallic
compounds. Fracturing of SiC particles is observied Figure B.4(c).
Transgranular cracking of the Mi intermetallic phase is observed in Figure
B.4(d)
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() (b)

(© (d)

10pm 10pm

Figure B.4: worn surfacesof Al samples laser alloyed with 33.3wt%Ni
33.3wt%Ti + 33.3wt%SiC in (a) and (b) plan view} &nd (d)cross-sections.

Alloy 2: 80wt%Ni + 15wt%Ti + 5wt%SiC
The graphsof the wear rate versus time for the untreated mliwm and
aluminium laser alloyewith 80wt%Ni + 15wt%Ti + 5wt%SiC a shown in

Figure B.5 Laser alloying resulted in a 12% reduction in thear rate. Th

average wear rate of theer alloyed aluminium was 4.03+000*cm’/sec.
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Figure B.5: Graph of wear rate versus time for an untreatednahium and
aluminium laser alloyed with 80wt%Ni + 15wt%Ti + 86SIC.

SEM micrographs of worn surfaces (plan view andgsigections) of aluminium
laser alloyed with 80wt%Ni + 15wt%Ti + 5wt%SiC aleown in Figure B.6. The
wear features observed were groove formation (Eg@.6(a) and (b)), material
pile-up (Figure B.6(b)) and cracking (Figures B)6éind (c)). The wear grooves
were narrow and shallow compared to those obserfeedthe untreated

aluminium. Lateral cracking is observed in the sfesctions in Figures B.6(c)
and (d).
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(@) (b)

(©) (d)

Figure B.6 worn surface<of Al samples laser alloyed with 80wt%Ni -Swt%Ti

+ 5wt%SiC in (a) and (b) plan view; (c) and (cross-sections.

Alloy 3: 50wt%Ni + 20wt%Ti + 30wt%SiC

The graphsof the wear rate versus time fan untreated aluminium ar
aluminium laser alloyed with 50wt%Ni + 20wt%Ti +\86SIiC are shown in

Figure B.7 Laser alloying improved the wear rate by appratety 19%. The
average wear rate of the laser alloyed aluminius 870+0.1X10*cm’/sec.
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Figure B.7: Graph of wear rate versus time for an untreatednahium and
aluminium laser alloyed with 50wt%Ni + 20wt%Ti +\W8®6SIC.

SEM micrographs of worn surfaces (plan view andgsigections) of aluminium
laser alloyed with 50wt%Ni + 20wt%Ti + 30wt%SiC abkown in Figure B.8.
Narrow wear grooves are observed in Figure B.8fa &). SiC particles
hindered crack propagation as shown in Figure B.8Uateral cracking is
observed in the cross-sections in Figures B.6(d)(dh Transgranular subsurface
cracking which resulted in chipping and detachmehthe worn layer were

observed in the cross-sections in Figure B.8(c)(dhd
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(@) (b)

(€)

Figure B.8 worn surfacesof Al samples laser alloyed with 50wt%Ni + 20wt%
+ 30wt%SiC in (a) and (b) plan view; (c) and cross-sections.

Alloy 4: 20wt%Ni + 30wt%Ti + 50wt% SiC

The graphsof the wear rate versus time f@an untreated aluminium ar
aluminium laser alloyed wh 20wt%Ni + 30wt%Ti + 50wt%SiC a shown in
Figure B.9 There is a 38% reduction in the wear rate of aum due to laser
alloying. The average wear rate of laser alloyed aluminium was 2+0.13x10
“cm’/sec. The improvement in wear was greater comp@aretloying with lower
SiC content in the powder mixture. This shows igaicance of SiC patrticles ¢

loadbearing constituents during tvbody abrasion wear tests.
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Figure B.9: Graph of wear rate versus time for antrgated aluminium and
aluminium laser alloyed with 20wt%Ni + 30wt%Ti +W6SIC.

SEM micrographs of worn surfaces (plan view andgsigections) of aluminium
laser alloyed with 20wt%Ni + 30wt%Ti + 50wt%SiC asleown in Figure B.10.

Narrow wear grooves are observed in Figure B.1@f&] (b). SiC particles

hindered crack propagation as shown in Figure B)lagd (d). Lateral cracking
is observed in the cross-sections in Figures B)ld&x{d (d). A transgranular crack
which resulted in chipping and detachment of thenwayer were observed in the
cross-sections in Figure B.10(c).
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Figure B.10 worn surfacesof Al samples laser alloyed with 20wt%Ni + 30wt%

+ 50wt%SiC in (a) and (b) plan view; (c) and cross-sections.

Alloy 5: 60wt%Ni + 30wt%Ti + 10wt% SiC

The graphsof the wear rate versus time f@an untreated aluminium ar
aluminium laser alloyed with 6(t%Ni + 30wt%Ti + 10wt%SiC a shown in

B.11 The average wear rate of tlaser alloyed aluminium was 4+0.07x10
“cm’/sec. A 10% reduction in wear rates achieved after laser alloyil

209



APPENDIX B

Figure B.11: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 60wt%Ni + 30wt%Ti +W®6SiC.

SEM micrographs of worn surfaces (plan view andgsigections) of aluminium
laser alloyed with 60wt%Ni + 30wt%Ti + 10wt%SiC asleown in Figure B.12.
The wear grooves observed in Figures B.12(a) aphdSiC particles hindered
crack propagation as shown in Figure B.12(b). dragcks observed in Figures
B.12(b-d). Transgranular cracking of ;Al phase and lateral cracking which
resulted in chipping and detachment of the woredayere observed in the cross-
sections in Figures B.12(c) and (d).
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Figure B.12 worn surface<f Al samples laser alloyed with 60wt%Ni + 30wt%

+ 10wt%SiC in (a) and (b) plan view; (c) and cross-sections.
Alloy 6: 70wt%Ni + 20wt%Ti + 10wt%SiC

The graphs ofthe wear rate versus time for an untreated aluminianc
aluminium laser alloyed wh 70Wt%Ni + 20wt%Ti + 10wt%SiC a shown in
Figure B.13 The average wear rate of the laser alloyed alwmnwas
4.12+0.07x1dcm*/sec. A reduction in wear rate of approximately 89as
achieved after laser alloyin
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Figure B.13: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 70wt%Ni + 20wt%Ti +W®6SiC.

SEM micrographs of worn surfaces (plan view andgsigections) of aluminium
laser alloyed with 70wt%Ni + 20wt%Ti + 10wt%SiC asleown in Figure B.14.
Wear grooves were deeper compared to those obsknvatioys with higher SiC
content as shown in Figure B.14(a) and (b). Lateratking is observed in the

cross-sections in Figures B.14(c) and (d).
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Figure B.14 worn surfacesof Al samples laser alloyed with 70wt%Ni + 20wt%

+ 10wt%SiC in (a) and (b) plan view; (c) and cross-sections.

Alloy 7: 10wt%Ni + 70wt%Ti + 20wt%SiC

The graphsof the wear rate versus time f@an untreated aluminium ar
aluminium lagr alloyed with 10wt%Ni + 70wt%Ti + 20wt%Siare shown in
Figure B.15 The average wear rate of laser alloyed aluminium we
4.27+0.14x1dcm’/sec. The wear rate was similar to that of untcealeminium

with only 4% reductior
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Figure B.15: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 10wt%Ni + 70wt%Ti +\26SiC.

SEM micrographs of worn surfaces (plan view andgsigections) of aluminium
laser alloyed with 10wt%Ni + 70wt%Ti + 20wt%SiC asleown in Figure B.16.
Wear grooves due to the cutting action of the Si@asive particles are observed
in the worn micrographs as shown in Figure B.16§&] (b). Lateral cracking is
observed in the cross-section in Figure B.16(c) tad SiC particle in Figure
B.16(d) hindered crack growth.
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Figure B.16 worn surfacesof Al samples laser alloyed with 10wt%Ni + 70wt%

+ 20wt%SiC in (a) and (b) plan view; (c) and cross-sections.

Alloy 8: 70wt%Ni + 10wt%Ti + 20wt%SiC

The graphs of e wear rate versus time for untreated aluminium ar
aluminium laser alloyewith 70wt%Ni + 10wt%Ti + 20wt%SiCare shown in
Figure B.17 Laser alloying resulted in a 7% reduction in thear rate. Th

average wear rate of the laser alloyed aluminiurs £22+0.0%10*cm’/sec.
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Figure B.17: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 70wt%Ni + 10wt%Ti +\26SiC.

SEM micrographs of worn surfaces (plan view andgsigections) of aluminium
laser alloyed with 70wt%Ni + 10wt%Ti + 20wt%SiC asleown in Figure B.18.
Wear grooves, cracks and material pile-up are @bsgein Figures B.18(a) and
(b). Lateral cracking which results in chipping atetachment of the worn layer

is observed in Figures B.18(c) and (d)
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Figure B.18 worn surfacesof Al samples laser alloyed with 70wt%Ni + 10wt%

+ 20wt%SiC in (a) and (b) plan view; (c) and cross-sections.

Alloy 9: 40wt%Ni + 20wt%Ti + 40wt%SiC

The graphs ofthe wear rate versus time for an untreated aluminianc
aluminium laser alloyed witdOwt%Ni + 20wt%Ti + 40wt%SiC a shown in
Figure B.19 Laser alloying resulted in a 17% reduction in thear rate. Th

average wear rate of the laser alloyed aluminiurs 8vi6+0.0%10*cm®/sec.
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Figure B.19: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 40wt%Ni + 20wt%Ti +wW6SiC.

SEM micrographs of worn surfaces (plan view andgsigections) of aluminium
laser alloyed with 40wt%Ni + 20wt%Ti + 40wt%SiC asleown in Figure B.20.
Shallow wear grooves are observed in Figures B)28fa (b). SiC particles
hindered crack propagation as shown in Figure B)20¢acks parallel to the wear
groove are observed in figure B.20(b). Lateral kiragz and fracturing of a SiC

particle are observed in the cross-sections inregyB.20(c) and (d).
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Figure B.20: worn surfaces of Al samples laser i with 40wt%Ni + 20wt%Ti
+ 40wt%SiC in (a) and (b) plan view; (c) and (dpss-sections.

Alloy 10: 40wt%Ni + 30wt%Ti + 30wt%SiC

The graphs of the wear rate versus time for aneatgd aluminium and
aluminium laser alloyed with 40wt%Ni + 30wt%Ti +\8%6SIC are shown in
Figure B.21. The average wear rate of the lasesyadl aluminium was
4.01+0.13x1dcm’/sec. An 11% reduction in the wear rate was ackieaféer

laser alloying.
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Figure B.21: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 40wt%Ni + 30wt%Ti +\WB®6SIC.

SEM micrographs of worn surfaces (plan view andgsigections) of aluminium
laser alloyed with 40wt%Ni + 30wt%Ti + 30wt%SiC asleown in Figure B.22.
Shallow wear grooves are observed in Figures B)2#{d (b). Cracks parallel to
the wear groove are observed in Figure B.22(b)fahcracking and fracturing of

a SiC particle are observed in the cross-sectioirsgures B.22(c) and (d).
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Figure B.22: worn surfaces of Al samples laseryid with 40wt%Ni + 30wt%Ti
+ 30wt%SiC in (a) and (b) plan view; (c) and (dpss-sections.

Alloy 11: 20wt%Ni + 40wt%Ti + 40wt%SiC

The graphs of the wear rate versus time for aneatgd aluminium and
aluminium laser alloyed with 20wt%Ni + 40wt%Ti + wW®SIC are shown in
Figure B.23. The average wear rate of the laseoyadl aluminium was
4.06+0.13x1dcm’/sec representing a 9% reduction in the wear ratepared to

that of untreated aluminium.
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Figure B.23: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 20wt%Ni + 40wt%Ti +wW6SiC.

SEM micrographs of worn surfaces (plan view andgsigections) of aluminium
laser alloyed with 20wt%Ni + 40wt%Ti + 40wt%SiC asleown in Figure B.24.
Shallow wear grooves are observed in Figures B)2dfa (b). SiC particles
hindered crack propagation as shown in Figure BY4lateral cracking is

observed in the cross-sections in Figures B.24{(d)(d).
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Figure B.24 worn surfacesof Al samples laser alloyed with 20wt%Ni + 40wt%

+ 40wt%SiC in (a) and (b) plan view; (c) and cross-sections.

Alloy 12: 30wt%Ni + 40wt%Ti + 30wt%SiC

The graphsof the wear rate versus time fan untreated aluminium ar
aluminium laser alloyed with 3t%Ni + 40wt%Ti + 30wt%SiC a shown in
Figure B.25 A slight reduction in wear rate of approximat@Bé reduction wa
observed for the alloyealuminium compare to untreateduminium AA1200.

The average wear rate of laser alloyed aluminium was 420.C7x10%m®/sec.
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Figure B.25: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 30wt%Ni + 40wt%Ti +\W8®6SIC.

SEM micrographs of worn surfaces (plan view andgsigections) of aluminium

laser alloyed with 30wt%Ni + 40wt%Ti + 30wt%SiC asleown in Figure B.26.

Shallow wear grooves are observed in Figures B)2&fa (b). SiC particles

hindered crack propagation as shown in Figure B)@(ateral cracking which

resulted in chipping of the worn layer is obserirethe cross-sections in Figures
B.26(c) and (d).
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Figure B.26 worn surfacesof Al samples laser alloyed with 30wt%Ni + 40wt%

+ 30wt%SiC in (a) and (b) plan view; (c) and cross-sections.

Alloy 13: 40wt%Ni + 40wt%Ti + 20wt%SiC

The graphs ofthe wear rate versus time for untreated aluminium ar
aluminium laser alloyed wh 40nt%Ni + 40wt%Ti + 20wt%SiC a shown in
Figure B.27 The average wear rate of the laser alloyed alwmnwas
4.22+0.07x1dcm’/sec. This wear rate was similar to that observed &n

untreated aluminium with a slight improvement obab5%
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Figure B.27: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 40wt%Ni + 40wt%Ti +\@6SiC.

SEM micrographs of worn surfaces (plan view andgsigections) of aluminium
laser alloyed with 40wt%Ni + 40wt%Ti + 20wt%SiC asleown in Figure B.28.

Shallow wear grooves are observed in Figures B)28(a (b). SiC particles

hindered crack propagation as shown in Figure B)Y8(ateral cracking and

fracturing of a SIiC particle are observed in thessrsections in Figures B.28(c)
and (d).
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Figure B.28 worn surfacesof Al samples laser alloyed with 40wt%Ni + 40wt%

+ 20wt%SiC in (a) and (b) plan view; (c) and cross-sections.
Alloy 14: 30wt%Ni + 30wt%Ti + 40wt%SiC

The graphs ofthe wear rate versus time for an untreated alummnand
aluminium laser alloyed wh 30wt%Ni + 30wt%Ti + 40wt%SiC a shown in
Figure B.29 The average wear rate of the laser alloyed alwmnwas
3.86+0.13x10cm’/sec. A reduction in wear rate of approximately 12¢as

achieved for the laser alloyed surface compargbdgantreated aluminium allc
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Figure B.29: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 30wt%Ni + 30wt%Ti +wW6SiC.

SEM micrographs of worn surfaces (plan view andgsigections) of aluminium
laser alloyed with 30wt%Ni + 30wt%Ti + 40wt%SiC asleown in Figure B.30.
Shallow wear grooves are observed in Figures B)3f{d (b). Cracks parallel to
the wear groove are observed in figure B.30(b)ctarang of SiC particles is

observed in the cross-sections in Figures B.30{(d)(d).
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Figure B30: worn surface.of Al samples laser alloyed with 30wt%Ni + 30wt%

+ 40wt%SiC in (a) and (b) plan view; (c) and cross-sections.
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B.2: Three body dry abrasion wear tests

Pure Aluminium AA1200

The graph of wear rate versus time for untreatachedium AA1200 is shown in
Figure B.31. The average wear rate was 7.53+0.1%xtmin.

Figure B.31: Graph of wear rate versus time forwarireated aluminium alloy.

SEM micrographs of worn surfaces (plan view angsgections) of an untreated
aluminium laser are shown in Figure B.32. Due tghhductility of aluminium,
some SiQ particles were embedded in the deformed microstrac Grooves
which were formed during 2body sliding wear testerevnot observed as
ploughing did not occur. Cracking, material remoaatl embedded Si(articles
are observed in the plan views in Figures B.32¢(a) €). Plastic deformation
occurred due to point indentation on the aluminisumface by the applied load
and the Si@ particles. Cracking in the deformed layer is otedrin the cross-

sections in Figures B.32(c) and (d).
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Figure B.32 worn surfacesof the untreated aluminiureamples in (a) and (k

plan view; (c) and (dcross-sections Al.
Alloy 1: 33.3wt%Ni + 33.3wt%Ti + 33.3wt% SiC

The graphsof wear rate versus time for untreated aluminiurd an aluminiurn
laser surface alloyed with 33.1%Ni + 33.3wt%Ti + 33.3wt%SiC a shown in
Figure B.33.Approximately 449 reduction in wear rate washievd after laser
alloying dueto the intermetallic phases and metal matrix cont@s. The average

wear rate for the alloyed samg was 4.25+0.26xI0cm’/min.
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Figure B.33: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 33.3wt%Ni + 33.3wt%T83.3wt%SiC.

The microstructures of worn surfaces (plan view amds-sections) of aluminium
laser alloyed with 33.3wt%Ni + 33.3wt%Ti + 33.3wt¥eSare shown in Figure
B.34. Wear grooves which were formed by the remkatetion of the Si®
abrasives are observed in Figures B.34(a) and Tlh¢se wear grooves were
narrower and shallow compared to those formed dumwo body abrasion wear
tests. Cracking inside and outside the wear groavas observed in Figure
B.34(b). SIiC particles embedded in the alloyecetagluring laser processing
inhibited the growth of the grooves. The strongding between particles and the
matrix ensured decohesion (interfacial debonding pmll-out) of SiC particles
did not occur during wear. The randomly distribut8tC particles and the
intermetallic phases act as load bearing constisutrading to improved wear
resistance. The cross-sections in Figures B.34(d) @) show that plastic
deformation, which occurred in the untreated Alesimot occur because of the
presence of hard ceramic particles and intermetedimpounds. Lateral cracking
and fracturing of SiC patrticles are observed in ¢haess-sections. Syabrasive

particles embedded in cracks are observed in FigLa4(c).
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Figure B.34 worn surfacesof Al samples laser alloyed with 33.3wt%Ni
33.3wt%Ti + 33.3wt%SiC in (a) and (b) plan view} &nd (d)cross-sections.

Alloy 2: 80wt%Ni + 15wt%Ti + 5wt%SiC

The graphsof wear rate versus tir for anuntreated aluminium analuminium
laser surface alloyed wit80wt%Ni + 15wt%Ti + 5wt%SiC areshown in Figure
B.35 The average wear rate for the laser alloyed sssnplas 5.53+0.22x"

3cm®/min. Therefore, approximately 27% reduction in wear ra@s achieve

after laser alloying.
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Figure B.35: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 80wt%Ni + 15wt%Ti + 86SIC.

The microstructures of worn surfaces (plan view amds-sections) of aluminium
laser alloyed with 80wt%Ni + 15wt%Ti + 5wt%SiC ashown in Figure B.36.
Cracking and shallow grooves are observed in FggB:86(a) and (b) due to the
repeated action of the Si@brasive particles. The SiC particles embeddetian
microstructure hindered the growth of the groowggeral cracking and fracturing

of the SIC particles are observed in the crosseesin Figure B.36(c) and (d).
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Figure B.36 worn surfaces«of Al samples laser alloyed with 80wt%Ni + 15wt%

+ 5wt%SiC in (a) and (b) plan view; (c) and (cross-sections.

Alloy 3: 50wt%Ni + 20wt%Ti + 30wt%SiC

The graphsf wear rate versus tir for anuntreated aluminium a aluminium
laser surface alloyed with 50wt%Ni + 20wt%Ti + 3@6&iC areshown in Figure
B.37. A 31%reduction in wear rate wiachieved after laser alloyinThe average

wear rate for the laser alloyed samples was 5.16x0(3cm*/min.
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Figure B.37: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 50wt%Ni + 20wt%Ti +\W8®6SIC.

The microstructures of worn surfaces (plan view amds-sections) of aluminium
laser alloyed with 50wt%Ni + 20wt%Ti + 30wt%SiC asleown in Figure B.38.
Cracking and shallow grooves are observed in FggB:88(a) and (b) due to the
repeated action of the Si@brasive particles. The SiC particles embeddetian
microstructure hindered the growth of the groowggeral cracking and fracturing

of the SIC particles are observed in the crosseesin Figure B.38(c) and (d).

236



APPENDIX B

(@) (b)

(©) (d)

10pm 10pm
Figure B.38 worn surfacesof Al samples laser alloyed with 50wt%Ni + 20wt%

+ 30wt%SiC in (a) and (b) plan view; (c) and cross-sections.
Alloy 4: 20wt%Ni + 30wt%Ti + 50wt% SiC

The graphsof wear rate versus tir for anuntreated aluminium analuminium
laser surface alloyed vh 20wt%Ni + 30wt%Ti + 50wt%Si@re shown in Figur
B.39. The average wear rate for tlaser alloyed samplewas 4.23+0.16x10
3cm®/min. Therefore, approximately 43% reduction in wear ra@s achieve
after laser alloying.
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Figure B.39: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 20wt%Ni + 30wt%Ti +W6SIC.

The microstructures of worn surfaces (plan view amds-sections) of aluminium
laser alloyed with 20wt%Ni + 30wt%Ti + 50wt%SiC asleown in Figure B.40.
Cracking and shallow grooves are observed in FggBrd0(a) and (b) due to the
repeated action of the Si@brasive particles. The SiC particles embeddetian
microstructure hindered the growth of the groolederal cracking is observed in

the cross-sections in Figure B.40(c) and (d).
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Figure B.40 worn surfacesof Al samples laser alloyed with 20wt%Ni + 30wt%

+ 50wt%SiC in (a) and (b) plan view; (c) and cross-sections.

Alloy 5: 60wt%Ni + 30wt%Ti + 10wt% SiC

The graphsof wear rate versus tir for anuntreated aluminium analuminium
laser surface alloyed with 60wt%Ni + 30wt%Ti + 106&iC are shown in Figur
B.41. A 28%reduction in wear rate was observed for the laBeyed samples
compared to the untreated alumini The average wear rate for the laser allc
samples was.44+0.45x1 3cm*/min.
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Figure B.41: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 60wt%Ni + 30wt%Ti +W®6SiC.

The microstructures of worn surfaces (plan view amds-sections) of aluminium
laser alloyed with 60wt%Ni + 30wt%Ti + 10wt%SiC asleown in Figure B.42.
Cracking and shallow grooves are observed in FggBrd2(a) and (b) due to the
repeated action of the Si@brasive particles. The SiC particles embeddetian
microstructure hindered the growth of the groovieateral and transgranular

cracking are observed in the cross-sections inrEigu42(c) and (d).
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Figure B.42 worn surfacesof Al samples laser alloyed with 60wt%Ni + 30wt%

+ 10wt%SiC in (a) and (b) plan view; (c) and cross-sections.

Alloy 6: 70wt%Ni + 20wt%Ti + 10wt%SiC

The graphsof wear rate versus tir for anuntreated aluminium analuminium
laser surface alloyed w 70wt%Ni + 20wt%Ti + 10wt%SiG@re shown in Figul
B.43. A 19%reduction in wear ratwas achieved after laser alloyirThe average

wear rate for the laser alloy samples was 6.10+0.26x3@n*/min.
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Figure B.43: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 70wt%Ni + 20wt%Ti +W®6SIC.

The microstructures of worn surfaces (plan view amds-sections) of aluminium
laser alloyed with 70wt%Ni + 20wt%Ti + 10wt%SiC akown in Figure B.44.
Cracking and shallow grooves are observed in FggBrd4(a) and (b) due to the
repeated action of the Si@brasive particles. The SiC particles embeddetian
microstructure hindered the growth of the groolederal cracking is observed in

the cross-sections in Figure B.44(c) and (d).
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Figure B.44 worn surfacesof Al samples laser alloyed with 70wt%Ni + 20wt%

+ 10wt%SiC in (a) and (b) plan view; (c) and cross-sections.

Alloy 7: 10wt%Ni + 70wt%Ti + 20wt%SiC

The graphsof wear rate versus time for untreated aluminiurd an aluminiurn
laser surface alloyed wi 10wt%Ni + 70wt%Ti + 20wt%SiC arghown in Figure

B.45. The average wear ri for the alloyed surface was 3#4021x10°%cm*/min

which is a 32% reduction in wear rate comparedhéountreated aluminiul
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Figure B.45: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 10wt%Ni + 70wt%Ti +\26SiC.

The microstructures of worn surfaces (plan view amds-sections) of aluminium
laser alloyed with 10wt%Ni + 70wt%Ti + 20wt%SiC asleown in Figure B.46.
Cracking is observed in Figures B.46(a) and (b) tduthe repeated action of the
SiO, abrasive particles. The SiC particles embeddedthen microstructure
hindered the growth of the grooves. Lateral cragkis observed in the cross-

sections in Figure B.46(c) and (d).
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Figure B.46 worn surfacesof Al samples laser alloyed with 10wt%Ni + 70wt%

+ 10wt%SiC in (a) and (b) plan view; (c) and cross-sections.

Alloy 8: 70wt%Ni + 10wt%Ti + 20wt%SiC

The graphsof wear rate versus tir for anuntreated aluminium analuminium
laser surface alloyed wi 70wt%Ni + 10wt%Ti + 20wt%Si@re shown i Figure

B.47. A 20% reduction in wear rate was achievedradfiser alloying and tr

average wear rate for tlaser alloyed samples 6.02+0.22%t67/min.
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Figure B.47: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 70wt%Ni + 10wt%Ti +\26SiC.

The microstructures of worn surfaces (plan view amds-sections) of aluminium
laser alloyed with 70wt%Ni + 10wt%Ti + 20wt%SiC asleown in Figure B.48.

Cracking and shallow grooves are observed in FggBrd8(a) and (b) due to the
repeated action of the Si@brasive particles. The SiC particles embeddetian

microstructure hindered the growth of the groovtederal cracking, fracturing of

SIiC particles and transgranular cracking are oleskin the cross-sections in
Figure B.48(c) and (d).
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Figure B.48 worn surface<«f Al samples laser alloyed with 70wt%Ni + 10wt%

+ 20wt%SiC in (a) and (b) plan view; (c) and cross-sections.

Alloy 9: 40wt%Ni + 20wt%Ti + 40wt%SiC

The graphsof wear rate versus tir for anuntreated aluminium analuminium
laser sirface alloyed wit 40wt%Ni + 20wt%Ti + 40wt%SiGre shown in Figur
B.49. A reduction of approximately 82% in wear ratas achieved after las
alloying and he average wear rate for the laser alloyed samplas
1.30+0.26x1Gcm?/min.
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Figure B.49: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 40wt%Ni + 20wt%Ti +wW6SiC.

The microstructures of worn surfaces (plan view amds-sections) of aluminium
laser alloyed with 40wt%Ni + 20wt%Ti + 40wt%SiC asleown in Figure B.50.
Cracking and shallow grooves are observed in FggB:&0(a) and (b) due to the
repeated action of the Si@brasive particles. The SiC particles embeddetian
microstructure hindered the growth of the groolederal cracking is observed in

the cross-sections in Figure B.50(c) and (d).

248



APPENDIX B

() (b)

(© (d)

10pm 10pm

Figure B.50 worn surface<«of Al samples laser alloyed with 40wt%Ni + 20wt%
+ 40wt%SiC in (a) and (b) plan view; (c) and cross-sections.

Alloy 10: 40wt%Ni + 30wt%Ti + 30wt%SiC

The graphsof wear rate versus tir for anuntreated aluminium analuminium
laser surface alloyed wi 40wt%Ni + 30wt%Ti + 30wt%Si@re shown in Figur
B.51. A 66% reduction in wear rate was achieveeradfiser alloying and tr
average wear rate for the laser alloyed sample<2.58+0.05x1Gcm*/min.
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Figure B.51: Graph of wear rate versus time for antreated aluminium and
aluminium laser alloyed with 40wt%Ni + 30wt%Ti +\W8®6SIC.

The microstructures of worn surfaces (plan view amds-sections) of aluminium
laser alloyed with 40wt%Ni + 30wt%Ti + 30wt%SiC asleown in Figure B.52.
Cracking and shallow grooves are observed in FggB:&2(a) and (b) due to the
repeated action of the Si@brasive particles. The SiC particles embeddetian
microstructure hindered the growth of the groolederal cracking is observed in

the cross-sections in Figure B.52(c) and (d).
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Figure B.52 worn surfacesof Al samples laser alloyed with 40wt%Ni + 30wt%
+ 30wt%SiC in (a) and (b) plan view; (c) and cross-sections.

Alloy 11: 20wt%Ni + 40wt%Ti + 40wt%SiC

The graphsof wear rate versus tir for anuntreated aluminium analuminium
laser surface alloyed wi 20wt%Ni + 40wt%Ti + 40wt%SiGre shown in Figur
B.53. A 82% reduction in wear rate was achieveeradfiser alloying and tr

average wear rate for the laser yed samples was 1.36+0.215¢00n*/min.
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Figure B.53: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 20wt%Ni + 40wt%Ti +wW6SiC.

The microstructures of worn surfaces (plan view amds-sections) of aluminium
laser alloyed with 20wt%Ni + 40wt%Ti + 40wt%SiC asleown in Figure B.54.
Cracking and shallow grooves are observed in FggB:&4(a) and (b) due to the
repeated action of the Si@brasive particles. The SiC particles embeddetian
microstructure hindered the growth of the groolederal cracking is observed in

the cross-sections in Figure B.54(c) and (d).
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(@) (b)

() (d)
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Figure B.54 worn surfacesof Al samples laser alloyed with 20wt%Ni + 40wt%

+ 40wt%SiC in (a) and (b) plan view; (c) and cross-sections.

Alloy 12: 30wt%Ni + 40wt%Ti + 30wt%SiC

The graphsof wear rate versus tir for anuntreated aluminium analuminium
lasersurface alloyed wit 30wt%Ni + 40wt%Ti + 30wt%SiGre shown in Figur
B.55. A 63% reduction in wear rate was achievedradfiser alloying and tr

average wear rate for the laser alloyed sample<2.79+0.23x1Gcm®min.
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Figure B.55: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 30wt%Ni + 40wt%Ti +\W8®6SIC.

The microstructures of worn surfaces (plan view amds-sections) of aluminium
laser alloyed with 30wt%Ni + 40wt%Ti + 30wt%SiC asleown in Figure B.56.
Cracking and shallow grooves are observed in FggB:&6(a) and (b) due to the
repeated action of the Si@brasive particles. The SiC particles embeddetian
microstructure hindered the growth of the groolederal cracking is observed in

the cross-sections in Figure B.56(c) and (d).
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+ 30wt%SiC in (a) and (b) plan view; (c) and cross-sections.

Alloy 13: 40wt%Ni + 40wt%Ti + 20wt%SiC

The graphsof wear rate versus tir for anuntreated aluminium analuminium
laser surface alloyed wi 40wt%Ni + 40wt%Ti + 20wt%SiGre shown in Figur
B.57. A 64% reduction in wear rate was achievedrafiser alloying ar the
average wear rate for the laser alloyed samples2.71+0.33x10cm*/min.
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Figure B.57: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 40wt%Ni + 40wt%Ti +\@26SiC.

The microstructures of worn surfaces (plan view amds-sections) of aluminium
laser alloyed with 40wt%Ni + 40wt%Ti + 20wt%SiC asleown in Figure B.58.
Cracking and shallow grooves are observed in FggB:&8(a) and (b) due to the
repeated action of the Si@brasive particles. The SiC particles embeddetian
microstructure hindered the growth of the grooveateral cracking which
resulted in chipping of the worn layer and fraatgriof the SiC particle are
observed in the cross-sections in Figure B.58(d)(din
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Figure B.58 worn surfacesof Al samples laser alloyed with 40wt%Ni + 40wt%

+ 20wt%SiC in (a) and (b) plan view; (c) and cross-sections.

Alloy 14: 30wt%Ni + 30wt%Ti + 40wt%SiC

The graphsof wear rate versus tir for anuntreated aluminium analuminium
laser surface alloyed wi 30wt%Ni + 30wt%Ti + 40wt%SiG@re shown in Figur
B.59. A 78% reduction in wear rate was achieveeradfiser alloying and tr
average wear rate for the laser alloyed sample<1.63+0.09x1Gcm*/min.
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Figure B.59: Graph of wear rate versus time for amtreated aluminium and
aluminium laser alloyed with 30wt%Ni + 30wt%Ti +wW6SiC.

The microstructures of worn surfaces (plan view amds-sections) of aluminium
laser alloyed with 30wt%Ni + 30wt%Ti + 40wt%SiC asleown in Figure B.60.
Cracking and shallow grooves are observed in FggB:€0(a) and (b) due to the
repeated action of the Si@brasive particles. The SiC particles embeddetian
microstructure hindered the growth of the groolederal cracking is observed in

the cross-sections in Figure B.60(c) and (d).
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Figure B.60 worn surface<f Al samples laser alloyed with 30wt%Ni + 30wt%

+ 40wt%SIC in (a) and (b) plan view; (c) and cross-sections.
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APPENDIX C: IMPACT TEST RESULTS

This Appendix provides images of the fracture stetaforthe 14 alloysfrom the
impact testsvhich may be used for comparison purposes. Theui@behaviour
was summarized in Chapter 5, Section

Alloy 1: 33.3wt%Ni + 33.3wt%Ti + 33.3wt%SiC

Fractured surfaces of samples laser alloyed witlBv@&30oNi + 33.3wt%Ti +

33.3wt%SiC are shown in Figure (.

Figure C.1: Fractured surfaces of samples lasemoydd with 33.3wt%Ni -
33.3wt%Ti + 33.3wt%Si(

Alloy 2: 80wt%Ni + 15wt%Ti + 5wt%SiC

Fractured surfaces of samples laser alloyed witit®INi + 15wt%Ti + 5wt%SiC

are shown in Figure C.

260



APPENDIX C

Figure C.2: Fractured surfaces of samples laseroydld with 80wt%Ni A
15wt%Ti + 5wt%Si.

Alloy 3: 50wt%Ni + 20wt%Ti + 30wt%SiC

Fractured surfaces of samples laser alloyed witimt@INi + 20wt%Ti +

30wt%SiC are shown in Figure C

Figure C3: Fractured surfaces of samples laser gl with 50wt%Ni + 20wt%1
+ 30wt%SiC.

Alloy 4: 20wt%Ni + 30wt%Ti + 50wt%SiC

Fractured surfaces of samples laser alloyed witint@ZINi + 30wt%Ti +

50wt%SiC are shown in Figure C
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Figure C.4: Fractured surfaces of samples laseroydld with 20wt%Ni A
30wt%Ti + 50wt%SiC

Alloy 5: 60wt%Ni + 30wt%Ti + 1 0wt%SiC

Fractured surfaas of samples laser alloyed with 60wt%Ni + 30wt%fd

10wt%SiC are shown in Figure C

Figure C.5: Fractured surfaces of samples laseroydld with 60wt%Ni A
30wt%Ti + 10wt%Sit.

Alloy 6: 70wt%Ni + 20wt%Ti + 10wt%SiC

Fractured surfaces of sampleser alloyed with 70wt%Ni + 20wt%Ti -

10wt%SiC are shown in Figure C
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Figure C.6: Fractured surfaces of samples laseroydld with 70wt%Ni A
20wWt%Ti + 10wt%SiC

Alloy 7: 10wt%Ni + 70wt%Ti + 20wt%SiC

Fractured surfaces of samples laser alloyed wiOwt%Ni + 70wt%Ti +

20wt%SiC are shown in Figure C

Figure C.7: Fractured surfaces of samples laseroydd with 10wt%Ni A
70wWt%Ti + 20wt%SiC

Alloy 8: 70wt%Ni + 10wt%Ti + 20wt%SiC

Fractured surfaces of samples laser alloyed witimt%Ni + 10wt%Ti +

20wt%SiC are shown in Figure C
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Figure C.8: Fractured surfaces of samples laseroydld with 70wt%Ni A
10wWt%Ti + 20wt%SiC

Alloy 9: 40wt%Ni + 20wt%Ti + 40wt%SiC

Fractured surfaces of samples laser alloyed witimt%INi + 20wt%Ti +

40wt%SiC are shan in Figure C.¢

Figure C.9: Fractured surfaces of samples laseroydld with 40wt%Ni A
20wWt%Ti + 40wt%Sic

Alloy 10: 40wt%Ni + 30wt%Ti + 30wt%SiC

Fractured surfaces of samples laser alloyed witimt%INi + 30wt%Ti +

30wt%SiC are shown in Figure10.
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Figure C.10: Fractured surfaces of samples lasdoydd with 40wt%Ni 4
30wt%Ti + 30wt%SiC

Alloy 11: 20wt%Ni + 40wt%Ti + 40wt%SiC

Fractured surfaces of samples laser alloyed witint@INi + 40wt%Ti +

40wt%SiC are shown in Figure C.

Figure C11: Fractured surfaces of samples laser alloyedhw2Owt%Ni +
40Wt%Ti + 40wt%SiC

Alloy 12: 30wt%Ni + 40wt%Ti + 30wt%SiC

Fractured surfaces of samples laser alloyed v30wt%Ni + 40wt%Ti +
30wt%SiC are shown in Figure 12.
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Figure C.12: Fracture: surfaces of samples laser alloyed with 30wt%N
40Wt%Ti + 30wt%SiC

Alloy 13: 40wt%Ni + 40wt%Ti + 20wt%SiC

Fractured surfaces of samples laser alloyed v40wt%Ni + 40wt%Ti +
20Wt%SiC are shown in Figure 13.

Figure C.13: Fractured surfaces of mples laser alloyed with 40wt%Ni
40Wt%Ti + 20Wt%SiC

Alloy 14: 30wt%Ni + 30wt%Ti + 40wt%SiC

Fractured surfaces of samples laser alloyed v30Owt%Ni + 30wt%Ti +
40Wt%SiC are shown in Figure 14.
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Figure C.14: Fractured surfaces of samples laalloyed with 30wt%Ni +
30wt%Ti + 40wt%SiC
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