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ABSTRACT

Processing and Characterization of Mg Matrix Composites Reinforced with TiC
and TiB ; Phaseausing an In-situ Reactive Infiltration Technique

MohammedShamekh, Ph.D.
Concordia University2011

Magnesium matrix composites are attractive for different applications especially
in automotive and aerospace industries due to their superior specific properties. The main
purpose of this work is to produce a newagnesium matrix composite reinforced with a
network of TiC and TiB compoundssia anin-situ reactive infiltration technique. In this
process, lte ceramic reinforcement phases, TiC and, T&re synthesizenh-situ from
the starting powders of Ti and,® without any addition of a third metal powder such as
Al. The molten magnesium infiltrates the preform of -BEC by capillary forces.
Furthermore, adding Mg or MgHpowder with different weight percentages to the-3Ti
B4,C preforns was usedin an attempt toincrease the Mg content in the fabricated
composites. The results of thresitu reaction mechanism investigationtbe Ti-B,C and
Mg-B4C systems show that the infiltrated magnesium not only infigtht®ugh the 3
B4C preform and thus denmfthe fabricated composite as a matrix mekalt also acts
asan intermediary making the reaction possible at a lower temperature than that required
for solid-state reaction between Ti andi@Band accelerates the reaction raide
investigation of then-situ reaction mechanism after adding Mg or Mgbbwderto the
3Ti-B4C preforms show that the reaction mechanisms are similar. However, the presence
of the Mg or MgH in the preform accelerates the reaction rate making the reaction take

place and finish in a shiar time.



Also, the results of the parametric study show that the processnaitionssuch
as temperature, holding time and green compact relative density have a significant
influence on the reaction mechanism and the fabrication of the compBsised on this
work, it is recommended to fabricate the composite samples at 900°C for 1.5 h and using
a green compact of 70% relative densltye required equilibrium phases, Ti@nd TiB;,
formed in the composites with very small amauoit the residualli, boron carbideand
intermediate phases such as TiBBLiand MgB. The fabrication of composites at these
processing conditionavoids significant oxidation of Mg and formation of the ternary
compound (TFAIC) in the cass of AZ91D or AM60B alloys compsites which can
adversely affect the mechanical properties of the composites.

Furthermore, the results reveal that the percentage of reinforcing phhseshe
optimal processing parametaese usedcan be tailored by controlling either the green
compact relative density or the weight percentages of Mg or NdgWvder added to the
3Ti-B4C preform.

Microstructural characterization reveals a relatively uniform distribution of the
reinforcing phases TiCand TiB in the magnesium matrix. Mechanicaloperties of
these composites such as elastic modulus, flexural and compressive strengths are greatly
improved compared witthose ofthe unreinforced Mg or Mg alloys. In contrast, the
ductility of TiCs-TiB,/Mg composites is lower than that of the unreioéal Mg or Mg
alloys. However this lower ductility was improved by the addition of Mg or MgH
powderin the preform Secondargcanning Ectronmicroscopy was used to investigate
the fracture surfaceafterthe flexural strength test. The composites sisayms of mixed

fracture; cleavage regions and some dimplingaddition, microcracks observed in the

iv



matrix show that the failure might have initiated in the matrix rather than fhem
reinforcing particulates. Also, the results show that the hardnesshenwear resistance

of the composites are improved, compared with thosieeofinreinforced Mg allay
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Chapterl

Introduction

1.1 Background

The need for materials havisgiperior mechanical properties and low denlgityto the
development of metal matrix composites (MMCs) in early $98D. Composites were
developed because it was very @it to find a structural material satisfying all the
desired attributes for a given applicatiflh 2]. By developingMMCs, the attractive
properties of metalsuch aductility, toughnessthermal and electrical conductivigan
be combinedwith those of ceramicsuch ashigh strength and modulus obtain light

andstrong materials.

Metal matrix composites reinforced witluitableceramic reinforcemenfsossess
high strength and modules well aggood hightemperature propertiashen compared
to unreinforcedmatrix alloys. Discontinuously reinforced MMdscluding particulates
(PRMMCs) short fibers, or whiskemremorepreferred forautomotive applications than
continuously reinforced MMCs because of their relative ease in fabrication, cost and

nearly isotropigropertieq1, 3].

Recently, among numerous PRMMCs, magnesi(Mg) matrix composites
reinforced with ceramic particlésvereceival attention in the automotivendaerospace
applications because of their higipecific modulus and tensile strength, high wear
resistance and excellent thermal and electrical conductijdied. Mg represents a

natural candidate since it 3% lighter than aluminum and over four times lighter than

1



steel[8]. Magnesium has comparable density to polymers but much better mechanical
andphysical properties. Hencmagnesiunhas been selectes a matrix becausd the
great demandor low density compositegspeciallyin the automotiveindustry since

these composites haadvantageover monolithic metals and alloys.

Although codly magnesium alloyssuch as thoseontainingrare earth elements,
can achieve high strength even at elevated temperatures, other properties such as a lower
coefficient of thermal expansion, a higher elastic modulus and wear resistanmalycan
be obtainedby the addition of strong and stiff second phasefeonagnesiumSo, Mg
matrix composites reinforced with suitable ceramic particles can compensate for some of
the major limitations of monolithic magnesium sucHaoag elastic modulusrapid loss of

strength with temperature and poor creep resistance at elevated temgde@ra@re

There are several methods to fabricate particulate reinforced Mg MMCs-by ex
situ routes including powder metallurgy, preform infiltration, spray deposition,
mechanical alloying and different casting technologies such as squeeze casting,
rheocasting and cgmocasting[10]. However, in-situ MMCs can exhibit excellent
mechanical propertiedue to the formation of ultra fine, homogeneously dispersed and
thermodynamically stable ceramic reinforcements with clean reinforcemen
interfaces. Also, nearnetshape composites can be fabricated with a high volume

percentage of the reinforcirmgramic phasat an effective cos{3, 11]

TiC and TiB ceramic particles are considered good potential reinforcing
candidates in magnesium matrices due to their desirable charactesistitsas low

densities, high melting points, good thermal and chemical stability, high hardness and
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excellent wearesistane [12, 13] Moreover, TiB is a suitable reinforcemebecause it

hasa crystal lattice coherent withatof the magnesium matrid4].

Mg matrix composites reinforced with-situ TiC and TiB particles have been
fabricated usingarioustechniques such as s@fopagating high temperature synthesis
(SHS) and remelting and dilution (RD). For exampMa et al. [15] fabricated
TiB,-TiC/Mg matrix composites using the SHS technique via a mastsr r@ute using
a low cost AlTi-B4C system. Thewerethe first to use BC instead of B and/or C in the
starting materials. On the other handhang et al. [16] successfully fabricated
TiB,-TiC/Mg matrix composites using the RD technique and a preform of a sintered

block of a mixture of AlTi-B4C.

It is important to note thatll these techniques used to fabricatesitu
TiC-TiB,/Mg matrix composites depend on the addition of aluminum powder to the
starting materialswhere in the Ti-B4,C system this aluminum acts as a reactive
intermedary to facilitate the reactiobetween Ti and BC. However, his aluminumalso
diffuses intothe magnesium melt and forms M@, (o-phasé during solidification
resulting in limited ductility of the matrix [17]. Also, poor strength at elevated
temperatures and low creep resistance of magnesium alloysaased bythe weak

Mg/Mg;7Al 1ointerface[18].

An innovative process callad-situ reactive infiltration technique carelused to
fabricate magnesium matrix composites reinforced withitinTiC and TiB; particles. In
this technique, therare two processes that take place simultaneously. First is the

infiltration of the molten metal through the preform by capillary forces. Second iis-the
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situ reaction between the starting powders and the molten metal to synthesize the
reinforcement phase Magnesium matrix composites reinforced with ceramic particles
have been successfully manufactured via this technique with great reduction[iril{ost

Thus, this technique can overcome the high cost problem of other MMCs

To date, papers on the production of (Al®,)/Mg matrix composites starting
with Ti and B,C without Al could not be found in the literature. Algbein-situ reactive
infiltration technique has not been used before to fabricate magnesium matrix composites
usingthe Ti-B4C systemhowever, a few researchdtsl, 1924] used this technique with

Ti and C to produce TiC/Mg matrix composites.

1.2 Motivation

On the basis of the abovaformation fabrication of magnesium matrix composites
reinforced within-situ TiC and TiB particlesusing amixture of Ti and B4C patrticle
powders without adding a third metal powder such assAdn attractive prospedb
overcome the poor mechanical propersgecially at elevated temperatures caused by
the addition of Al This researchs focused on the fabrication of these composiigiag

an in-situ reactive infiltration technique which is@acticaland costeffective process
understanding the reaction mechanism behind it faradly studying the properties of

these composites.

1.3 Thesis Layout
The thesis consists eightchapters. This chapterovidesthe backgroundo particulate
reinforced metal matrix composites and presents the motivation of the present work and

finally the thesis layoutChapter Twooutlines the particulate reinforced metal matrix
4



composites (PRMMCs), reviewthe previous studies otme methods usetb fabricate
these composites focusing on magnesium matrix composites andatirecation with
in-situ TiC and TiB particles Chapter Thregjivesthe objectives of this worklhe raw
materials, theexperimentaprocedure for fabrication of the compmssamples and the
experimentaltest faciliies for the characterization of the compacsiéee presentedn
detail in ChapterFour. Understanding than-situ reaction mechanism behind the
fabrication ofthesecomposits is presented in Chapter Five. ChapBet presents the
effect of the processing parameters on the fabrication of the congpdsit¢heoretical
and experimental resulend discussionsf the compression4-point bendinghardness
and wear resistance tesare given in ChapteBeven Finally, the conclusianof the
current investigatiosiare presented in Chapté&ight in addition to the recommendation

for future works.



Chapter2

Literature Review

2.1 Metal Matrix Composites (MMCs)
In recent years, pBtal matrix composites have begetting considerableattention
particularlyin the area of processing techniqueketal matrix compositéMMC) refers
to a kind of materiathat consists of at least two chemically and physically distinct
phases; a fibrousr particulate phase distributed in a metallic mathetal matrix
composites (MMCs) are attractive for several applications especially in automotive and
aerospace industries where they have a combination of the properties of the matrix
(metallic phase)ch as ductilitytoughnessandthermal and electrical conductivityith
the properties of the reinforcement (ceramic material) such as high sineoghhlusand
wearresistancd3]. Therefore MMCs can improve the wear resistance, elastic modulus
and tensile strength of the unreinforced metals and dik®)s
In general,based orthe type of reinforcement point of view, the metal matrix
composites can be categorizatb three kinds:
(i) particle reinforced MMC$PRMMCs)
(i) short fiber or whisker reinforced MMCs, and
(iii) continuous fiber or sheet reinforced MMCs.
The aspect ratio is used tdistinguish between these different forms of
reinforcementsThe aspect ratio is the ratio of length to diameter (or thickness) of the

reinforcement. Inhe case of equiaxed particles, this ratio is arounity [26].



2.2 Particulate-Reinforced Metal Matrix Composites PRMMCs)

The family of discontinuously reinforced MMCs includesttb particulates and short
whiskers or fibersPRMMCs are more preferable for automotive applications thanfiber
reinforced MMCs due to their sa of fabrication, lower cost, and isotropic properties
[3, 27]. Moreover, discontinuous or particulate reinforcements can solve the problems
associazd with fabrication of continuously reinforced MMCs, such as: fiber damage,
microstructural nonuniformity, fiber to fiber contact and extensive fimtél reactions

[28].

PRMMCs can be classified into two groups according to the volume fraction of
reinforcement; high volume fraction and low volume fraction mi@te High volume
fraction materials with reinforcement concentration greater than atfbwol% can
achieve a network of contacting particles. These materials are typically produced by
infiltrating a molten met al ese matedalsappgaedvd e r
in electronic packaging applications where high concentrations of the reinforcement are
desired. On the other hand, most ceramic particles are completely surrounded by matrix
in low volume particulate reinforced metavith less thamabout 30 vok6 ceramic to
maintain the ductility and toughness at levels comparable to engineering[28hys

In general, ceramic particulate reinforced metal matrix composites have better
properties compared todlmatrix material. Poperties such as wear resistance, stiffness,
damping capacity and thermal expansican be tailored by adjusting the ceramic
volume fraction in the composit§29].

Recently, there are numerous PRMMCs systémisg developedMagnesium

matrix composites reinforced with ceramic partidiese received consideraldéention
7



in the automotive, aerospace and electronics applications because of thepdudic
modulusand tensile strength, high wear resistance and excellent thermal and electrical

conductivitieg4-6].

2.2.1 Matrix Definition and Selection
The matrix is the monolithic material into which the reinforcement is embedded, and is
completely continuous. This means that there is a path through the matrix to any point in
the material, unke two materials sandwiched together. In structural applications, the
matrix is usually a lighter metal such as aluminamagnesiumor titanium, and provides
an amenablesupport for the reinforcement. The purpose of the matrix in composites is to
combine the reinforcing particles into a monolithic mateoaénableshapingit into the
required geometrical form and dimensions, as well as to take up and distribute external
loads within the material bulk. In addition, the matrices protect the reinforcing phase
against external effects: mechanical damage, erosion and corrosisadchy the
surrounding medium or reinforcemenginforcement contact.

Structural alloy systesisuch as Al, Mg, Si, Ti, Cu, Ni, Fe and Rave beemused
as matrix materials foPRMMCs. However,aluminum magnesiumand titaniumalloys
are considerethe most commonly used matrices especially for the applications which

requirelow density with reasonably high thermal conductiy&g].

2.2.2 Reinforcement Selection
One of the most important factors influencing the mechanical properties of composites is
the reinforcement: type, size, and distributiBeinforcement materials used with MMCs

include carbides (e.g., SIC,8andTiC), nitrides (e.g., SN4, AIN), oxides(e.g., ALOs,
8
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SiO,) and elemental materials (e.g., C, Si). Sdweinforcements may be in the form of
continuous fibers, chopped fibers, whiskers, platelets, or particulates. SiC, for example,
has been used aluminum and magnesium MMCs in all of the abaowentioned forms
while carbon and silicon fibereave been useth aluminum, magnesium and copper
matrix composite§31].

The ceramic reinforcement of tHeRRMMCs can be selected based on several
criteria suchas elastiomodulus,tensile strengthgdensity, melting temperaturethermal
stability, coefficient of thermal expansiorsize and shape;ompatibility with matrix
material, andcost The density, elastimodulus, and tensile strength of the reinforcing
phases affedhe structural efficiency of discontinuously reinforced MM@mn the other
hand, he chemical stability and compatibility of the reinforcements with the matrix
material areessential duringmaterial production and also for end applicatiols
addition, for the composites exposed to thermal cyclingthiiemal mismatch straitty,
between reinforcement and matrix igery importantand hasto be taken into
consideratiorf30]. So, in general, the choice of the reinforcement is dictated by several
factors such as particle shape, method of composite manufacture, cost and application of
the composit¢32]. The purpose of the reinforcement of magnesium alloys is to improve
critical properties of the unreinforced matrix suchetssticmodulus, high temperature

strength, wear resistance and thermal expariS@jn

2.2.3 Processing ofParticulate Reinforced MMCs
Several processingechniqueshave been used over the yeas optimize the
microstructure and mechanical propertie®8MMCs. These processing techniques can

be divided intotwo groups primary material production and secondary consolidation or
9



forming operationg34, 35] The most common techniques used to fabricate particulate
ceramic reinforced metal matrix composites include powder metallurgy, slurry casting,
spray deposition, melt infiltration and reactive processingsitu particulate formation)
[36].

These methodwill be briefly discusseth the following subsections relation to
particulate reinforced magnesium matrix composiiscause of the peculiarity tfe
present work, speciasuldivisions of the review lave focused onthe fabricating

techniques o0PRMMCs byreactive processingn-situ) andmelt infiltration processes

2.2.3.1Powder Metallurgy

In the powder metallurgical process, matrix and reinforcement powders are mixed,
pressed, degassed and then sinterech atertain temperature under a coligd
atmosphere or in a vacuum.

The main advantages of this processing method can be summarizésl in i
capability for incorporating a relatively high volum&action of reinforcement and
fabrication of composites with matrix alloy and reinforcemeystemsthat are
immiscibleby liquid castingHowever,due to the cost of theequired alloy powders and
the complexity of the process during the material fabricattos processs notideal for
mass productiof27].

Various magnesium matrix compositesave been fabricated using powder

metallurgy such aSiC/AZ91 [37], (B4Cy)/Mg [38], TiCy/ Mg [39] andTiB /Mg [40].
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2.2.3.2Stir Casting

In general,the stir casting processinvolves the incorporation of particulates or loose
fibers into a mechanically stirrecholten matrix alloy After solidification, a desired
distribution of the dispersed phase in the cast matixbe obtaine[82, 41}

Stir casting can be considered a promising route for manufactisogntinuous
metal matrix composites. This processing methodskasral advantages summarizsd
its simplicity, flexibility and applicabilityto large quantity productionlt is attractive
because it represents thienplest and thenostcosteffectivemethodof all solidification
processes used for producing metal matrix compdgids

According to Skiboet al. [43], using a casting method for preparing composites
costs around onthird to half that of competitive methods and falls to-tergh for high
volume productionmaking it the most popular commercial method of producing
aluminumbased compositesdowever, poor wettability between the particles and the
liquid metal andfloating ofthe particles depending on their density relative to the ljquid
represent major problenfer this method[44]. Also, shrinkage resuitg from metal
contraction during solidification results in gas porosity which represanqislity-related
problem in cast composit§32].

So, the factors that have to be considered when this process igcupeatiuce
metal matrix compositesare summarizedin the difficulty of achieving a uniform
distribution of thereinforcement materiathe poomwettability between the twparticles
and the liquid metal, porosiip the cast metal matrix composites a@mical reactions
between the reinforcement matergadd the matrix alloyThus metal matrix composite

with optimum propertiecan be achieved by uniforefistribution of the reinforcement
11



material in the matrix alloypptimizing wettability or bonding between these substmn
minimizing the porosity levels andavoiding the chemical reactions between the
reinforcement materialsnd the matrix alloy41].

Magnesium composites with different matrix compositions sucforaexample
CP-Mg (chemically pure magnesiump@5] and AZ91 [46] reinforced with SiC

particulatehave been produced using this method.

2.2.3.3Spray Deposition
Spray forming or spray deposition is a pracekiring which an atomized stream of
molten material dropletsnpactsa substate at high velociy to build up bulk metallic
materials.For a metal matrix composjteiscontinuousreinforcing particlates areco-
injected with the metal spray allowing particulate engulfment in molten or partially
moltenmetal droplets to form a composifehe deposition rate is the range oébout 6
10 kg/min while bhe droplet velocitiesre about20i 40 nYs, and ceramic particles are
oftendistributed inhomogeneousily the sprayformed metal matrix composifé7-49].

The Osprey processwhich was developed commercially in the late 1970s and
during the 1980s by Osprey Ltd (Neath, UKD] is a suitablgrocesdor illustratingthis
kind of fabrication Osprey MMC material hagood microstructural features suchas
strong interfacial bondnd mrosity of about 5%which can besliminated by secondary
processingl, 50].

There area number of studie§51-53] on the fabication of magnesium matrix
composites using the spray forming metlmavhich the relationships between the spray
processing parameters, the microstructure, and the mechanical properties of the

compositeshave been examinedt was found that the procedsas aconsiderable
12



influence on the microstructure and propertiesQi22 alloy reinforced with SiC
particles [51]. But, the sprayed composite usually shows microstructural features such as
fine grains, porosity, and absence of brittle phases at the SiC/matrix intelfiece® the

high cooling ratg53].

2.2.3.4Reactive Processingiff-situ composites)
During the past three decades, considerable research effolieka directed to the
development ofin-situ metal matrix composites (MMCs)JUnlike other composite
fabrication methods of the compositan-situ synthesis is a process wherein the
reinforcementsare synthesized in the metallic melt by chemical reactions among
elements or between an element and a compound during the composite falf8¢c&idion
55]. Hence homogeneously disperseginforcementn the matrix alloy is me of the final
reaction products

Compared to conventional MMCs produced d¥situ methods,in-situ MMCs
exhibit the following advantages: (a) the formed reinforcements are finer in size,
homogeneously dispersed and thermodynamically stable yielding better mechanical
properties and lesedradation at elevated temperaturesh(bh bonding strength due to
the clean interface between reinforcement and matrix, (c}meeshape composites can
be easily fabricated with a high volume percentage of the reinforcing ceramic phase and
effective cost[3, 11]. The anticipated reactionas to be thermodynamically favorable
The reaction kinetics are also required lte reasonably fast tanake the fabrication
process practicgR7].

Several processing technigues have evolved over the last decades to optimize the

structure and properties of metal matrix composites (MMCs) reinforced imAsitu
13



ceramic phagg). However, the terminology in the literature forstprocessing route is
inconsistent and confused. Koczak and Premkujé} have tried toformalize the
terminology for the processing routes whhbey suggested that tha-situ reactions can
be categorized in terms of the stagtiphases, such as dagiid, liquid-solid, liquid-
liquid etc. Based on this, the processing methods utilized to manufacture-she
MMCs can be categorized according to pinecessingemperature

Accordingly, the processing methods can be claskiiito four categories as
follows: (a) solidliquid reaction process; (b) vapbguid-solid reaction process; (c)
solid-solid reaction process, and (d) ligtiduid reaction procesq3]. Reactive
processing ifi-situ) technique has been used to fabricate aluminum and magnesium
matrix composites.

In early experiments, Labotz and Mag6ii] were the first to producmagnesium
matrix composite byn-situ synthesis when they fabricated N#g,Si compositesThe
high melting point, high elastic modulus, low density and the ease of formation,8i Mg
were the reasorfsr its choice as reinforcementThe ®arse needishaped MgSi phase
was obtained through conventional casting with a high Si concentration and as a result
the composite had poor mechanical properties. Afterwards, various efforts have been
madeto modify the microstructure and to improve the mechanical propeftibe Mg
Mg,Si in-situ system[58-63]

A number of otherin-situ systemshave also been explored such as MigO
composite formed by the reaction between Mg ap@;B64]. Further advancement took
place when Yamadat al. [65] fabricated MgTiC composite via mechanical alloying

where the composite material was formed through the reaction between Mg, C and Ti
14



powders. Several researchers worked on this system and some examples will be
discussed her@d, 5, 11, 1924, 39, 54, 65, 66]A recent study67] was published in

2001, where through the reactionMf with KBF, and KTiFs, Mg-TiB,-TiB composite

was formed and this can be consideredfitise attempt on this systerithis work will be
discussed in more detail later. The progresdneditu fabricated magnesium matrix
composites reinforced with TiC, TiBand TiC + TiB particles isalsodiscussed in this

chapter.

2.2.3.5Melt Infiltration Methods
Liquid-metal infiltration is a common process utilized for the fabrication of metal matrix
composites. In this method, the gases within a porous body are gradually replaced by a
liquid metalof low viscosityeliminating the solid/vapor interface in the ®m. Hence
metal infiltration refers to a process whereby molten metal penetrates the pore channels
of a porous ceramic compacLiquid-metal infiltration methodsare suitable for
fabricating composite aterials because dfieir simplicity and possibilityf introducing
small particles intahe matrix [68, 69] Furthermoreproducing materials with a high
ceramic contet and neanetshape fabrication represent the main advantages of this
method[70].

The motive forcefor an infiltration process may be eithey an external force
(pressure or vacuunapplied to the liquid matrix phase as in the aafssqueeze casting
or by a capillary forcewhich develops when the liquid metal wets the ceramic particles
(spontaneous or pressureless infiltratidrhese techniques are discussed in the following

sectbns.
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SqueezeCasting Infiltration
Squeezecasting infiltration is one of theforced infiltration methos for liquid phase
fabrication ofmetalmatrix compositesin this processa movable mold part (ranmg used
to apply pressure on the molten metal forcing it to penetrate iptwaus preform of the
reinforcing phasgplacednto the lower fixed mold paf71].

Although, te concept of squeeze castiwgs first introduced irthe 1800sthe
first actual squeeze casting experimevds conductedafter 1931 [27]. Figure 12
illustrates the process of the squeeze castingwétalmatrix compositg¢71]. By forcing
the molten metal througthe small pores of a particle preforduring this processhe
requirrment of good wettability of the reinforcement by the molten ncetalbe obviated

where the external pgsure overcomes the increased interfacial energy of the system.

Upper movable SO | -
Molten metal E\N\\\\\ S§Q

Lower fixed

Preform
mold half |

Fiector Pin
Metal Matrix Composite

Figure 2.1 Schematic representation of Squeeze Casfihjy

Suchpressure is required during infiltration to avoid solidificatespecially when
the temperature of the preform is lower than the melting point of the fii@{alAt the

same timethe high pressure mak#se inherent castability of the alloy less important. In
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addition, there islittle or no needfor subsequent machining sinsgueeze casting is
consideredh nearshape proceq433].

By squeeze casting, higher volume fractions (up i®@%) of reinforcementan
be incorporatethto the magnesium alloys which is difficult byrstasting[74]. Minimal
reaction between the reinforcement andlten metaltakes placedue to shortcontact
time at high temperatureAlso, compositesfabricatedby this processare free from
common casting defects such as porosity and shrinkage cayiglelsng improved
material propertief34, 50]

Several magnasm matrix compositedave been produced using this technique

such as Si¢/Mg [75], SIG/AZ91 [76], Mg,Si/Mg [77].

GasPressure Casting Infiltration
Infiltration of the liquid metal into a porous preforasing a pressurizethert gasis

another method of liquid phase fabricatiolMi¥ICs. Figure 22 illustratesthis process.

Molten metal Pressurized gas ¢N

Preform Metal Matrix

Figure 2.2 Schematic representation @as Pressure Castifgl]

This method is used for producing large composite parts. There is nomeed t

enhance the wettability by coating the reinforcing fibers or particles due to the short
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contact time with the hot metal. By using gas pressure infiltration, there is no damage to
the fibers which may happen when mechanical force is [iEHdsuch as in squeeze
casting.

In 2000, this method was used to fabricate iarsitu Mg,Si-reinforced
magnesium matrix composite using a hylprdform (7 vol.% Cfibers and 4 vol.% of Si
particles bonded with SKp gas infiltrated with AZ31, AZ91, and AE42 magnesium

alloys[78].

Pressurelesgnfiltration

During the infiltration procesdiquid metal oralloy can be driven into a porous
preform simply bythe capillary actionThis preformis a compact of the reinforcement in
the form of particles, whiskers or fibers with the same shape as the final MMC
commnent. Pressureless infiltration refers to the molten metal infiltration through the
preform without an applied load.

This process is attractive because it is simpesides, high ceramic content and
nearnetshape can be obtainetlighly homogeneously distributed particles can be
obtained by this method because they are not distributed by the liquid. This method can
be used to manufacture the parts that require high reproducj@Bitylmportantly,this
processs faster than the powder metalliocgl routedepending on the composite system
[34, 68, 80] However, comparedavith pressurized infiltration, nessureless infiltration
takesmore time [79]. In pressureless infiltratiorto promotespontaneousnfiltration,
wetting ofthe solid by the liquid phase is requirdd. metallic systems, wettingan be

enhancedhroughmutual solubilities oby the formation of intermetallic compounds
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the interface However, in the case of fabricating metal/ceramic compositemlten
alloys do not normally wet ceramic reinforcemdts|.
A TiC/Mg composite has beembtained using this method[66]. The

experimental setip of the spontaneous infiltration is shown schematicalfigare 23.

Thermocouple
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Figure 2.3 Mg infiltration in mixed SiC and Sigpowderg82]

2.3 (TiC-TiB ) reinforced Magnesium Matrix Composites

2.3.1 Advantages and Limitations of Magnesium andgts Alloys

In recent years, the demand for magnesium and magnesium alloys is increasing due to
their light weight especially in automotive applicatioWgeight reductions considered

the best coseffective option for significanteduction infuel consumption and GO
emission[83]. By comparing thespecificstrength and stiffnessf Mg with those of Al

and Fe it was found thaMg has a higher specific strength than both while the difference

in specific stiffness is very small as shownFigure 24 [8]. In addition, magnesium

alloys possess good damping capacity, excellent castability and superior machinability

[27].
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The application of magnesium alloys in automotive and aerospace applications
has been limited because of its rapid loss of strength with increasing temperature, low
elastic modulus, low wear resistance at elevated temperatures, poor creep resistance, high

coefficient of thermal expansion, and poor corrosion resistf@)ds).

16.000
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; (Elastic modulus/density)
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(Tensile strength/density)
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Figure 2.4 Comparison of basic structural properties of magnesium with Al anddfon

Some of the magnesium properties such as elastic constants banngproved
using conventional alloying techniques. The limited solubility of alloying elements in
magnesiunrestrictsthe possibility of improving the mechanical properties and chemical
behavior. In addition, the hexagonal crystal structure of magndsiits its inherent
ductility. Lithium can be considered as the only alloying element that can cause a phase
change toBCC. This can increase the ductility but decrsatbe strength as we[B].
However, the use of Li is very complex and therefore not desired by industry.

Magnesium matrix composites reinforced with suitable ceramic particles can
compensate fosome ofthe limitations of the magnesium and magnesium all@ysl

improve thé& properties[10]. Moreover, since composgtare flexible in constituent
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selection, their properties can be tailoradre than what can b&chieved by alloying
elementg6, 27].

Compared to magnesium alloys, magnesium matrix composites can be considered
as an excellent alternative because of theghéi specific stiffness, higher specific
strength, high wear resistance and good elevated temperature creep pr¢péjties
Hence the demand fomagnesium matrix compositésr the automotive and aerospace
componentsis increasing such as automotive pullegogtooth sprockets, opump
covess, cylinder lines, and aircrafengine casing[4].

Mg-Al alloys such as AM60 and AZ91 can be considered the most prevalent
magnesium alloys used in the automotive industry. NUgtmatrix compositestudies
are based on theslloys. Pure magnesium and other magnesium alloys such-as Mg
alloy and MgAg-Re (QE22) alloys have also been employed as a matrix material but less
frequently[27]. The composition and mechanical properties of some of the Mg alloys

presently used as matrix material are listed in Tabl¢5D,18587].

Table 2.1 Chemical composition and mechanical propertiepwke Mg andsomeMg
alloys used to fabricate MM(50, 8587]

Matrix in MMC Mechanical Properties

UTS YS Modulus YCS Elongation

Code name  Composition MPa MPa GPa  MPa % BHN
Pure Mg 180 80 45 12 30
AMOOB MIB% Al o1 130 45 130 6 63

(F Temper) 0.13% Mn
AZ91D Mg 9% Al 0.13%

250 160 45 165 3 63

(F Temper) Mn 0.7% Zn
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2.3.2 Reinforcementsfor Magnesium Matrix Composites

For magnesium matrix composites, the reinforcement can be either cerannt is

mostly used or metallic/intermetallic. Ceramic reinforcements are®re common
because of their low density, high hardness, strength, and stiffness. However, they have
some limtations such atow ductility andlow wettability with the magnesium matrix

[27].

Carbide and boride ceramics possess many desirable properties as reinf&cement
Among these carbides and borides, TiC and,TéBe good potential reinforcing
candidates in magnesium matric&his isdue to theilow densities, high melting points,
good thermal and chemical stability, high hardness and excellent wear reqi$2aric]

It is very important to mention that Tills a suitable reinforcemebtcause it is coherent

with themagnesium matrix due their havingthe same crystal lattidd4]. In particular,

the use of TiB and TiC in composites offers more advantages over the unreinforced
magnesium alloyguch as high stiffness, high hardness, wear resistance and low thermal

expansiommakingthem suitable advanced structural materials.

2.3.2.1 Titanium carbide (TiC) Properties and Crystal Structure

TiC is one of the hardest materials known. It higactedmuchattentionbecause of its
excellent characteristics such dsw densiy, high melting point, good thermal and
chemical stability, high hardness and excellent wear resisfapcé3] Therefore,TiC is
used in different applications such @®tective coatings for cuttingnd molding tools,
ball-bearings spray gun nozzlasdfor fusionreactor applicationsightemperature heat

exchangers, turbine engine sestis. [88].
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Some of physical and mechanical properties of TiC are presented in Table 2.2.
Also, TiC has bee employed in different composite materials systems suck-asC,
Mg-TiC, SIGTIC and TiB-TiC. Titanium carbide based composites with nickel alloys
and steelsare now used in high performance applications where wear and corrosion

represent the main sources of material fai[86g.

Table 2.2 Typical properties of Ti§90-93]

Property
Elastic Modulus, GPa 439.43 at RT
Shear Modulus, GPa 110- 193
Compressive Strength, MPa 2500
Hardness, Rockwell A 93
Flexural Strength,4oint bending MPa 560
Microhardness (VH), 50g Ceramic , kg/mm 2900- 3200
Density, g/cm 4.938
Melting Point (°C) 3070
CTE, 10°%K 7.7
Specific Heat, J/Kg. K 564.33

17.1471 30.93 at RT
5.64 at 1000°C

Poi ssond6 Rat i« 0.187%0.189

Thermal Conductivity, W/m. K

Crystal Structure of TiC

TiC is a mainly covalentlyponded ceramic with partly ionibonding. TiC
crystallizes in the rock salt structure (NaCl) which is a-4@metered cubic closgacked
crystal structure (FCC) as shownhigure 25. TiC belongs to thegroup ofinterstitial
carbideswhere carbon atoms occupy the (interstitial) octahedral sites between the close

packed Ti atomfo4, 95]
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TiC existsovera wide range of substoichiometry (i.e. TiQ@=0.60.98)with the
carbon content vgimg between 32 and 49 at.%. Due to this variation, a large amount of
carbon vacancies may be pres¢d6] causing avariation in cell parameters and

consequently variations in properties.

Figure 2.5 NaCl crystal structure of TiC with interstitial C at the octahedral f9s95]

It has beerobservedhat if the C vacancies in the TiC structure are ordetesl,
can helpAl to fill the spaces forimg a ternary compoundTi,AlC or Ti3AIC, [97, 98]

The crystal structure of JAIC and TBAIC, is hexagonaland he stacking sequence
depends on thstoichiometry where BAIC, has one Al layer for every third TiC layer
while Ti,AIC has one Al layer for every second TiC layeshswnin Figure 26.

The atomic bonding in these ternary compounds is a combination of metallic,
ionic, and covalenf99]. The covalenionic Ti-C bonds are comparable to bonds in the
binary TiC but they are stronger than the metallicATbonds inthe ternary structure
[100]. Because of the relatively weak bonds between teahd Al layers in the basal

planes, these materials have an anisotropic chafaéEr
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Figure 2.6 Crystalstructuref Ti,AlC and TgAIC, [97, 98]

Ti,AIC exhibits a combination of properties of battramics and metalich as
low density, high moduluggood thermal and electrical conductivity, excellent thermal
shock andhigh-temperaturexidation resistance, and machinabilityhis attractive
combination of properties makeB,AIC a highly promising candidate fodifferent
applications However,its low hardness and lower strendiimit the applications of
Ti,AIC especidy at elevatedtemperature[102]. Some of the mechanical properties of

TiLAIC are presented in Tab&3.

Table 2.3 Mechanical properties of FZAIC [103]

Compressive strength Flexural strength Vickers hardness
(MPa) (MPa) (GPa)
670 384 4.25.7

2.3.2.2 Titanium diboride (TiB ;) Properties and Crystal Structure
TiB, is one of transition metametalloid compoundsIiB; is characterized by attractive
physical and mechanical properties such as high melting point,density high

hardness, highpecificstrength, good wear resistance and excellent thermal and chemical
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stability up to 170€C [104]. There are several applications BiB, such asimpact
resistantarmor, cutting tools, wear resistant coatings and crucifil@s]. Some ofthe

physical and mechanical properties of titanium diboride are presented inZl&able3,

particles are usedin steel [106], Al [107], Mg matrix conposites[108] or ceramic
composite with titanium and boron carbid¢$09]. TiB,, as all diboridesis essentially
stoichiometric which represents an important advantage over cadndesgrides Thus,
they have much lower defecontrolled resistivity making them prormmg for industrial

application in electronic devic¢$10].

Table 2.4 Typical properties of TiB[90-93]

Property
Elastic Modulus, GPa 565 at RT
Shear Modulus, GPa 255
Compressive Strength, MPa 1800
Flexural Strength,4oint bending MPa 500
Microhardness (VH), 50g Cerami&g/mnt 3400
Density, g/cm 45
Melting Point (°C) 3225
CTE, 10°%K 6.4
Specific Heat, J/Kg. K 617
Thermal Conductivity, W/m. K 96 at RT and@8.1 at 1008C
Poi ssond6 Rat.i 0.108

Crystal Structure of TiB,
Titanium diboride crystallizes in the hexagosalucture asAIB, with the space group

P6/mmmand lattice parameters: = 3.(236 A, ¢ = 3.204 A as shown inFigure 2.7.
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Ti atom exists at the origin of the unit cell while the two boron atoms are at the
(1/3, 2/3, 1/2) and (2/3, 1/3, 1/2) site

The structure is simple and defined by two lattice paramedesiad c, and has a very

B B

small unit cell[105].

Figure 2.7 The hexagonal unit cell of single crystal FiB1]

2.3.3 Fabrication of (TiC-TiB2)/Mg matrix composites

There are several methods to fabricate particulate reinforced Mg MiadQfiscussed
previously (section 2.3). In these techniques, the combination of the reinforcing particle
phase (borides, carbides nitrides, and oxides) and the matrix material takes pdxce by
situ methodsHowever, in this section, the fabrication of magnesium matrix composites
reinforced within-situ TiC, TiB, or TiC-TiB, particles based on solajuid reaction
processs discussedThis process can be considergedolvertassisted reaction wherein

the reinforcing particles amreatedn the solvent medium (the matris)roughdiffusion
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of the components. Based on tharametersthis process can beategorizednto the

following routes[3].

2.3.3.1 Self-propagating high-temperature synthesis (SHS)

SHS was developed in the late 1960s by Merzhanov and cow¢ikdrd14]. In this
process, materials with a sufficiently high heat of formation are synthesized in a
combustion wave, which after ignition, aganeously propagates throughout the
reactants converting them into the products. Thesseifaining reaction front ia very
important feature of these reactions. SHS reactions have to satisfy three basic
requirements in order to be ssliistaining.The first is that the reaction has to be highly
exothermic to maintain the propagation front by heating the unreacted portion of the
sample[115]. The second is thaine of the reactants should form a liquid or vapor phase
to facilitate the diffusion of the fluid phase reactant to the reaction #dsu, the rate of

heat dissipation (via conduction odration) must be less than the rate of heat generation
otherwise the reaction will be extinguishi&gl.

SHS, alsoknown as combustion synthesis, is gaining much attention as an
important technique for synthesis of refractory materials because of its many attractive
advantages, such as high purity of product, low processing cost, and efficient in energy
and time[5].

In the 198G and 1998, the SHS processvas extensively utilized for the
production of ceramics, intermetallic and intermetallic matrix composites (IMCs).
However, its use for MMCs was limitgd]. This is because for MMCs, the ‘“inert' matrix
acts as a diluent which can cause damping of the combustion wave while the reactions for

the reinforcermant formation and matrix formation are exothermidhe case of IMCs.
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Therefore, only ceramic reinforcements with a high heat of formation are suitable for
SHS processing of MMCs. Furthermore, a high fraction of ceramic reinforcement should
be maintainedvhich is anothebasic requirement. For Mgased MMCs, TiC and TiB

seem to be feasible reinforcements, both from the point of view of the exothermicity of

theformationreactions and their stability in the Mg matrix.

TiC Reinforced Magnesium Matrix Composites using SHS
Many researcher$4, 5, 25, 54]have worked on the THMg system usingSHS
technique. Wangpt al. [54] fabricated TiC/Mg composites usirtge SHS reaction of
molten magnesium and preform consisting of (ATi-C) powders.In the process, a
blend of Al, Ti and graphite powders was pressed at>®Pa by a hydrostatic press.
The resulting compact was preheated in a vacuum oven at 300, 450 &adbétfre
puttingit in a liquid AZ91D magnesium alloy under agB8FO, protective atmosphere.
They [54] only focusedon understanding the SHS reaction mechanism without testing
the material. They found that the effect of preheating of the preform plays an important
role in the SHS reaction in the molten magnesium. Howekerjnterpretation othe
effect of the prehesitg temperature and the optimuwelue were not reported.
Microstructural examination reveaks relatively uniform rather than highly uniform
distribution of TiC particulates ithe magnesium matrix and this is because it is difficult
to control the stirrig parameters. The effect of Al in the preform was predominant in the
SHS reactiorbeside sening as a diluento lower the combustion temperature

In the same framework, Jiamgg al. [5] prepared magnesium matrix composites
reinforced with TiC patrticles via SHS. In this study, aiACmaster alloywasprocessed

via SHS reaction of (ATi-C) powdersthrough the ignition of the compact bottom
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surface by applying a current of 12A throughesistance wire. The master allasas
preheated to 20C and then added into molten magnesium to avoid a large temperature
decrease during this process. After thgt using the senmsolid slurry stirring technique
and casting, TIC PRMMCwere obtained. Thg suggestedraSHS reaction mechanism
similar tothatsuggested bWanget al.[54].

In the combustiomeaction ofthe Al-Ti-C system, titanium reacts with aluminum
to form titanium aluminides (TiA) followed by TiAk-C reaction to form TiC. Th&iC
was used aa reinforcementor the magnesium matrix while Al was usedaasalloying
element. Homogenousbtean fine TiC particles embedded in a magnesium alloy matrix
were obtainedby stirring. The UTS, hardness, and wear resistance of the fabricated
composites were tested and found higher than those of the unreinforced magnesium
alloys. It was observed that the presence of aluminum surroutiten@iC particles
enhanced the wettingf TiC particulatedy the magnesium alloy.

Usingthe same technique (SHS), Guetral. [4] studied the effect of the compact
density on the fabrication afi-situ Mg-TiC composites. In thisrpcess, a blend of (Al
Ti-C) was pressed under a hydraulic press at pressuresldfO6BIPa to give different
relative densities from 65 to 85%. Then the compact was added into liquid magnesium.
To reachthe initiation temperature of the SHS of theCFAl system, the combustion
reaction was ignited by heating the bottom surface of the compact thacugigsten
filament. They found that the ignition temperature of various compact densities are about
835965 K and they suggested thiite combustion reactiorcan be ignited as the
compacts were put in liquid magnesium at temperature over 1023 K tarfegita TiC

particles in the liquid magnesium resultimgn-situ Mg-TiC composites. They supported
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the reaction mechanism of the thermal explosion synthe3isC-Al suggested byvang
et al. [54]. They found that the density of the green compact plays a crucial role in the
SHS reaction in the ligd magnesium but this factor was not completely discussed and
needs more investigatiomhe tensile strength, hardness, and abrasive wear resistance
were studied fothe successfully fabricated composites and they were higher toae th
of unreinforced AZ2 magnesium allay

Chaubeyet al. [25] also studied the effect of tle@mpact density angreheating
temperature of the compact on the SH&cten and theron the fabrication ofn-situ
Mg-TiC compositesFor this purposecompacts of AlTi-C with different densities and
preheat temperatures were added to the magnesium melt under a protective gas of Ar.
Then processing of the magnesium matomposites was carried out by melt stirring
and composite casting. Also, the results support the mechanigra thfermal explosion
synthesis in HC-Al reported byWanget al. [54]. Chaubeyet al. [25] interpreted the
effect of the compact density very well on the capillary spreading and particle
rearrangement while it coul dnot I nterpret
compact on the SHS reaction. The results revealed that no SHS remtiiwsain the
magnesium melt when the preform temperature is below 450°C and the compact density
is less than 68% of the theoretical density. Compact density of 75% was found optimum

for SHS reaction and TiC particle distribution.

TiB, Reinforced Magnesum Matrix Composites using SHS
Wang et al. [36] fabricatedin-situ TiB,/Mg matrix compositesusing SHS technique
throughthe reactiorbetween the molten magnesium and green preform consisting of Al,

Ti and B powders. They found a relatively uniform distribution of,IpBrticulates in the
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matrix but the unfavorable brittle ATi phase with large size was also formed in the Mg
composites, which may degrade the plasticity of the compdsierwards,Wanget al.
[116] succeeded in eliminating Alli from the TiB-Al master alloy by controlling the
molar ratio of Ti to B in the starting mixture (Ali-B). They found that the transient
Al3Ti was almost eliminated in the master alloy and then in the/AZ®1 composite
fabricated using a master alloy withi:ng = 1:2.5 in the starting mixture. Also, the

distribution of TiB through the Mg composite appeared to be more homogeneous.

(TiIC-TiB,) Reinforced Magnesium Matrix Composites using SHS

Wanget al. [117] also attempted to fabricate magnesium matrix composites reinforced
with TiB, and TiGTiB, particles. First, they fabricated Ti81g MMC by adding a TiB-

Al master alloy processed via SHS reaction the AI-Ti-B system into molten
magresium. Theyagainfound large brittle AJTi flakes in the composite microstructure.
Secondly, they incorporated the ATi-B system with an appropriate amount of carbon to
form the (TiB,-TiC)-Al master alloy by SHS. Carbon was used to eliminate the brittle
flakes. Finally this master alloy was used to fabridae (TiC-TiB2)/Mg composite.
However, the reaction mechanism was not completely investigated.

Using the same technique (SH®)a et al. [15] fabricatedmagnesium matrix
composites reinforced with TiBand TiC particles but in this case via a master alloy
route using a low cost ATi-B4,C system. They are the first to usgCBnstead of B or C
in the starting materials. Reaction mechanism, hardness and wear resistance of the
composites were investigated. They found that the hardness and the wear resistance of the

(TiB2-TiC),/AZ91 composites were significantly improved compared to tlg.all
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2.3.3.2 Flux-assisted Synthesis (FAS)
This patented process which is also known as meeddreaction was developed by the
London Scandinavian Metallurgical Company (LSM) to fabricetesitu aluminum

matrix composites aghown in Fig. B [118].
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Figure 2.8 Schematic diagram of an apparatus for fabricatmgitu MMCs by FAS
[118]

During the synthesis, salbf potassium hexafluorotitanate,{{Fs) and potassium
tetrafluororate (KBE) are mixed with each other and thentroduced into a stirred
aluminum melt with an atomic raticorresponding tdi/2B. The salts and the molten
aluminum during stirring react exothermally to formn-situ TiB, according the

following sequencefpl19]:

3K,TiFs +13Al = 3TiAl3 + 3KAIF 4 + K3AIFg (2.1)
2KBF, + 3Al = AIB, + 2KAIF, 22)
AIB + TiAl 3 = TiB, +4Al (23)
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After that, the mixture is cast into a mold temove the sy containing KAIR and
K3AIFg [119].

Many works were dictated om-situ Al metal matrix composites utilizinghe
FAS proces$120-124] while the works onn-situ magnesium matrix composites are still
limited.

Matin and Lu[67] are probably the first researchers tabricate Mg MMCs
reinforced with in-situ TiB+TiB, particulates usingthe FAS process via reacting
magnesium melt with KBF and KTiFs compounds.It was observed that both
thermodynamics and kinetics played an important role in the formation of thie-ilm
composite. It was found that the formation warious phases depends on both
temperature and duration of reaction holding time. Magnesium plays an important role in
the reaction when the reaction between the compounds,; &BFK;TiFs is chemically
and thermodynamically unfavorable. Finally thesitu formed compounds were not only
TiB, but also, TiB and MgB

Going one step further, Caet al.[125] fabricateda TiB,/Mg matrix composite
by adding aTiB,-Al master alloy into molten magnesium. However, this master alloy
was processed via FAS reaction where the same two sakK8ft, and KTiFg) were
mixed and introduced into a stirred aluminum melt to react witndid\l to form the

TiB,-Al master alloy.

2.3.3.3 Remelting and Dilution (RD)
This technique is one of thie-situ synthesis methodsombiningtwo processes. The first
one is the preparation of the master alloy thataiase the reinforcements. The second

one is dilution of the master alloy intlee metal matrix meltBy usingthe RD technique,
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Zhanget al [126] fabricateda TiIC/AZ91D matrix composite starting with a mixture of
Al, Ti and Cpowdersand aftetthe sintering of the compact of this mixtutiee block was
diluted in a molten Mg alloy. Theatrix andfabricated samples were age hardened.
was found that adding TiC particle the AZ91D matrix gave afine grain size, more
interfacesbetween TiC ath magnesium and high dislocatiordensityin the magnesium
matrix accelerating the precipitat of Mgi7Al12 phase.Also, it was found that age
hardening time and temperature péayery important role in the hardeningtbe AZ91D
alloy and composites.

By using the sametechnique,Wang et al. [16] successfully fabricated (TiB
TiC)/Mg matrix composites. The preform was a sintered block of a mixture-oi-BLC
as in their previous wor15]. Microstructure and tensile characterizations were
performed on the fabricated composites. The reswdisealed that (TiIBTiC)/Mg
composites had higher modulus, 0.2% YS, and UTS thartesaed AZ91 alloys, while
ductility was lower.

Also, Zhanget al. [14] have successfully fabricatédg-MMCs reinforced with
TiB, and TiC ceramic particulates using the same technique (RD). They observed that the
particulates are uniformly distributed in the matrix due to the fine sizéhef
reinforcements, the good wettability between magnesium and reinforcement, and the
accurateselection of stirring parameters. Also, the results revealed that the fabricated
composites have improved mechanical properties compared to the unreinforced matrix
alloy. On the other hand, brittle fracture was observed and this can be attributed to the
HCP crystal lattice of magnesium matrix and the presence of brittle reinforcement

particulates.
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2.3.3.4 ReactiveSpontaneous Infiltration (RSI)

Reactive Spontaneous Infiltrationiarsitu reactive infiltration technique is an innovative
process which is used fdhe production of MMCs. In this technique, there are two
processes that take place simultaneously. First is the infiltration of the molten metal
through the preform by the capiljaeffect without externally applied pressure. Second is
the in-situ reaction between the starting powders and the molten metal to synthesize the
reinforcement phases. Finally, MMCs reinforced with a very fine and thermodynamically
stable reinforcing ceramiphase can be produced.

Magnesium matrix composites reinforced with ceramic particles have been
successfully manufactured via this technique with great reductioostjll]. Thus, this
technique can overcome the high cost problem of other MNBEsides, it isa simple
process.

The spontaneous infiltration of the molten metal into the preform depends on the
ability of the liquid to wet or spread on the solid surface which is called wettability or
wetting. In general, this wetting behavior has to be consideredhe composites
fabrication since thébond between the reinforcing particles and the matrix strongly
depends on {127].

Dong et al. [20] utilized the in-situ reactive infiltration technique, a combined
processing routef in-situ reaction of elemental Ti and C powders and spontaneous
infiltration of molten magnesium into the (F C;) preform to fabricate TiC particulate
reinforcedmagnesium matrix composites. No third metal powsechas Al was added
to the preform and no reactive gas was used unlike the (Ti + C)/Al sygteih was

observed that smallelemental particle size and an elevated temperature up to 1073 K
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were necessaryo synthesize Tigreinforced magnesium matrix composites. However,
still not alltheTi and C in the preform reacted to form TiCrededfrom SEM and XRD
analyss.

Chenet al. [11] using the same technique fabricated TiC/AZ91D magnesium
matrix composites with interpenetrating networks based on the resOitsgekt al.[20].
They used a preform consisting of coarse Ti powder but very fine C powder to enhance
the reaction between Ti and C. The volume percentage of the ceramic reinforcement
formedin-situ could be controlled by the relative densitytioe preform (T§ + C;) and
considering the intrinsic shrinkage of the reaction products mgulom the in-situ
reaction. Hence, tailoring the mechanical and physical behaviors of the composite is
possible. The Tigformed in this process has a vateabtoichiometry, wher& depends
on both the processing conditions and initial particle sizes of the elemental powders
utilized. However, they also observed residual carbon in thabsgated TiC/Mg
compositesThus to eliminate this residual carbon tine ag fabricated composites, the
recommended C/Ti molar ratio has to be lower than 1. The effects of Ti and C particle
size, the processing parameters (temperature and time), and the magnesium melt were
studied. Thes results were supported by the work of @ual [21].

Chenet al.[22] fabricated 47.5 vol.9%41C/AZ91D magnesiunmatrix composites
using theRSI technique. They studied the tensile strength of the composites at elevated
and room temperature and compatiedm with results fromAZ91D magnesium alloy.
The results showed that the fabricated composites have higher ultimate strength at room
and elevated temperatures. On the other hand, the observation of the fracture surface of

the composites revealed brittle charactessatroomand elevated temperatures, while in
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the case of unreinforceAZ91D, transition from brittleness to ductility was observed at
elevated temperatures.

Similar to the work of Cheret al, Wang et al. [23] produced42.1 vol.%
TiC/AZ91D magnesium matrix compitss with interpenetrating networks by the same
technique and also studied the tensile properties of the composite and the alloy.

For further advancement in this area, Ckeal.[19] fabricated exactly the same
42.1vol.% TiC/AZ91D magnesium matrix composites in order to study the compressive
creep behavior of the AZ91D alloy and the composite material. The results revealed that
the TiC/AZ91D composite has higher creep resistathan that of the AZ91D alloy. As
expected byincreasing the deformation temperature or applied stress, the creep rates
increases.

To improve the compression properties of magnesium matrix compositesf Cao
al. [24] produced TiC/M matrix composites vian-situ reactive infiltration process and
tested the alloy and the fabricated composite through compressimy t&stifferent
temperatures and strain rates. The preform is a mixture of Ti and C powders without
Al additionsthat are responsible for poor mechanical properties especially at elevated
temperatures. The results revealed that the TiC/Mg composites have improved
compressive properties at room and elevated temperature compared with the AZ91 alloy.
But these improvements are limited by higher temperature and lower strainT hegg.
also studied the fracture mechanism where a typical brittle fracture was observed. The
results revealedh low ductility for the TiC/AZ91D at room temperature while an

adequate engation to fracture was observed at elevated temperature.

38



After thatCaoet al.[128] fabricated magnesium rimex composite reinforced TiC
particles by thespontaneougnfiltration of molten magnesium alloy into prefosm
consisting of AfTi-C powders. In this process they added Al again to th@ pieform to
enhance the reaction between Ti and C in the liquidagfnesium alloy. They studied the
damping capacity of the AZ91D alloy and TiC/AZ91D matrix composite with different
reinforcement percentages. They found an increase in the damping capacity of the
composites compared to that of AZ91D alloy dhdt the danping capacity increases

with increasing the reinforcement volume percentage.

To date, than-situ reactive infiltration technique has not been used to fabricate

magnesium matrix composites usihg Ti-B,C system.

It can be concluded thatl the techniques used to fabricatesitu (TiC-TiB2)/Mg
matrix composites depend on the addition of aluminum powder to the starting materials
either TiB or Ti-B4C system because aluminum acts as a reaciintermedary to
facilitate the reaction betweeh and B or Ti and BC. Aluminum diffuses intothe
magnesium melt and forms M#l.> (0-phas¢ during solidification. As known,
aluminum is the most important alloying element in magnesium alloys where it improves
the tensile strength of the alloy by the formation of iy, intermetallic phase.
However, high aluminum content leads to the fornmated the interdentritic grain
boundary phase MgAl 1, leading to limited ductility of the alloji7]. The BCC structure
of Mgi17Al12 is not coherent with th&lCP structure of magnesium leading #goweak
Mg/Mg17Al 12 interface.Also, at elevated temperaturesaig boundary sliding can take

place due tohe poor thermal stability and the discontinuous precipitatiaiheb-phase
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inside the magnesium alld24]. As a result, poor strength at elevated temperatures and
low creep resistance of magnesium alloys are obtditjdFrom this point of view, the
contribution of this work is tdabricate (TC-TiB,)/Mg MMCs usingin-situ reactive
infiltration techniqueusing a preform consisting of a mixture of titanium and boron

carbide powders withouhe addition of aluminum

To date, papers on the production of (Al®,)/Mg matrix composites starting
with either Ti and B or Ti and £ without Al could not be found in the literature. Also,
thein-situ reactive infiltration technique has not been used before to fabricate magnesium
matrix composites usinthpe TiB4C system. However, a few researchidis, 1924] used

this technique with Ti and C to produce TiC/Mg matrix composites.

2.4 Mechanical Properties of Mg MMCs

As mentioneckarlier, the mechanical properties of magnesmmmagnesium alloysuch

as tensile strengtdanba mgprovedoby migodusing rmwtable | u s
ceramic reinforcing particles into the matrix material such as TiC angpEBicles. But

at the same time, this improvemehts to be weighed against reduction in other

properties such as ductility and the additicost.

24.1 Tensile Strength

In general, the stiffness, hardness, tensile strength and wear resistance of magnesium
matrix composites increase with increasing the volume percentage of the reinforcing
particles or short fibers while the ductility decreas&®ater strengthening effect can be
achieved by hybrid reinforcements which involve more than one kind of particles or

whiskers than a single reinforcemefit29]. The strengthening mechsanisms in
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magnesium matrix composites awshieved due toparticle strengthening, work
hardening, load transfer and graifimementof the matrix alloy The dispersion of fine

and hard particles in the matrisignificantly blocks dislocation motion and hence
strengthens the materid/hen the composite is strained, work hardening takes place by
generating a high density of dislocations du¢h strain mismatch between the matr
and the reinforcemenflso, it can be said that magnesium strength is highly susceptible
to grain sizeHence higherstrength at room temperature for both Mg alloys #redr
composite can be obtained by grain refinemd@7]. Table 25 [16, 130] showsa
comparison ofthe typical properies of commercially available magnesium matrix

reinforced with TiC or TiCTiB; particles with unreinforced alloy

Table 2.5 Mechanical Propertiesf somein-situ magnesium matrix composites at room
temperaturg¢l6, 130]

Material E YS UTS Elongation (%)
(GPa) (MPa) (MPa)
AZ91 45 97 165 2.5
AZ91-5 vol.% TiC 475 106 197 1.9
AZ91-8 vol.% TiC 49.1 113 225 1.2
AZ91-10 vol.% TiC 50.7 114 232 1.1
AZ91-8 wt.% (TiC-TiB»)" 53 95 298 2.4

* AZ91 matrix alloy used with this composita$6.0%elongation

It is clear that all of these composites have higher strength than that of the
unreinforced alloy by introducing the ceramic hard particles into the matrix alloy. Also as
shown in Table &, compared tdhe AZ91 alloy, the mechanical properties of 8 wt.%
TiC/AZ91 improve due to the grain refinement and high dislocation density in the
composite$131].
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Table 2.6 Mechanical Properties of 8 wt.% TiC/AZ91D matrix composite &mel
AZ91D alloy[131]

Material E Grain size YS UTS Elongation
(GPa) (um) (MPa) (MPa) (%)
AZ91 45+0.5 62+2 95+0.5 198+0.5 2.5+0.5

AZ91-8 wt% TiC  49.1+0.5 12+2 115+0.5 235%0.5 1.0+£0.5

2.4.2 Ductility

Generally hard ceramic particles reduce the ductility of magnesium matrix
compositesdue to the resistance to the dislocation motion of the hard partides
contrast to ceramic reinforced magnesium matrix composites, magnesium matrix
composites reinforced with eshental metallic powders have a much better ductility
because ofhe reduced possibility of the breaking of the partieled interfacd27]. As
shown in Table 2.5 and 26, the elongation decreases with the additioharfd ceramic

reinforcingparticles.

2.4.3 Hardness
Jianget al [5] indicatedthat the hardness dfO vol.% TiC reinforced AZ91 matrix
composite increaseby ~ 40% compared with the unreinforced matrix alloy. Also, dfla
al. [15] showed thathe hardnes®f AZ91 reinforced withs.5 wt.% TiCGTiB; particles is
increased by about 42% compared witie unreinforced AZ91D matrixMoreover,
Zhanget al [131] found that the hardness of Mg MMCs reinforced watiwt.% TiC-
TiB particlesis improved by about 60% compared with that of the unreinforced AZ91D.
It can beconcluded that thencrease in hardness adtributed to (a) the presence
of TiC or TiC-TiB; particles in the matrix and (b) a highesistanceo localized plastic

deformation of the matrigdue to the presenad these particles

42



24. 4 Youngds Modul us

Zhanget al [130] found thata wide range of mechanical properties such as strength,
ductility and Youngdés modul us @ercentdgeof achi e
the reinforcing particles in the matrid he results revealed tha
increased to 50.7 GPa when 10 vol.% TiC reinforced the AZ91D #ley, Zhanget al.

[131] found thatY oungds modul us i nc r8eva% €idreitfavced4d 9. 1 (
AZ91 alloy. Furthermore Zhanget al [16]r epor t ed a signi ficant
modulus from 45 GPa for the unreinforced AZ91 alloy to 53 GPa for the composite

reinforced wih 8 wt.% TiC-TiB, particles

24.5 Wear Resistance

Different engineering materialsuch as MMCdave been employed for applications in
which wear resistance igequired This type of material is attractiven tribological
applicationsdue to the combination dhe toughness of the matrix together with the
hardness of the reinforcement particMsch enables optimal wear resistarjt82].

The dependence of the wear resistance on the hardness and strength of the material was

predictedbyAr ¢ h ar d 0 $133Fag follwsi o n

~
€

U — (2.4)
Where Q is the total volume of wear debris produc@dis the total normal logdH is the
hardnesof the softest contacting surfacdSis a dimensionless constaamd L is the
sliding speedThis equéion can be used in both sliding adhesive or abrasive wear.
The competitive advantages of MMCs as tribomaterials include their unique

ability to fabricate a composite with required specific engineering strength and stiffness
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[134]. The wear resistance of MMCs depends on the selection of suitable reinforcement
particles. Also, it is important for wear resistance to be combined with other properties
such as high therah conductivity to dissipate friction heat

Many works on magnesium matrix compositesforced with TiC particlesere
done toinvestigatethe wear resistance of these composites as attempts to improve the
wear resistance of the magnesium mguix5]. For more investigationXiu et al.[135]
studiedthe sliding wear behavior of AZ91 alloy and timesitu fabricated TiC/AZ91
matrix composites. They found that the wear volume loss and the friction coefficient
increase with increasing the load and time in both materials. However, the wear
resistance of the composite is higher than thahe®”Z91 alloy and mcreases with the
TiC content.

Afterwards,Yao et al.[136] alsoinvestigatedhe wear behavior of AZ91D and
the TiC/AZ91 compositefabricatedby spray deposition. They found the same traad
Xiu et al. [135]. Besides they studied the wear mechanism at different applied loads
whete they found the dominant wear mechanism wesx&ative mechanism at low load
(10N) while at higher load (50N), delamination was the domimesug However,the
authors reportednrealisticvaluesforYoungds modul us of the mat:
which puts doubon this work

It can be observed in all studies on the wear behavior of the composite and the
unreinforced matrix that the wear resistance strongly depends on the hardness of the
material where the wear resistance increases with inoge#se hardnes©n the other
hand, works on theinvestigation of the wear resistance of (THOB,)/Mg matrix

compositesare still limited. As mentioned beforeMa et al. [15] investigated the wear
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resistance of fabricatl magnesium matrix composites reinforced with Jdéhd TiC
particlesand found an improvementin wear resistancen compositewhich has higher

hardnesshanthe alloy
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Chapter3

Objectives

Based on the literature review in the previchapteyit is apparent thatesearcherbave
succeeded to produce magnesium matrix composites reinforceshssith TiC and TiB
particles usingfor example sel-propagating high temperature synthesis (SHS) and
remelting and dilution (RD) technique. In all theserks, they added Al powder to the
starting raw materialn order to facilitate the reaction between titanium and boron
carbide where Al actas areactve intermedary. However, the free Atemainingafter

the reaction diffuses intthe magnesium melforming more Mg7Al1» causing poor

mechanical properties especially at elevated temperatures.

The main purpose of this work is to fabricate Mg MMf@snforced with a
networkof TiC and TiB, phasesisinganin-situ reactive infiltration techniqueithout Al
addition The mechanical and physical properties of these composites have been studied.
The matrix ispure magnesium, AM60B or AZ91D alloy and the preform consists of a
mixture of titanium and boron carbide powdéviore emphasis will be directed towards
AZ91D alloyin the current researcithe preform material in this work is a mixture of Ti
and BC powdes. Hence, fabricating these composites without adding a third metal

powder such as Al to the preform will be ajaracontribution of this work.
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The specific objectives are:

1 Understanding than-situ reactionmechanism

1 Studying the effect of the processing parameters such as temperature, holding
time and the green compact relative den@®l) to obtainthe optimal processing
parametersfor producing magnesium matrix composites reinforced with a
network of TiC-TiB,,

91 Tailoring the volume percentage of thae-situ formed reinforcement by
controlling the preform relative densitgking into consideration the shkage of
the reaction products

1 Controlling the volume percentage tife in-situ formed reinforcements by a
second method through mixing of Mg magnesium hydrideMgH,) powder to
the starting powdersf Ti and BC, and

1 Characterizinghe physicaland mechanical properties of the produced Mg matrix

composites
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Chapted

Materials and Experimental Methods

The present work involves the development of an infiltration technique for fabricating
TiC-TiB; reinforced magnesium alloys compositiat only hascomposite fabrication
beenachieved, but also an important contribution is made in investigatingh-tbieu
reaction mechanisnThe MMCs have been fabricatedthout adding aluminum to the
preformthrough a coseffectiveinfiltration technique A scheméc of the experimental
procedureestablished for the whole studyshown in Figure 4.1. Each of the main steps

will be discussed in the following sections.

Fabrication of Mg matrix composites

» Mixing of (3Ti-B4C) powders in a ball mill (400rpm — 5h)
# Pressing using hydraulic press to obtain porous preform
# Infiltrate Molten Mg, AM60B or AZ91 alloy

1

Phase Identification Mg, AM60B or AZ91 matrix Physical Properties
using XRD composites (Density and Porosity)

. Microstructure Mechanical Testing
Reaction S h. hardn d Material

, using (SEM/EDS) trength, hardness, an o
Mechanism wear resistance Characterization

Figure 4.1 Experimental procedure flow chart

In this work, threesystems of starting powders have been used to synthesize the

ceramic reinforcing phases. The fisgistemis usng Ti and B,C powdersthe secon@nd
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third system areusng Ti, B4C with pure magnesiumand Ti, B4,C with magnesium
hydride (Mgh) powdes, respectively

The experimental work is divided into three stages: the first stageolved with
studying then-situ reaction mechanism of the-ByC systeminfiltrated with Mg and the
role of magnesium to enhance thesction This stage also includes studyiting reaction
mechanismof the MgTi-B4C and MgH,-Ti-B,C systens infiltrated with Mg to
investigate the role d¥ilg or MgH, powderon the reaction

The second stageorresponds to studying the effect of processing parameters on
the fabrication of the particulate réamced MMCs by infiltration othe 3Ti-B4C preform
with molten magnesium or magnesium alloys.

Finally, microstructural and mechanicetaracterization othe composites has
beenperformed. Throughout this work, differecharacterization and testingchniques
have been utilized. Thexperimental details associated with these techniques are

explainedn this chapter.

4.1 Raw Material s

4.1.1 Matrix Material s

Commercial grade ype magnesium and magnesium alloys, AM60B and AZ9Mere
used tofabricatethe compositesThe chemical compositi@of the magnesium alloys
from the manufactureBgijing Guangling Jinghua Science & Technology CO., China)
are as showrn Tables 4.1 and 4.2 Somephysical properties ofpure Mg, AZ91 and

AMG60B castings are presented in Table 4.3.
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Table 4.1 Composition limits of AZ91D from the manufacturer, wt.%

Al Mn Zn Si Fe Cu Ni Mg
8.94 0.221 0.7 0.0208 0.001 0.0014 0.0003 balance
Table 4.2 Composition limits of AM60B from the manufacturer, wt.%
Al Mn Zn Si Fe Cu Ni Mg
6 0.25 0.22 0.10 0.005 0.010 0.002 | balance

Table 4.3 Some physical properties of Pure Mg, AZ91 and AM60B cas{Bifjs

Property Pure Mg AZ91D AM60B
F Temper F Temper
Density®(y), 1738 1.81 1.8
Melting Range (TYC 650 468-598 565615

4.1.2Reinforcement raw materials

The starting powders for systeml (Ti-B4C) used for synthesizing TICTiB,/Mg
compositesre 72.2nvt. % Ti (-325 mesh99.61%purity, Alfa Aesar Co.) and 27.8 wt. %

B4C (99% purity, <10 pnparticle size Alfa Aesar Co.) powdes. Titanium and boron
carbide powders are at a molar ratio (3:1) corresponding to that of stoichiometric TiC and

TiBo.

For system II(Ti-B4,C with pure Mgpowder) pure Mg powder-825 mesh,
99.8% purity, Alfa Aesar Co.)vas added tahe 3Ti-B4,C mixture at different weight
percentages while for system KTi-B,C with MgH, powder) MgH, powder (98 %

purity, Alfa Aesar Co.) was added tioe 3Ti-B,C mixture atdifferent weight percentages
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as well Pure magnesium or MgHpowderis added to theTi-B,C preform to increase
the magnesium content ithe composite The following sections will show the

specifications of these powders.

4.1.2.1Titanium (Ti)

Pure titanium {325 mesh, 99.5%, Alfa Aesar Co.) powdgrusedin this work The
chemical composition, as reported by the manufacturer, is listed in TdblEné.mean
particle size othis powder is abol9 um. The ageceived particle size distributisare
obtained usinga laser scattering particle size analyzer (Mot&l-950) as shown in

Figure 42.

Table 4.4 Typical chemical analysis for Ti powder

Titanium (Ti) 99.61 %
Oxygen O 0.235%
Hydrogen H 237ppm
phosphorus P < 0.002 %

Sulfur S <0.001 %
Carbon C 0.009 %
Manganese Mn 0.01 %
Chlorine Cl 0.01 %
Nitrogen N 0.018 %
Iron Fe 0.03 %
Aluminum Al <0.01 %
Silicon Si 0.01 %
Magnesium Mg 0.01 %
Sodium Na <0.01 %
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Figure 4.2 Patrticle distribution®f asreceived Ti powder

4.1.2.2 Boron Carbide (BC)
Pure BC (99% purity, Alfa Aesar Co.)s employed in this work. The chemical
composition, as reported by the manufacturer, is listed in Table 4.5. The particle size of

used BC is <10 um. The aseceived particle size distribution is shown in Figure 4.3.

Table 4.5 Typical chemical analysis for,8 powder

Boron 77.28 %
Carbon 21.72 %
B-10 content 19 % min
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4.1.2.3Pure Mg Powder
Pure Magnesiun(-325 mesh99.8 % purity, Alfa Aesr Co.) powder was used witthe
3Ti-B4C preform The mean particle sizef pure Mgpowder s < 35 um.The asreceived

particle size distribution is shown in Figurd 4.

4.1.2.4 Magnesium Hydride (MgH) Powder

MgH: (98 % purity, Alfa Aesar Co.) powder used witte 3Ti-B,C preform has a mean
particle size < 59 um. The -@sceivedparticle size distribution is shown in Figure 4.5.
Some physical properties of pure Mgd MghH powders from the supplieAlfa Aesar

Co) are presented in Tablet4.

53



Vol. Yo

Vol Ya

et
B

e e ]
[ T R (]

=]

L T R Y LI~ T B <=

e |

| S WY T CE N =

[==T

Particle size (pm)

Figure 4.5 Patrticledistributionsof asreceived MgH powder

54

A, k A ) K
BRI M NN RN M - ST TS SO
5T AT QT BT AT @ e QT @ N
Particle size (pm)
Figure 4.4 Particledistributionsof asreceivedpure Mg powder
L

\Q -‘\_}‘lc ﬂ:{ -‘\.‘a"/\ .;\'-Q\ --;'?‘ t;\\ :;\:: -:1‘:-:-: ,in} ;:":j "\S? .-?‘I"'

\ﬁ'."' : Ld (‘Ij}" I‘-?'I H\'I lL:\. C{"-‘\ \\ \J"Z"I.




Table 4.6 Some physical properties pfire Mgand MgH powders from the supplier

(Alfa Aesar Co.)
Property Pure Mg MgH.
powder powder
Density®(y), g/ 1.738 145
Melting Point(T),°C 650 327

4.2 Preparation of the green Compact

For system ITi and B,C powderswith a molarratio of 3:1were mixed under Ar i@
stainless steel jar with stainless steel balls inside a planetary balimwhich the ratio

of the ballsto thepowder was 7:nd the milling speed and time wet@0 rpmand5 h
respectively In order to prevent oxidation, thmixtures were prepared in a glove box
filled with Ar gas The particle size distribution of the mixture is shown in Figure 4.6.

The mean particle size of the mixture was fotmbde~ 17.4 um.
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Figure 4.6 Patrticle distributions athe starting 3TiB4C powder mixture
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After full mechanical blending, the resulting mixture of Ti angCBpowderswere
compactedht pressuresrom 80 to 120 MPa intgreen compacts of cylindrical shape of
25 mm in diameter and variable heights with various relative densit@spobximately
55, 60, 65, and 70% * 2%sing a hardened stegik with two plungers.

These green compacts have been used to study the effféice grocessing
parameters on the fabrication of the Mg matrix composites andderstand then-situ
reaction mechanism responsible for the formation of the reinforcement phases in the Mg

matrix. As shown in Figure Z, the particleswere fragmentedand the particle size was

decreaseébr both, Ti and BC, afterthe ball milling

TiandBC | / 1 v B.C

(©) (d)
Figure 4.7 SEM-EDS of the 3Ti-B,C Mixture
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The green compacts M@Ti-B,C) and MgH-(3Ti-B4,C) for systems Il and Il were
prepared in the same fashion.

EDS demental mapping shasa relatively uniform distribution of Ti andB
particles in the mixture as shown in Figure 4.8.

SEl Image Ti-KkU i mage

Figure 4.8 SEM microstructure an&DS elemental mappin@f the 3Ti-B,C Mixture

Ti and B,C powdersnveremixedin theball mill at different speeds (400, 450 and
500 rpm) for different holding times (5, 10 and &p These powder mixtures were
characterized using-¥ay diffraction (XRD) analysiskigure 4.9 shows the XRD pattern

of these mixturesof Ti and B,C. It is observed thatonly the diffraction peaks
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corresponding toTi and B,C are presentin all caseswithout any significant
contamination This means that there is no reaction between Ti a@dpArticlesduring
the ball milling processAlso, it wasfound that thechangein the mean particle size of

the mixturedue to varying milling speed and tinsinsignificantas shown in Table 4.

o Ti &4 BC
(cl
A . i A
_,‘_,__-'- 11 i [ ]
£ .
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=
- .
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] Ag AW A
_,I"\. i L]
(a)
o " . n
A e ”n A%

20 30 ) S0 6l 70 S0
20 (Deorees)

Figure 4.9 XRD pattern of the 3TB,C mixture a400 rpm and different milling times
(@ 5,(b)10and (c) 15h

Table 4.7 The mean particle sizes of the &4C mixture at different milling speeds and

holding times

Milling Speed (rpm) Milling Time (h) Particle Si
5 17.43
400 10 17.20
15 16.70
450 5 16.39
500 5 15.84
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4.3 Experimental Setup

Figure 410 shows the schematic experimental setup for the fabricatienneftwork of
TiC and TiB reinforced magnesium matrix composit€ae composite was fabricated by
infiltrating molten pure Mg, AM60B or AZ91D all®yinto the 3TiT B,C, Mg-(3Tii B4C)

or MgH.-(3Tii B4C) prefornms. The volume percentage of the reinforcement was tailored

by controlling the relative densitfRD) of the preform and bwdding Mg or MgH

powderto the preform

Flowmeter
d Argon
- g
Cement
o] T @
T .g T )
R s'%i-’%%w%’ii:é%&g i
, e = " @
= kel o o o il
Steel Crucible ? .
_— Fad =
'\.\ *" 2
, bkt ;
el | %; e
; . ., B =
Graphite Crucible - -
o “Je ?
o @ i
" i
. -
L |
Mg Ingot e| - i
= .
h ~1 B - Exhaust Port
Preform o —f —
0
Resistance Heater o
"“-\
Insulation o o

Figure 4.10 Schematic experimental setup for the fabrication of composite samples
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As shown in the experimental setup (Figure 4.10), the compacted preform was
placed at the bottom of graphite crucible (inner diameter: 45 mm) with a magnesium or
magnesium alloy (AM60B or AZ91D) ing@iacedon it. The mini ingots of pure Mg or
Mg alloy ae enough to infiltrate into the preform and also to compensatehe
shrinkage of magnesium upaolidification Several small holes were drilled at the
bottom of the graphite crucible in order to release air during the infiltration of the molten
alloy into the preform. This graphite crucible was placeside a steel crucible having
two holes one on the top fomflow of the inert gas and the other dme side for the
exhaust. Then-situ reactive infiltration experiments were carried out in an electric
furnace under the presence of flowing arg
1.51/min.

The reaction chamber (steel crucible) was degassed prior to heating and then
backfilled with Ar. The heating cycle for fabricatinthe compositess as shownin

Figure4.11.

1
Temp.

(°C}
Holding Time (At}

E \,\ Cooling in
- . fumace to RT.
L] '\
: g /
[} '\\
i -_\‘-.
|2 i ST
Time (h)

Figure 4.11 Experimental heating cycle with 10°C/min heating rate for fabricating

composite samples
60



The heatingemperature was set in the range from 700°C t@#®3010°C with
50°C intervals and for holding time from 15 min to 6 h, and the heating rate was
10°C/min. After that the samples were naturally cooled down to room tempenatine

furnace.
4.4 Microstructural Characterization

4.4.1Density and Porosity Measurement
The theoretical density of the preform or magnesium compsaitglesvas calculated
using the rule of mixtueas[137]:

" BQ” Q7 Q7 88 Q 7 (4.2)
Where} ¢ is the density of the preform or compositeandf; are the density and the
volume fraction of each constituent in the preform or composite, respectively. For
example the theoretical density fadhe 3Ti-B4C preformof system land the composite
if there are only three phases presienas follows:

8 w 7w 4.2
"W (4.3)
On the other handhé bulk density angorosity of fabricatedpure Mgand Mg

alloy compositesare measuredsingt he wat er absorption met hod
principle (ASTM C20600) [138]. The dry samples were weighed in &) (then placed in
water and boiled for 2 hours. During boiling, the samples were covered by water without
contact with the heated bottom of the container. After boiling, the test specimens were
cooled to room temperature while still completely immerseavater for 12 h. Each

specimen was measured while being suspended in distilled water (S). The specimen was
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blotted lightly with a cotton cloth and then weighed in giring the saturated weight

(W). The following equatiois used to calculate the bulk déyq”
” - — (4.9

V is calledthe exterior volume in cubic centimeter by knowing that 1°ah water
weighs 1g.

Porosityis a measure of the void spaces in the material and can be defined as a
fraction of the volume of voids over the total voluniRorosity of the composites is
measuredor two reasonsthe first is that the mechanical properties of fihal product
of thematerial are affected bwhether this material igorousor solid. The second reason
is that the amounts or percentages of matrix and reinforcement of the final compmesites
affected bythe porosity of thepreform.

The water absorption method based an@hi medes 6s pr i0Qci pl e
[138], was usedo detemine the open porosity (Bey) according to Equation &. The
water saturation liquid filling method just measures the open porosity of the samples
while the closed porosity (Bseg is calculated bythe difference between the total and
open porosity usio Equation4.6. The total porosityPta) Was calculated based on the
relative density of the composjtEquation4.7. The relative densityepresentshe ratio
of t he b uplkkofadkebetancetioyh e( jt h e or e fed) of aolid ndhterials i t y (
calculated using Equatiod.8. The theoretical andbulk densities of the composite

samples were calculated using Equatiodsa#hd4.4 respectively.
0 b — — pmmM (45)

0 0 0 (4.6)
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4.4.2 Sample preparation for microanalysis
For the samples required for microanalysise tsample sections were cut from the
composite using a diamond bladeounted inconductive epoxy obakelite and then
manually groundusing60, 120, 240, 320, 400, 600, 800 and 1200 grit Si@rypaper
using ethanol as lubricarithenthe mounted and ground samples waoéshedon soft,
syntheti¢ shortnapped fiber cloth using, @ and 1 micron diamond paste with alcohol as

lubricant and coolant

4.4.3Microscopy and Energy Dispersive Examination (EDS)
The microstructure and the phase analysisth&f reacted preforms ani@bricated
composite samples were investigated using scanning electron microscope (SEM) (Model
Philips XL30 FEG equipped wittEnergy DispersivX-ray spectroscopy (EDS).

The SEM was used either in the secondary electron (SEI) or backscatter electron
(BSE) modes at 1&eV. Due to the poor conductivity of TiC and TiBarticulates, a thin
gold-pdladium coating was applied to the polished surfaces usinynatechHummer
VI sputteing coaterfor imaging purposes in case of surface charging. Secondarsoelect
imaging (SEI) was used on samples to determine the distribution of TiC and TiB
porosity, crack and fracture surface. Backscattered electron imaging (BSE) provides
contrast between chemically different phases in composites due to differepffestine

atomic number.
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Qualitative EDS analysis is performed on specific features within a sample on
both polished and fractured samples. Tha&a)X mapping technique is performed to

analyze the distribution of elements witlie polished samples.

4.4.4X-ray diffraction (XRD)
To determine the crystalline phases in the composites andvéstigate then-situ
reaction mechanisnthrough the interaction between each component in the reacted
mixturessuch as3Ti-B4,C, Mg-B,C andMg-(3Ti-B4C), X-Ray Diffraction (XRD) was
performed

The XRD pattern was recorded using awrXay di ffractometer,
manufactured by PANalytical In¢\ith a CuK (& = 18 A% radiationproduced at an
applied voltage and a beam currendf 45 kV and 40 mA respectively The XRD
spectrumwasacquired fronl0 t o  &ta 0.02%5t&pdize

For preparation of the samples, powders were grouradniortar toa uniform
particle size distribution and the diffraction patterns were obtained at room temperature.
Silicon powder {325 mesh) is added to all powder samples as an internal standard to
correctfor any systematic erroffo usethe peak intensitiefor comparisonbetween
different samplesdentical sample preparatioechniqgueamountof the samplgand cata
collection conditionsvereused.

X-ray diffraction analysisof the samples is carried out using X'Pert HighScore

Pl us Rietveld analysis software [139. combi na
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The relative weight fractions of phases in a multiphase material can be calculated
directly from scale factors as described by Hill and Howa#D]. Based on thathe
weight fraction of phase p can then be derived as:

. 88 g
w - 88883nnb (4.9)

Where: S ighe Rietveldscale factor, Z is the number of formula units per unit cellsM i

the moleculamweight of the formula unit, y; is the unit cell volume andis an index

running over all phaseS&o, using theX'Pert HighScore Plus Rietveld analysis software

the weight percentage of each phase in the systanbe calculated arxy knowing the

density of each phase from the software, the volume percentage of each phase can be

calculated.

45 Mechanical Testing Experiments

The network of reinforcing phases aranticipatedto be more efficient load bearing
structures than single isolated solid particles, whiskers or short fiberexpestedhat

this composite may have highenechanical properties than magnesium alloys.
Mechanical characterization of thecomposites wasevaluated through different
mechanical tests such as compression, four point bending, hardness and wear resistance

tests.

45.1 Compression Test

Compression properties ohagnesium matrix composites are very important for the
structural parts used in the automotive indusegduse the automotive parts are often
loaded under compressi@t room or elevated temperatufasth in present and future

applicationg24].
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The compression tests were conducted omeesived pure Mg, AM60B and
AZ91D alloys and Ti€TiB,/Mg composites according to ASTME9-89a [141].
Specimens we machined to a round cressction of 12.7 mm (1/2 inch.) in diameter
and 25 mm(1 inch.) in height. Ti€TiB,/Mg matrix composites specimens were
machined from then-situ reactive infiltrated material.

Testing was performed on MTS 809 equipment, &i®b0 kN load capacity at
room temperature with a crebkgad speed of 0.5 mm/min (equivalent to a strain rate of
0.0003sY) and no barreling was observed. To obtain strain measurements, two strain
gauges (CEA-06-125UW-350, Vishay MicreMeasurements) were installed
longitudinally parallel to the load direction on tk&le of each test sample with 180°
between them. Three samples were tested to guarantee reliable results.

Because the elastic portion of the stresain curvewas not always linear,
tangent &stic modulus was determindcbm the slope of the stressrain curve at a
fixed level of stress (160 MPajhis slope line is represented in the str&sain curve by
dotted line.

Upon cooling of MMCs, residual stress is created due tdifferent coefficients
of thermal expansionf the matrix and reinforcemenausng dislocations to form at the
ceramic/metal interfaceln the present worksince thecompression testing of the
compositenitially revealednonlinear elastic behavipma cycling preedure wasarried
out to stabilize the dislocations in the matrix according to Pranghell. [142]. By low
load cycling, these dislocationswere redistributed (or movedyom a high density
location (matrix/reinforcement interface) to a lower one without dangathe composite

material.
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For thelow cycle compression tedhe TiC-TiB,/Mg composites were initially
pre-strained tdow level of stress25 MPa On reachind25 MPa, the stress was reduced
to 5 MPa, followed bytenloadcyclesfrom 5 MPa t025 MPa at 0.1 HzAfter cycling, it
was ramped down to 0O MPa. Youngods modul us
linear, stresstrain region, where the cycling was performed as givéigare7.5.

This load cycling was also performed to ensure the integrity of the measurement
procedure as in some cases; the strain gauges gave spurious outputs on initial load
application to the compression samples. This prakablydue to the lack of complete
parallrity between sample and crosshead platens. The cycling action has allowed some
Abed-dnbogand produces consi st enstrainfceve tdasn g s .
been extrapolated back to zdoads using this cycled behavior to replace the errati
strain data on initial loading.

TheYoung6s obtarkd bythesslope of the stresdrain curve at a fixed
level of stress (160 MPayas verified with the value of the slope of the stredmin

curve of thdow cyclecompression testonein the rangdrom 5 to 25 MPa.

4 5.2 Flexural Test

Flexural strength is the maximum tensile stress of a beam in bending and is a suitable
alternatefor the tensile testor not only brittle ceramic materialbut also brittle filled
composites Testing was done on a screliven Instron model 3382 (Instron Corp.),

with a load cell oflOOkN at a crossead speed of 0.5 mm/min. In the present study, the
flexural strengthbehavior of fabricated Mg matrix composites has been assessed at room

tempeature
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The fourpoint bendhg tests were conducted on the TI@,/Mg composites
according to ASTM 11602C [143]. The fourpoint loading configuration is shown in
Figure 412, where the load and support span are 20 mm and 40 mm, respectively. The
samples were ground using 240, 320, 400, 600, 800 and 1200 grit silicon carbide papers
to achieve a mirror fints and to eliminate any residual stresses generated during cutting
of these samples. The dimensions of the rectangular specimefsnanex 6 mm x 50

mm, as shown in Figure 18.
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Figure 4.12 Schematic drawing for the fogmoint bending configuration

50%0° +0.25

t+0.25
¢

Figure 4.13 Schematic drawing for the rectangular specimen for flextasal

(Dimensions in mm)

The theoreticabendingstrength for the rectangular specimens is derived from beam
theory[144]:

., L0 (4.9)



Where M is the maximum bending momerit,is the moment of inertia and c is the
distance from the neutral axis to the outer surface of the specimen.
For a rectangular crossection, the expressions used for a fqoint loading

configurationarepresented ifcquations 4.0-4.12;

0 DOjc® (4.10)
® Q¢ (4.11)
"0 Q¢ (4.12)

Where P is thdractureload, a is the distance between the inner and outer supports

(a=L/4), L is the outer support span, d is the thickness anthievgidth of the specimen.

Substituting the above equations leads tda@lewing flexural strengthformula

Ogv I ™ (4.13)

4.5.3Bulk and Microhardness Tess

Microhardnessneasuremestwere carried oubn polished pure Mg, AM60B, AZ91D
alloy and the composite samplesinga MVK i H1 digital microhardness testerith a
136° Vickers diamond pyramid indentunderdirect load of 0.2, 0.5 and 1kg applied
for 15 seconddt is veryimportantto noe thatit is very difficult to measure the hardness
in the particléfree regionf the matrix because of the fine microstructuriee hardness
valuewas calculated based on the average length of the diagdrihés ensuing pyramid
which were measured using a focal scale on the microscope of the testing maelkime.
hardness value was the average of at least ten measurddsdisess assessment of th
bulk material was carried out under a R load using a standard Vickers Hardness

Tester. Each hardness value in this case was the average of at least three measurements.
69



45.4 Wear Resistance Test

FabricatedMg matrix composite materialg this work are supposed toffer some
potential benefits for tribological applications where materials with lower density are
required.

The abrasive wear testing was performed ugingon-disk type wear test
equipment for the evaluation of dry tribologl propertiesas shown in Figure 4.1#ins
of AZ91D alloy andits respectivecompositesvith 12 mm diameter and5Lmm height
were cut, ground and polished fothese wear testdn the wear tests120 grit SiC
abrasive papers (corresponding 1d5 pm abrasive particles) wereised asthe
counterfaceSliding speedsf 0.5 1 and1.5m/s andl0, 22.5 and 45\ loads were used.
Each time, dreshSiC paper wasised

Applied load
SiC abrasiveaper

=
— Pin

L |

o

= [Dis¢

Figure 4.14 Pin-on-disc wear test
The specimens were weighed before and dfftertest using a balance having an

accuracyof 0.1 mg to measure the weight los§hewear rate was calculated frothe
mass losglivided by sliding distance. The data for the wear teste vedeien from the
average of the three measurements. The worfaces werebserved using the scanning
electron microscopy (SEM) and before that the worn surfacesaolesneed thoroughly to

remove the loose wedebris
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Chaptelb
In-situReaction Mechanism

5.1 Thermodynamic Analysis

For understanding thi@-situ reaction mechanism, reaction thermodynanaiesused to

obtain the reaction direction and the expected stable phases and their compositions at
elevated temperatures. The potential reactions that ¢@npiace in the MgiiB,C

system and between the reactants and some intermediate @ieasellows:

-0Q -66 -0@ -6 (5.1)
-"YQ -6 -"YQ6 (5.2)
SO 66 -TYQ6 - Qb (53)
—YQ6—68 —Y@  —"YQs (54
Y 86 Y® -"vRs (55
SYQE -0 B - YR - 00 (5.6)
-YQ-0'®@  -Y® -0'Q (5.7)
-YQ-0'@  -Y®R -0'Q (5.8)
YQ-86 YR -"YQb (59)

To compare the feasibility and favorability of these reactions, the changes in the
Gibbs free energyp G and the reaction enthalpyH, for one mole of the reactants were
calculated as shown in Figufl. It can be observed from Figutel (b) that all
reactions are exothermiev(e )atd have negative standard Gibbs free energys,

all reactions are thermodynamically favorable as shown in Figlr@).
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It is worth noting thatp G andg @ are morenegative for the formation ofiC-
TiB, in the temperature range of interest and thus reacttob) and (5.9) have higher
tendency for the formation @fiC-TiB, than the other reactionslowever, reaction (5.5)
is considered an intermediate reaction to foflWC-TiB,. Therefore, from a
thermodynamics point of view, it can be deduced that the finial equilibrium phases

should be TiB, TiC and Mg in the composite.

5.2Reaction Mechanism ofinfiltrated Mg-(Ti-B4C) System

The in-situ reactive infiltration technique used for fabricating the metal matrix
composites generally consists of two steps which cannot be distinguished because they
are overlapping and interacting with each other during the fabrigatcmessOne is the
in-situ reaction between the starting powders and the infiltrated metal liquid and the other
is the infiltration of the magnesium melt through the prefohmnthe initial stage of the
infiltration process, Mg melt infiltrates the preform along the pores arounpériicles
where they are physically wettablbo intermetallic compounds form betwe&fg and
Ti according to the TMg binary phase diagrarfi45]. Becausethe Ti particles are
surrounded by BC particles an MgTi-B4C interface is createéience to understanthe
in-situ reaction mechanism for synthesizing TT@,/AZ91D composites, the reaction

mechanisms of the IB,C and MgB,C systems have been investigated separately.

5.2.1The Tii B4C System

Based on the thermodynamic consideration discugselier the solid-state reaction
between Ti and EC to form TiC and TiBis the most favorable reaction bdnetically
this reactionit is very slow[146]. To investigate thgghasedormed from the reaction
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between Ti and BC without Mg, 3Ti-B,C green compacts witli0% relative density
(RD) were heated to 900°C anklept in the furnace athis temperaturdor different
holding times ( gofrojn 1 to 10 haccording to the heating cycle shown in FigdrEl. It
is important to note that all Ti and,® compactemployed inthis work are witha molar
ratio of 3:1.The XRD patterns of the two preforms heated to°@0@r 1 h and 10h

compared withthe starting powder mixture 8fi-B4C are shown in Figurs.2.

®Ti A BCHB,C, TiC oTiB
oTil, = Ti,B, * Si

Intensity

] 3n 40 S0 il Ti Rib
2 0 (degrees)
Figure 5.2 XRD pattern of (a) the starting 3B,C powder mixture and 3IB,C
preforms: (b) after heat treatment at 900°C for 1 h and (c) after heat

treatment at 900°C for 10 h
The results reveal the formation of substoichiometricTip@or to titanium

borides withretained titanium and boron carbi(® 3C,) after heat treatment fortiand

10 h. Also, it can be observed that TiB andB4 formed before TiB. At 1 h, thearea
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under thepeak of TiB phase is very small and increases wittreasing the holding time
to 10 h as shown in Figure 5.Zhereis still retained titanium and boron carbide
indicating thathe reaction is still incomplete even after 10 h holding time.

In the XRD analysis, as the intensities of the different phasgee with the
theoretical valuegheincreasen the area unddhe peak providesinformation about the
kinetics of the reactio mechanismlt is also observed that the lattice constant of
substoichiometric TiCincreases with time due to the diffusion of C into J& shown
in Table 5.1. As the lattice parameter of Ji@creases, the stoichiometry (x) increases.
Hence based on the values of the lattice constant of; Titentioned in Table 5.1, the
stoichiomety (x) in TiCy at 10 h is consistent with thatof iggaccor di ng t o
Handbook139].

Table 5.1 Lattice constant of the formed Ti@fter heat treatment of 3B,C preforms at
900°C for different holding times

Holding Time (h) Lattice constanta, (A)
1h 4.29@7
10h 4.305

To investigate the reaction sequenceha Ti-B,C system experimentally, thin
3Ti-B4C green compactgto ensure the homogeneity through the thicknesere
prepared with 709RD and placed in a quartz tube underasrshown in Figure 5.3 he
encapsulated samples were Heaated at different temperatures from 8@ 900C for
1 h holding time andhen quenched in wateccording to the heating cycle shown in

Figure5.4.
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Figure 5.3 Samples in a Quartz Tube
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Figure 5.4 The heating cycle for quenched &jC preforms

Figure 5.5 shows the XRD spectra of hizaated3Ti-B,C compacs for 1 h but at
different temperaturesThe results revealed that no reaction took place &iGabere
only Ti and BC peaks are observed, whereas, at@QUi, boron carbidgB3C;) and
TiCx peaks are thenain peaks in the XRD pattertdowever, verylow TiB and TgB4
peaks intensities caalso be observedThis shows thathe substoichiometric TiC
formed prior to titanium boride At 800°C, it wasfoundthatthe area under thpeaks of
TiB, TisB4 and TiG increased while those of Ti afmbron carbidelecreased with very
low TiB, peaksstarting to appeaiThis showghat TiB and TiB4 phase formed prior to
TiB, phase.

Monitoring thechange of therea under thpeaks of the phases reveals that the

amounts ofTiB,, TiC increased with increasing temperature to°@@hile those of Ti,
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boron carbideTiB and TiB4 decreasedind it can be said that the retained Ti is very
small and can be neglected at 9D0These results indicate that theactionis still

incompleteevenat 900Cfor 1 h
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Figure 55 XRD patterns of hedtreated 3TiB,C samples quenched from different
temperatures(a) 600°C, (b) 700°C, (c) 800°c@nd (d) 900°Cafter 1 h
holding time

The variations ofhe lattice parameters of @andB,C formed after heat treatment

of 3Ti-B,C samples at different temperatures after 1 h holding time are presented in

Table 5.2.It can be observed that the lattice parameters of Ti increase with increasing

temperature till70PC. This means that-€aturated TiTic.sa; formed prior to titanium

carbide due to the diffusion of C fromy® into Ti. With increasing temperature, the

substoichiometricTiCy forms whilethe lattice parameters die retained Ti decreased
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again.However, this amount of Ti is very small and can be neglected aftéC780
schematic representatigmesented in Figure 5€hows how the substoichiometric TiC
forms. The range of the lattice parameterslod boron carbides foundto beconsistent

with that of the standard lattice constants @3 according to Pearsonsiandbook

[139].

Figure 5.6 Schematic representation of the formation of the substoichiometrig

from the solidstate reaction between Ti and@®

Table 5.2 Lattice parameters of Tand boron carbidéor heat treated 3T8,C compact
samples at different temperatures for 1 h

Processing Ti Boron carbide

Sample
parameters a (A) C (A) a (A) C (A)
600°C/1 h 2.9565 4.7108 5.6029 12.0934

3Ti-B,C 700°C/1 h 2.9767 4.7786 5.6074 12.1045
80C°C/1 h 2.95037 4.6953 5.6047 12.0884
90C°C/1 h 2.900 4.703 5.6039 12.09

Thus, based on these results and the crys

handbooKl139], the reaction sequencetbk Ti-B,C system can be presented as follows:

GYQED YQ 5 6 50°YQ 4 66 YR (5.10)
0 YQS & YE YQ6 (5.11)
0 YQS & Y& YQ6 Y@ (5.12)

03§ YR YQ8'Y@ YRO Y& Y&  (5.13)
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However, the complete formation of Ti@nd TiB, requires a very long time if
the 3Ti-B4C preform is heatreated according to the heating cycle used for the
fabrication of the composite (Figure 4.1This reaction sequengs based on different

partial reactions thahvolve Ti andB,C andbr the intermediate phases as follows:

LV E'YQPjE6 6 ¢ a"YQOP] PYQO (5.14)
P Pp XYQOpjp ¥ 6 vipXYQG pjp XYQE (5.15)
gt’YQ@ p1600 Y& pT1YQO (5.16)

Zhao and Cheng147] suggestedhatthese reactions take place at relatively low
t emper at u?PCpwhen(thEyOrivéstigated the formation of TTWB, composites
by reactive sintering of 3TB,C compacts at temperatures between 950 and°C6%0e
formation of substoichiometric Ti(prior to the titanium borides wasdso proposedy
Zhao and Chen@l47]. This isattributed to the diffusivity of carbon in Ti being much
greater than that of bordf48]. Despite the strong covalent bonds between the atoms in
the boron carbide structyrearbon diffuse away from boron carbide faster than boron.
Therefore due tothe reaction of Ti and &, TiC, phase formed prior thtanium borides
leavinga B-rich boron carbide core in the centdrthe particlesas Sheret al observed
[148].

The conversion of B to BisC; i s consi stent wi[t4B]. Emi no
According to this suggestion, with decreasing carbon concentration,Gn Boron
substitutes for carbon in the intericosdhal chains converting the 8C chains to €B-

B chains (i.e., BC changes to BC,). This also agrees with the work of Stetral.[148].
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5.2.2The Mg-B,C System

It appears that without magnesium, swid-statereaction between Ti and,8 to form

TiCx and TiB is kinetically very slow during the heating cycle used for the fabrication of
compositeespecially in the temperature rangeed hereTo investigate the effect dlg

melt during and after the spontaneous infiltration, tmare BC preforms were
compacted at 709RD. One of them was heated to 9D for 1 h and then naturally
cooled down to room temperature and molten Mg infiltrated through the other preform at
90C*C for 1 husing the setup presented in Figdre0. At 80°C and belav, it was found
thatno spontaneous infiltration was attained without adding wetting agehias Ti to

the B,C powderFigure5.7 shows theXRD patterrs of these samples

& a B m Mg [
&0 Mgh, < MgB, = Si

Intensity

1] an 40 11 il 0 R

2 & (degrees)

Figure 5.7 XRD pattern of (a)heattreated BC preform and (b) after infiltration of

molten Mg into BC preform at 900°C for 1 h
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The results revealed that magnesium infiltrated the preform and the main
diffraction peaks corresponding to Mg and MgBere detected buat the same time,
there are MgBandretainedboron carbidgB,C) phases in the sample as shown in the
figure. This means that magnesium svByC at 900C through an interfacial reaction
even without adding wetting agent as This is because the surface tension of liquid
decreases with increasing temperature and this agrees with the reRalts1ef{150].

To investigate the reaction sequence in theB4g system experimentally, thin
Mg-B4C green compacts were prepared with 7/RZband placed in a quartz tube under
Ar as shown in Figure 5.3. The encapsulated samples werdréataid at different
temperatures from 606G to 90C®C for 1 h holding time and then quenched in water
according to the heating cycle shown in Figure 5.4. Tolnratio of Mg to BC inthese
preforms is (2.7:1) which matches with 25 wt.% Mg powder in the preform and higher
than that required to complete the reaction between Mg a@ddform MgB. Figure
5.8 shows the XRD spectra of hdaatated MgB4,C samplesfor 1 h at different
temperatures.

The results revealed that the peaks of Mg asd &e the main peaks after heat
treatment at 600°C. However, very small MgO patrticles formed due to the partial reaction
of Mg with oxygen. At 700°C, the peaks of MgBvVigB, and MgG appeared beside
those of Mg and retaine®,C. MgC, formed due to the reaction of the liberated carbon
with Mg in the system but this phase is unstable and rapidly decomposes. With increasing
temperature, the area under the peaks of Mg&eased while those of Mg and retained

B4C decreased till those of Mg disappeared at 900°C.
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Figure 5.8 XRD patterns of hedareated MgB,C samples quenched from different
temperatures (a) 600, (b) 700, (c) 800 and (d) 9@H&E 1 h holding time

It is worth noting that despitihe factthatthe molar ratio of Mg to EC is higher
than that required to complete the reaction between Mg a@di@form MgB, it was
found thatMg disappeared while there was still retaine@ B the system. The reason is
thepartial reaction of Mg with oxygeas mentioned earlier.

Based on the XRD results, it can be suggested that molten magnesium reacts with
B4,C to form magnesium diboride liberating elemental carbon. This reaction is an
exothermic reactioproviding heat for further reactioto occurin the systemHence, the

reaction mechanism is as follows:

WQ 86 cOB & (5.17)
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This result agrees with what is suggested by Kevorkijan Skapin[151]. Also, the
presence of MgBpeaks in the XRD pattern proves thdgB, partially decomposes
forming MgB, and Mg gashatdiffuses through the thin film of Mggas follows:

0@ -0'@ -0"QQ (5.18)
This agrees with the results obtained by Brettil. [152].
5.2.3The wholelnfiltrated Mg-(Ti-B4C) System
Figure 5.9 shows the XRDpatternsof the 3Ti-B,C preform (noMg) compacted at
70% RD after heatreatmentat 900C for 1 h in relation to theMg matrix composite

sample fabricated at the same temperature and holding time u3ingBaC preform of

the sameelative densityRD).

® Ti A BOMC, m Mg ® TiC
OTiB O TiB, A MgB, * Si
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Figure 5.9 XRD pattern of (a) the starting 3B,C powder mixture(b) heattreated
3Ti-B4C preform at 900°C for 1 h and (c) Mg composite fabricated at 900°C
forlh
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It can be observed that substoichiometric ,[i@@med in both cases while TiB
significantly formed after infiltration of Mg even at this short time. Treigealed the role
of infiltrated molten Mg or Mg alloy in the reaction which was very important especially
because no metal powder such as Al was added to#BgCTsystem.
Based on the reaction sequences of the individual sysi@ABsC and MgB4C, the
reaction mechanism of the whaldiltrated Mg-(Ti-B4C) system after the infiltration of

molten Mgor Mg alloythrough the8Ti-B4C preform can be presented as follows:

c’YQ6O0 0Q "YQO 60 Y& "YQO00L '@ (5.19)
TiCx formed due to the reaction between Ti anyCHKEq. 5.10) and also the
diffusion of atomic Cliberatedby the reaction between Mg and@(Eq. 5.13) into Ti
according to the following equation:
YQO "YQO (5.20
MgB; partially decomposes forming MgBind Mg gaghat diffuses through the
thin film of MgB,4 according to Eg. 5.1&8nthe other hand, TiB reacts withy® forming

TisB4 and TiC according to Eq. 5.15 then:

c’YQ6O0 0Q "YQO6 0 Y& YQO'YQ 0@ 0@ (52
05§ YR YQE'Y@ YO 00 (5.22)
Where "YQ-0 '@ YR -0"Q (5.23)
Since MgB reacts with TiB forming TiB andtitanium borides, TiB and 384,

react withthe retainedboron carbideas presentedarlierin the reaction mechanism of

Ti-B4C system thereaction between Ti, & and infiltrated molten Mg alloy ifnally

obtained as follows:

il G R | (5.24)
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Based on these observations, it can be concluded thatéNtgnot only infiltrates
through the3Ti-B,C preform and thus dengs the fabricated composite as a matrix
metal but also acts asn intermediary that makes the reaction possible at a lower
temperature than that required for sedidte reaction between aind B,C.

Finally, the study of thein-situ reaction mechanism is very important to
understand and analyze the microstructure of the produced composites and their
properties. The infiltration of Mg melt through the preform of3Ti-B4C) basically
dependsn its viscosity and wettability to Ti and,® and/or then-situ formed TiC. Mg
infiltrated the preform through the pores by the capillary force to get dense

microstructure of magnesium matrix composites.

5.3 Reaction Mechanism ofnfiltrated Mg-(Mg-Ti-B4C) System

Although,the fabricatedvig matrix composites using a 3BiC preform are attractive in
different applications demandinggh volume fraction of the reinforcing phases and
hence high strength, hardness and wear resistance, they are not sddabd¢her
applications because of their brittleness. So, this woret toencrease the percentage of
magnesium in the composites to improve their ductility. To achieve that, pure Mg,
AMG60B and AZ91D matrix composites reinforced with TiC and slJd8mpound have
been fabricated using a preforcontainingMg or MgH, powderin addition to the

3Ti-B4C mixture.

5.3.1 The MgTi-B4C System
In this section, the reaction mechanisfritheinfiltrated Mg-(Mg-Ti-B4C) system

is divided into two systemsne isthe Mg-Ti-B4C systemwhere Mg powder was added
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to the 3TiB,4C preformand the other is the system after infiltration of the molten Mg into
the Mg-(3Ti-B4,C) preform. To investigate the reaction sequence in the-T¥@,C
systembeforeand duringthe infiltration of the molten Mg or Mg allogxperimentally
beside those derived from the NBgC andTi-B,C systems, 2Wt% Mg-(3Ti-B4C) green
compacts were prepared with 70 and placed in a quartz tube under Ar as shown in
Figure 5.3. The encapsulated samples were-thegtied at different temperatures from
600°C to 90€C for 1 h holding time and then quenched in water according to the heating
cycle shown in Figure 5.4.

Figure 510 shows the XRDpatternsof the heattreated25 wt.% Mg-(3Ti-B4C)

samples for 1 h but at different temperatures.
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Figure 510 XRD patterns of hedareated Mg(3Ti-B4C) samples quenched from
different temperatures(a) 600, (b) 700, (c) 800 and (d) 900&@ter 1 h

holding time
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The results revealed that no reaction took place at 600°C where only Mg, Ti and
boron carbidgeaks are observed beside very small amount of MgO. At 700°C, the peaks
of TiCy, MgB, and very small peaks of TiB beside those of Mg, Ti batbn carbide
appeared in the XRD spectra as shown in Figure 5.10. Also, it can be observed that the
peaks of Tiporon carbidend Mg decrease with increasing temperature.

The same scenario as70°C took place at 800°C with strong appearance of TiB
and TiB, peaks. When the temperature increased to 900°C, the retained hotamd
carbidedecreased till it can be said that the retained Ti can be neglected along with
disappearance of Mg peaks. @me other hand, the peaks of FiBTriB and MgB
increased. However, there are still retained boron carbide and intermediate phases such as
TiB and MgB.

Based on the XRD results, it was found that the reacsequenceof the
Mg-Ti-B4C system issimilar to that ofthe infiltrated Mg(Ti-B4C) system Thus, Mg
powders in the Mdi-B,C systemplays the same rolas the infiltrated Mgwhere it
reacts with BC forming MgB and liberating Gvhich reacts with Ti to form Tig These
reactions areexothermic provithg the systemwith heatwhich enhances the reaction
itself and other reactiona the system such as between Ti an@.B'his means thahe
presence of Mg powder in the preform enhanite reaction and its role starts even
before the infiltration of molten Mg.After the infiltration of molten Mg a complete
reaction took place without any retained Ti, boron carbide or intermediate Ehwases

afteronly a short holding timef 1.5 has shown in Figure 511
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5.3.2 The whole Infiltrated Mg-(Mg-Ti-B4C) System

Figure 5.1 shows the XRD spectra of the 25.%t Mg-(3Ti-B4C) preform mixture
compacted at 70%D and heatreated at 90U for 1.5 hin comparisorwith a AZ91D
matrix composite sample fabricated at the same temperature and holding tima using

similar preform
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Figure 5.11 XRD pattern of (a5 wt% Mg-(3Ti-B4C) mixture, (b)25 wt% Mg-(3Ti-
B4C) preform heattreated at 900°C for 1.5 h and (c) after infiltration of
molten AZ91D into this preform

It can be observed that substoichiometricFd€med in both cases while the area
under the peaks of the formed TiB the heatreatedpreformis less than those after
infiltration of molten AZ91D alloy. Also, there are still peaks of retained Ti lamebn

carbideand those of the intermediate phases WgBd TiB in case ofhe heattreated
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preform before infiltration of molten AZ91D alloy. Thigroves that the reaction is
incomplete. MgO peaks appear in both cases.

The complete reaction after infiltration of molten magnesium without retained Ti
andboron carbideaind intermediate phases reveals the role opblgderin thereaction.
The Mg powder plays a part of the role othe infiltrated Mg where it acts as an
intermediary that makes the reaction possible at a lower temperature than that required
for solid-state reaction between Ti and@®and accelerates the reaction rate

Based on the XRD results, it can be said that the reaction mechanism of the whole
infiltrated Mg-(Mg-Ti-B,C) systemis similar to that ofthe Mg-Ti-B4C system.The
infiltrated Mg in this system is just to complete the reaction which alréadybeen
enhaned due to the presence of Mgwderin the preform and to densify the fabricated
composites.

It is worth noting that the ternary JAIC compound formed with molten AZ91D
due to the diffusion of Al into substoichiometric i@t high temperaturélhis proves
that the reaction was enhanced by the presence qgfdvWderin the preform making the
formation of substoichiometric TiCfaster giving Al more time to diffuse into Tig
Finally, the formation of this ternary compounakes placen a shorterholding time

compared with the case without Ndgwderin the preform.

5.4 Reaction Mechanism ofinfiltrated Mg-(MgH ,-Ti-B4C) System

To understand then-situ reaction mechanism of thmfiltrated Mg-(MgH»-Ti-B4C)
system the reaction mechanism was divided ifgor subsystems; MgHTi, MgH»-B4C,
MgH-Ti-B4C andMg-Ti-B4C which was studied befor&ig hereis the infiltrated Mg or

Mg alloy. Based on the reaction mechanism of these systems, the reaction mechanism of
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the wholeinfiltrated Mg-(MgH.-Ti-B4C) systemwas investigatedt is very important to
note that the molar ratio of these individual system matches2lithit% MgH, powder

added toTi and B,C powders wit8:1 molar ratio.

54.1 The MgH ,-Ti System

To investigate the reaction mechanism in the MdHsystem experimentally, MgHTi
green compacts were prepared with 7B® and placed in a quartz tube under Ar. The
encapsulatedamples were he#iteated at different temperatures from 4D 800°C for

1 h then quenched in water according to the heating cycle shown in Figufé&XRD

patterns of these samples are shown in Figuia 5.1
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Figure 5.12 XRD patterns of hedareated MgH-Ti samples quenched from different
temperatures (a) 400, (b) 600, (c) 700 and (d) 8@@&E 1 h holding time
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The results revealed that at 400°C, the peakd@mfMgH,, Ti and TiH are the
main peaks. However, the only main peaks aP6@0dethoseof Mg and TiH while with
increasing temperature, Ti appeared again with, & 00 and 800°C. The change in the
lattice constant for TiHlas shown in Table 5.3 realed the highest one at 600°C and
decreased with increasing the temperature. Based on thisfdriHled at the beginning
has a high content of hydrogen whishieleased by the decomposition of Mgihd with
increasing temperature, the rate of hydrogeeass# increasedue tothe decomposition

of Tng.

Table 5.3 Lattice parameters of TiHfor heattreated MgH-Ti samples at different

temperatures
Sample Processing parameters | Latticeconstanof TiH,, a, (A)
400°C/1 h 4.4306
MgH,-Ti 600°C/1 h 4.453886
700°C/1 h 4.405647
80C°C/1 h 4.404136

Another investigation of the reaction mechanism of this system was done where
an MgH,-Ti green compact with 709D was kept in the furnace at 900°C for 1.5
holding time (@t) according to the heating
compared with the composite sample fabricated using the same green cafrgratie
infiltration of molten AZ91Dat the same processing parameteh&e XRD patterns of the
MgH.-Ti preform and the sample after infiltration thfe molten AZ91D alloy into this

preform heated to 90Q for 1.5 h are shown in Figuge13.
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Figure 5.13 XRD pattern of (a) Mgk Ti mixture (b) heatreated MgH-Ti preform and
(c) after infiltration of molten AZ91D into this preform at 900°C for 1.5 h

Based onthe XRD results, it can be observed that Mg#ecomposed at low
temper ature ( 0400AC) inghydragen raccordiig to the llowing | e a s
equation:

DMO HQ O (5.25)
Then Ti reacts with FHto form TiH, which decomposes with increasing temperature
forming more reactive Tilue toanincreag in its surface areand releasing hydrogen as

follows:
YQO uuu3 “YQ (5.26)

YQ uy YQ'O (5.27)
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5.4.2 TheMgH »-B4C System

To investigate the reaction mechanism of this systam,MgH,-B,C) green
compact with 70%RD was kept in the furnacat 90@C for 1.5 hh ol di ng t i me
according to the heating cycle shown in FigurEL4This sample was compared witte
AZ91D composite sample fabricated using the same Mgy preform and athe same
processing parameter§he molar ratio of Mghlto B,C in these compacts ({2.521)
which matches with 25 wt.% Mghbowder in the preform.

The XRD patterns of th&lgH,-B,C mixture, the MgH,-B,C preform and the
sampleafter infiltration of molten AZ91D alloy into this preform heated to @D@or
1.5h are shown in Figurg.14.

Based on the XRD results, it was found that the reaction mechanism of the
MgH2-B4C system is similar to that of the MgyC system. The difference between the
two cases is that Mg formed by the decomposition of MigHnorechemically reactive
due to its higher surface area than Mg in the-B4G system.By comparing the
MgH,-B,C with the MgB4C system, it was found that the magnesium formed by the
decomposition of Mgklis more reactive than Mg powder in the 18gC system. This

can be proved by its high affinifpr oxygen and forming MgO as shown in Figure 5.14.

During and after complete infiltration of liquid magnesium through the
MgH2-B4C preform, some of the molten magnesium reacts with some of thénnegna
boron carbide as mentioned before in the investigation of tr@ioeamechanism of
25 wt.% MgTi-B4C system while the rest of molten magnesium just fills the composite

sample.
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Figure 5.14 XRD pattern of samples (a) MgHB,C mixture, (b) heatreated MgH-B4C
preform and (c) after infiltration of molten AZ91D into this preform at
900°C for 1.5 h

5.4.3 The wholelnfiltrated Mg-(MgH »-Ti-B4C) System
Figure 515 shows the XRD spectra of ti&b wt.% MgH»-(3Ti-B4C) preform mixture,
thatwascompacted at 709D and heatreated at 90U for 1.5 h andan AZ91D matrix
composite sample fabricated at the same temperatiding timeandpreform

It can be observed that substoichiometric \Ti@@med inboth cases while TiB
formed significantly after infiltration of molten magnesium through the preform. The
peaks of the formed TiBoefore Mg infiltration are very small. Also, there are still peaks

of retained Ti andboron carbideand those of the interrdeate phasesuch asvigB, and
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TiB in the case othe heattreated preform before infiltration of molten AZ91D Mg alloy.
This proves that the reaction is incomplete. The complete reaction after infiltration of
molten magnesium without retained Ti amaroncarbideand intermediate phases reveals
the role of MgH in this reaction mechanism. The Mgidlays a similar role as the

infiltrated magnesium before and during the infiltration process.
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Figure 5.15 XRD pattern of samples (a) 25 wt.% MgkBTi-B,C) mixture, (b) heat
treated 25 wt.% Mgk (3Ti-B,C) preform and (c) after infiltration of
molten AZ91D into this preform at 900°C for 1.5 h

Based onthese resultsthe in-situ reaction mechanisnof the infiltrated

Mg-(MgH.-Ti-B4C) systemwas investigated based on theaction mechanismof the
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MgH.-Ti-B4C system and that of theinfiltrated Mg-(3Ti-B4C) system which was
investigatecearlier.

It was found thathte reaction mechanism of the whahltrated Mg-(MgH.-Ti-
B4C) systems similar to that ofnfiltrated Mg-(Ti-B4C) system. The difference between
the two cases is that Mg formed by the decomposition of MgHnore chemically
reactive due to its higheaurface area than Mg in the Mg-B4C systemAlso, Ti formed
after the decomposition of TiHs more chemically reactive due to its higher surface area
than Ti in the MgTi-B,C system making the reaction between Ti an@ Biwuch faster
and the samappliesfor thecase of Mg with BC.

Also, it is observed thahe ternaryTi,AlC compoundformed when AZ91D is
used Ti,AIC forms by the diffusion of Afrom the molten AZ91Dnto substoichiometric
TiCy at high temperaturdhe amount ofTi,AlC is higher ifcompared with that formed
without MgH; in the preform. The reason behindstls that the reaction is fastby the
presence of MgHin the preform and then the formation of substoichiometric, T$C
very fast allowing the formation of this ternary compoundaishorter holding time

compared with the case without Mg the preform.

It can be concluded that Mghhfter decompositioplays the role of magnesium
to react with BC before and duringhe infiltration of molten magnesium or magnesium
alloy into the preform. However, the molten Mg or Mg alloy not only infiltsaterough
the MgH-(3Ti-B4C) preform and thus dengek the fabricated composite as a matrix
metal but also acts as interm&gi in the reaction making it possible at lower

temperatureHence Mg and MgH powdersaccelerate the reaction rate.
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Chaptel6

Fabrication of TIC-TiB /Mg Matrix Composites

Part |: Fabrication of TiC -TiB,/Mg Matrix Composites usinga 3Ti-B,C

Preform

There are several processing parameters affecting the fabrication of Mg matrix
composites vian-situ reactive infiltration process such as particle size ofdtiagting
powders (Ti and BC), processing temperature, holding tirmed the green compact
relative densityRD). In this work, the influence of the processing temperature, holding
time and the green compact relative density have been studiiel the particle sizes of
Ti and B,C and conditions of ball milling of the mixtui@me and speedyvere kept
constantA small particle size of BC relative to that of Ti has been chosen to enhance
the contact and thesolid state reaction between thefrhis study was conducted by
changing one factor at a time. The temperature rangélfoication of the composite
samples was chosess 700 to 90°C +10°C at 50°C intervals based on the results
obtained for théheattreated and quench&Ti-B,C samplesas showrearlierin Figure
5.5 where below 70%C, no reaction took place to form Téhd TiB.

Finding the optimal processing parameters for producing sound magnesium
matrix composites reinforced withnetworkof thein-situ formed TiC and TiBparticles
is one of the main objectives of this workherefore, to reaclthis goal, composite
samples were fabricated using pure magnesium, AM60B and mainly AZ91D as a matrix
metal at different processing parametsshown in Tabl6.1.
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Table 6.1 The fabricated composite samples at diffepntessing parameters

Processing Parameters

Sample |  Matrix Material - <
No. Temperature | Holding time | Green compac
(°C) (h) density (%)
1 700 6 70
2 1 70
3 750 3 70
4 6 70
5 AZ91D 1 55
6 1 60
7 1 70
8 3 70
9 800 6 70
10 1 70
11 3 70
12 Pure Mg 6 60
13 6 70
14 1 70
15 AZ91D 3 70
16 6 70
17 850 1 70
18 Pure Mg 3 70
19 6 70
20 1/2 70
21 1 55
22 1 60
23 1 70
24 1.5 55
25 AZ91D 15 60
26 1.5 65
27 1.5 70
28 3 70
29 6 70
30 900 1/4 70
31 1/2 70
32 1 70
33 Pure Mg 15 70
34 3 70
35 6 70
36 1 70
37 1.5 70
28 AM60B 3 20
39 6 70
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6.1 Influence of the Processing Temperature on the Fabrication of TiC-TiB /Mg
Matrix Composites

Only a sample of the results obtained in this part of the sisidyesented below.

For example, XRD spectra faéhree compositesamples fabricated at i holding time

usinga 3Ti-B4C preform with 70%RD but at different processing temperatures of ,800

850and 900C are presented in Figure 6.1

mMg ®Ti 4B(C/B,C, ¢ TiC
o oTiB % Ti,B, © TiB, A MgB,
* Si

Intensity

20 3I1.I -1Il.l S-II Lill] T 80
20 (Degrees)
Figure 6.1 XRD pattern of the AZ91D alloy MMCs fabricated using a-BEC preform
with 70% RD at different processing temperatures (a) 800, (b) 850 and (c)
900°C for 1 h holding time

As shown inFigure 6.1, the main diffraction peaks corresponding to Mg, xTiC
and TiB were detected but the same time there are retained Ti Aandon carbideand

intermediate phases such as,TIgBB, and MgB as well in all samples. This means that
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the reaction is still incomplete in all of them. However, it can be observed that the TiC
and TiB, peak intensities increase as the temperature increases fr&\@ ©0900C
indicating that the reaction among the Ti, N\dgron carbideand the intermediate phases

did take place during heating and this reflects the effect of processing temperature on the
in-situ reaction and hence the fabrication of the compositehenend.The volume

percentages of the formed phadessed on Rietveld analgsare presented in Figure 6.2.

60
H gzo0°C M 850°C K 900°C
50
40
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Figure 6.2 Phase volume percentage of the AZ91D alloy MMCs fabricated using a
3Ti-B4C preformwith 70% RD at different processing temperatures: 800,
850 and 900°C for 1 h holding time

The XRD analysis revealed thtéite percentage of equilibrium phases, JT&nd
TiB,, at 900C is higher than that at 800 or 85(C with lower percentages of retained

Ti andboron carbideand the intermediate phases. This mdhasitis recommended to
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fabricate the composite samples at @@atherthan at 808C or 85CC to ensure the
formation of the required reinforcinghasesTiC, and TiB..

Representative SEM micrographs of tbempositesamples fabricated at i
holding time usinga green compact with 70%RD but at different processing

temperatures of 800, 850 and 900with low and high magnificationare shown in

Figures 6.3, 6.4 and 6.5respectively.

(b)

SEl 150k #5000 3

(d)
Figure 6.3 SEM microstructure othe AZ91D alloy MMCs fabricatedising a 3TiB4C
preform with 70¥RD at 80C°Cfor 1 h
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SEM observations of the sample fabricated at 800°C reveal a relatively uniform
distribution of reinforcing phases as a network of contacting particles in the magnesium
matrix and show that nobvious voids are present in the microstructure of Hee
fabricated composites. However, some microcracks are indicated in the images of the
sample. SEM micrographs also reveal retained boron carbide (dark areas) while retained

titanium could not be observed through SEM imagfesvever, retained Ti was obseqd/

in the XRD results as shown in Figure 6.1.

Figure 6.4 SEM microstructure othe AZ91D alloy MMCs fabricated using a 3B,C
preform with 70%RD at 850°Cfor 1 h
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SEM observations of the sample fabricated at 850°C also reveal a relatively
uniform distribution of reinforcing phases as a network of contacting particles in the
magnesium matrix without voids as shown in Figure B@wever, the SEM micrographs
show less microcracks and retained boron carbide than those in the sample fabricated at
800°C.

It can be observed that the microcracks at 800°C are mainly at the ceramic/matrix
interface while those at 850°C are in the Mgtmra This suggests that the bonding
between the matrix and the reinforcing particles for the composites fabricated at 850°C is
stronger than those fabricated at 800°C. The reason behind these microcracks is most

likely the hot tearing of the magnesium ithgr solidification (4.2 vol.% shrinkagé@53]).

Finally, SEM observations of the sample fabricated at 900°C as shown in Figure
6.5 reveal not only a relatively uniform distribution of reinforcing phases as a network of
contacting particles in the magnesium matrix but also less retained boron cadnde th
those in the samples fabricated at 800°C or 850°C. Moreover, no voids or microcracks are

observedThis indicates that the composites are fully dense.

Also, as shown in Figure 6.6 (b), it is clear from the EDS spectrahisaarea
consists of B, C ang. This means thaboron carbidas present in the center of this
dark phase while MgHlies at its interface (grey phase). These phases were also observed
in the XRD results. Also, the presence of Mg in area 3 in the EDS pattern, Figure 6.6 (d),

confirms that Mg is present through the network of contacting &r@ TiB; particles.
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(d)
Figure 6.5 SEM microstructure othe AZ91D alloy MMCs fabricated using a 3B4C

preform with 70¥%RD at 900Cfor 1 h

EDS demental mapping of the samples fabricated at@%hd 900C for 1 h
holding time are shown in Figures 6.7 and, 88pectively. The observed overlap of the
titanium, bororand carbon proves the existence of a network of &r@ TiB; in the Mg
matrix. Although, there are residual intermediate phases such as TiB sBaccdnfirmed
by XRD analysis in both samples, it is very difficult to distinguigtween TiG, TiB,
TisB4, and TiB, phasesn the microstructure. This isecause these particles are very
small and the difference in the#ffective atomic numbers is insignificant making the
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discernmentery difficult by SEM. However, the brightest phase can be considered Ti
beause it has the highest atomic number of all elements in this system. Alsbordg,
carbideand MgB phases can be detectereeasly due to the significant difference in

their effective atomic numbers.

T T

[11]

(c) (d)
Figure 6.6 SEM-EDS ofthe AZ91D alloy MMCs fabricatedusing a 3TiB4C preform
with 70%RD at90C°Cfor 1 h

Furthermoreit can be observed that tihetainedboron carbideat 900°C is less
than that at 83C. The detection of the retaindmbron carbidan both casesis by the

overlap of the elemental mapping of B and C. However, it is very difficult to detect C by
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the EDS detectorSo, the detection dhe retainedoron carbidenainly depends on the

mapping of boron in its concentrated regions.

C-KU i mage B-KU i mage

Figure 6.7 SEM microstructure and&EDS elemental mappingf the TiCx-TiB,/AZ91D

composites synthesized at 860or 1 h
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Figure 6.8 SEM microstructure and&EDS elemental mappin@f the TiC4-TiB,/AZ91D
composies synthesized at 980for 1 h

The same trend was observed for the samples fabricated at different processing

temperaturesf 750, 800, 85@&nd 900C while the holding time was kept constant ds 6
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XRD results showed thatiC, formed at fist in all samples while the percentage
of TiB, increased with increasing processing temperature and this is clear when
comparing the peak areas of the formed phaBestefore the processing temperature
has a strong effect omcreasingthe in-situ reaction rate. However, fabrication of
magnesiunmmatrix composites at 830 and higherespecially with long holding times
not recommended because of the high rate of oxidation and evaporation af Mg
alloy. As shown in Figure 6, the XRD patterns of the samples fabricated at 800 and
90(*C showthat MgOpeaks can be detectedboth casesdut arehigher ato0CC. Also,

it can be observed thtteternary compound FAIC formedsignificantlyat 900C.
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Figure 6.9 XRD patterns of the AZ91D alloMMCs fabricated using 3TB,C preform
with 70%RD for 6 h at different temperatures (a) 800 and (b) 900°C
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EDS demental mapping of the samples fabricated at 800°C and 900°C for 6 h

holding time are shown in Figurel®.and 611, respectively.

3

SEl Image

B-KU i mage Al-KkU i mage

Figure 6.10 SEM microstructure and EDS elemental mapping of the-TiB,/AZ91D

composites synthesized at 800°C for 6 h
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Figure 6.11 SEM microstructure and EDS elemental mapping of the-TiB,/AZ91D

composites synthesized at 900°C for 6 h

According to the resultsbtained, there is a reasonably uniform distribution of the
reinforcing phases: TiCand TiB; with the presence of retainédron carbidavith MgB,

at its interface. Also, it can be observed thattdreary compound, FAIC, formed at
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both processingemperaturesAt 80(°C, this compound formed at the interface of JiC

and its percentage increases toward the, Ti@e with increasing the temperature to

90C°C. This ternary compound, FAIC, forms due to the diffusion of Al from the metal

matrix liquid melt into the substoichiometric T

KCcompound especially if the C

vacancies in the TiC structure are ordered which is supporteRiley [97, 98] The

formation of the ternary compound,,AIC, was proved also by the results of XRD for

the composite sample fabricated at 900°C for 6 h usBIg-8,C preform with 709RD

whencompared with the XRD pattern of,Aill C

shown in Figure 64
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Figure 6.12 XRD pattern otthe AZ91D alloy MMCs fabricatedising a 3TiB4C preform

with 70%RD at 900°C for 6 h
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6.2 Influence of the Holding Time on the Fabrication of TiC-TiB,/Mg Matrix

Composite

Based on the results obtaingd far, it was found that fabrication is more recommended
at 900C than at 808C or 85(C to obtain sound composites withoupores or
microcracks and with minimum retainbdron carbide and intermediate phases.

To investigate the influence of the holding time on the fabrication of the
composites,wo sets of experiments weperformed One using pure magnesium and the
second using AZD alloy as a metal matrixBoth of them were fabricated using a
3Ti-B4C preform with 709%RD at 900C but for differentholding timesIn the first set of
experiments, composite samples were fabricated at different holding tisenin, 30
min, 1 h,1.5h, 3 hand 6h. The XRDanalysis of these samp|gsesented in Figuré.13,
shows the presence of Ti@ all samples and the stoichiometry of C (x) increasih
increasing holding timavhich can be understood as increasing the time for diffusion of C
into Ti.

Also, it can beobserved that the TiBpeak area increases while those of retained
Ti and boron carbide decrease with time. The change irarts@ under theeals of
intermediate phasgwovidesthe reaction mechanism and the volume percentage of the

phases based on Rietd analysis as presented in Figure 6.14.

SEM micrographs of the composite samples fabricated at 900°C usingBaG3Ti
preform with 70%RD but at different holding times of 30 min, 1h5and 6 h with low

and high magnifications are shown in Figures @dl%.17.
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Figure 6.13 XRD pattern of the pure Mg MMCs fabricated using a-BIC preform
with 70% RD at 900°C for different holding times: (a) 30 min, (b) 1 h (c)
1.5h,(d) 3 hand (e) 6 h
SEM observations of the sample fabricated at 30 min show that relatively no
pores or microcracks are observed resulting in a dense structure even at this short time.
On the other hand, there still exists more residual titanium (briagiong and boron
cabide (darkregiong which remained as particulates ine microstructure at short
holding time as shown in Figure 6.15.
With increasing timdo 1.5 h, no pores or microcracks are observed as well, as
shown in Figure 6.16. Moreover, SEM micrographs relesd retained boron carbide

than those at 30 min while retained Ti is insignificant and very difficult to observe by

SEM.
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With increasing the holding tim& 6 h, and as shown in Figure 6.17, SEM
observations reveal some very small microcracks in the Migixn However, no pores
are observed. Also, it can be observed that the resiboln carbidedecreased
compared to the composites fabricated at shorter time, 30 min or Th& Imicrocracks
wereobserved onlyn the Mg matrix.t is possible that thesgredue tohot tearingn the

magnesium during solidification.
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Figure 6.14 Phase volume percentage of pure Mg MMCs fabricated using -8,&Ti
preform with 70%RD at 900°C for different holding times 80 min 1 h,
1.5h,3hand 6 h
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Figure 6.15 SEM microstructure of pure Mg MMCs fabricated using aBJT preform
with 70%RD at 900°C for 30 min
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Figure 6.16 SEM microstructure of pure Mg MMCs fabricated using aBjT preform
with 70%RD at 900°C for 1.5 h

Figure 6.17 SEM microstructure of pure Mg MMCs fabricated using aBJC preform

with 70%RD at 900°C for 6 h
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EDS elemental mapping of the sampfi@isricated at 1.5 and 6 h holding time are
shown in Figures 6.18 and 6.IEhe overlap of boron and carbon reveals that at 6 h, the
residual boron carbide is less than that at 1 3dwever, as mentioned before, it is very
difficult to detect carbon by[BS detector. Sahe detection ofhe retainedoron carbide
mainly depends on the mapping of boron in its concentrated regions.

SEl Image
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Figure 6.18 SEM microstructure andeEDS elemental mappingf the TiC-TiB,/Mg
composites synthesizatsing a 3TiB4C preform with 70%RD at 900°C
for 1.5h

117



SEl Image - Ti-KkU i mage

Figure 6.19 SEM microstructure andeEDS elemental mappingf the TiC-TiB,/Mg
composites synthesized using a-BLC preform with 70%RD at 900°C
for6 h

EDS analysis of the sample fabricated at 900°C anda6 Bhown in Figure 6.20
(d), confirms the presence of Mg through the network of,Ta@d TiB. On the other
hand, oxygen was detected by the EDS analysis which confirms the presence of very
small amount MgO which is very difficult to detect by XRBence it is better to
fabricate mgnesium matrix composites at lower temperaturessandterholding times
if possible. As shown in Figure 6.20 (c), the retaibedon carbidas clear with MgB

around it
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(© (d)
Figure 6.20 SEM-EDS of pure Mg MMCs fabricatedising a 3TiB4C preform with
70%RD at 900°Cfor 6 h

In the second setf experiments for this study, composite samples using AZ91D
alloy were fabricated at different holding times; 30 mii, 1.5h, 3 h, and 6 h while the
processing temperature was kap®00°C using green compagtith 70%RD.

XRD analysis of thessamplesas shown in Figure Bl, reveals the same trend
as the samples of the first set of experiments. However, in this cade lal8ing time

and longer, therarepeals of a phase that did not appear in the case of pure magnesium.
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As mentionedearlia, these peaks arassociated withthe MAX ternary compound

(TiLAIC).
i mMg ABCB,, #TiC 0O TiB
iy o v Ti,B, O TiB, A MgB, % TiAIC
# MgO * Si
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Figure 6.21 XRD pattern of the AZ91D alloy MMCs fabricated using a-BEC preform
with 70%RD at 900°C for different holding times: (a) 1 h, (b) 1.5 h, (c) 3 h
and (c) 6 h
The volume percentages of the formed phases based on Rietveld analysis are
presented in Figure &2. It is observed that the percentage of JJiBcreases with
increasing holding timdérom 1 h to 6 h On the other hand, the percentage of TiC
decreases while that of ;AIC increases because this ternary compound forms at the
expense of Tigand at its interface. Also, it can be observed that éneegmtages of the

residualboron carbideand intermediate phases suchTaB and MgB, decrease with

increasing the holding time.
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Figure 6.22 Phase volume percentage of the AZ91D alloy MMCs fabricated asiia
B4C preform with 70%RD at 900°C for different holding times: 1 h, 1.5 h,
3hand6h

SEM micrographs of the composite samples fabricated at 9f@0°80 min as
shown in Figure @3 reveal a relatively uniform distribution of the reinforcing phases
with no voids or microcracksAlso SEM micrographs reveal that thasestill residual

boron carbidevhich appeasas darkregionsin the micrographs
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Figure 6.23 SEM microstructure othe AZ91D alloy MMCs fabricated by using a
3Ti-B4C preform with 709D at 900°C for 30 min

With increasing the holding timethe retained boron carbid@ark areas)
decreased as shown in the microstructures of the samples fabrica@®@tforl.5 and
3 h, Figure 6.24 and 6.25respectively. No pores or microcracks were detected thell

samples. Thisuggestshat the composites are fully dense
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Figure 6.24 SEM microstructure ofhe AZ91D alloy MMCs fabricated using a 3B,C
preform with 70%RD at 900°C for 1.5 h
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Figure 6.25 SEM microstructure othe AZ91D alloy MMCs fabricated by using a 3Ti
B4C preform with 709D at 900°C for 3 h

EDS elemental mappings for these samples are shown in Figureso66288
The overlap of boron and carbon or tegions of concentrateldoron reveal that the
retained boron carbidedecreased with incread holding time. Also, the overlap of
titanium, carbon and boron presthe formation of the reinforcing phases T&hd TiB..
Furthermore, the mapping of Al in the sampjpegscessed fod.5 and 3 h reveals its
concentration in regionthat overdap with Ti suggestingthe formation of the ternary

compoundTi,AlC which was confirmed bthe XRDresults

EDS analysis as shown in Figure 6.29 through a line scan of the sample fabricated
at 900°C for 3 h reveals the presence of the retdoesh carbidesurroundd by MgB,

phaseand also théernarycompound.
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Figure 6.26 SEM microstructure andEDS elemental mappingf the TiC4-TiB,/AZ91D
compositesynthesized at 900%0r 30 min
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Figure 6.27 SEM microstructure andEDS elemental mappingf the TiCx-TiB,/AZ91D

composites synthesized at 90G8C1.5h
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Figure 6.28 SEM microstructure andEDS elemental mappingf the TiCx-TiB,/AZ91D
composites synthesized at 90G8C 3 h
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Figure 6.29 SEM-EDS ofthe AZ91D MMCs fabricated at 900°C f&h holding time

6.3 Influence of the Green Compact Density on the Fabrication of TiC-TiB /Mg
matrix composite
To obtain the influence of the green compact density, composite samples were
fabricated usin@Ti-B4C preforms withdifferent relative densities: 55, 60, 65, and 70%
while the processing temperature and the holding time were kept constant.
Figure 6.30 shows the XRD spectra fohreecomposite samples prepared at the
same temperatur800°C the same holding timé&.5 h and using 3T7B4C preforms with

different relative densities, 55, 65 and 70%.
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Figure 6.30 XRD patterns othe AZ91D alloy MMCs fabricated at 900°C for 1.5 h using
3Ti-B4C preforms with differentelative densities (a) 55%, (b) 65%nd
(c) 70%

It is clear that the peaks of Tj@nd TiB, arepresentin all samplesand increase
with increasing green compa&D. On the other handhe area under thgeals of
retainedboron carbideand those of the intermediate phases, TiBBJfiand MgB,
decrease with increasing green comiiot It is important to note thahe area under the
peaks of Mg at 55%s higher than those at 65% or 70% green compact. Also, the XRD
pattern at 70% revespeaks for the ternary compound AIC).

Based on these results, it can be concludedteabigher the green compab,
the higher the contact area betweesCBand Ti particles accelerating theeaction
through a shoer diffusion path. This is supported by the volume percentage of the

phases based on Rietveld analgsipresented in Figure 1.
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Figure 6.31 Phases volume percentage of the AZ91D alloy MMCs fabricaté@GC
for 1.5 h using 3FB4C preforms with different relative densities: 55, 65
and 70%

SEM micrographs of the composite samples fabricated at 900°C for 1.5 h holding
time using different preforms with 55% and 78 are shown in Figure 6.32.

SEM observations reveal a relatively uniform distribution of the reinforcing
phases in the two cases. However, retaibebn carbidgdark phase) in the sample
fabricated using a 55%®D preform is higher than those in the sample fabricated using a
70% RD preform. Also, no pores or microcracks are observed in the microstructure of

both of them.
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Figure 6.32 SEM micrographs of the AZ91D alloy MMCs fabricated at 900°C for 1.5 h
using a 3TiB4C preform with different relative densities: (a) 55% and (b)
70%

It is important to mention that this work tried to increase the volume percentage of
magnesium in the composites to improve their ductility by controlling the prékino
obtainthe required reinforcement volume percentage in the composites.

For example othe attempts tancrease the volume percentage of magnesiym
controlling the green compaRD, pure Mg matrixcompositewas fabricated using a 3Ti
B,4C preform with 60%RD at 800°C for 6 hThe sample was fabricated at 800°C to avoid
the high oxidation and evaporation of magnesium at hitgraperatures and for 6 h to
ensure the formation of the equilibrium phases,Ta@d TiB, with the least amounts of
retained Ti, boron cartle and residual intermediate phaseé®D spectraof two
composite samples fabricated using a-BJC preform with 60 and 70% relative
densities argshown in Figureés.33.

The results revealed that the volume percentage of Mg inside the composite

became higher than that of samples with 70% green cor®Riaddn the other hand, the
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peak areas of retained Ti abdron carbideand those of intermediate phases are higher

thanthoseof 70% green compa&D.
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Figure 6.33 XRD patterns of pure Mg MMCs fabricated at 800°C for 6 h usingB3Ti
preforms with different relative densities (a) 60% and (b) 70%

SEM microstructure®f the composite sample fabricatesing a 3TiB4C preform
with 60% RD, shown in Figureés.34, reveal a directional distribution of magnesium in the
infiltration direction and relatively uniform distribution tie network of TiG and TiB
with residual Ti andboron carbideand intermediate phases. These observations can be
supportedy EDS analysis as shovafsoin Figure6.34 which revealghatMg penetrates
the reinforcing network and proves the presence of reslhrain carbidddark aeas)

surrounded by MgB(dark greyphas¢ in the microstructure.
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Figure 6.34 SEM-EDS of AZ91D Mg alloy MMCs fabricated at 800°C for 6 h
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Moreover, the kemental mapping for the samples fabricatedsing different
green compact densigshown in Figure$.35 and 6.8 reveala higher content of Min

the case 060% thanin the caseof 70% green compad®D. On the othethand the
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mappingof boron in its concentrated regionsgveals that the retaindabron carbide
decreased with increasing green comgridt Also, the overlap of titanium, carbon and
boron proesthe formation of theainforcing phases TiCand TiB,. Thus it can be said
that the amount of Mg matrix increasatdlow green compad®D but on the other hand,
the reaction to form the reinforcing particles was still incomplete.

Based on the obtained results, it can be mentioned that the volume percentage of

the reinforcing phases can be tailored by controlling the preRidm

Figure 6.35 SEM microstructure andeDS elemental mappingf the TiC,-TiB,/Mg
composites synthesized using a -BLC preform with60% RD at 800°C
for 6h
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Figure 6.36 SEM microstructure and EDS elemental mapping of the,-TiB,/Mg
composites synthesized using a-BLC preform with 70%RD at 800°C
for6h

From the above results, it can be said thatptteeessing parameters such as the
processing temperature, holding time and green conifiapiay an important role in the
in-situ reaction andhencein the fabrication of the composite.

Based on theesults of studying the effect dfie processing paranees on the
fabrication of compositest is recommended to fabricate the compasitsing a green
compact of 709%RD at 900°C for 1.5 hThe required equilibrium phaseEC, and TiB,
form in the fabricated compositegth very small amount of residual Toporon carbide

and intermediate phases such as, TiBB, and MgB. Moreover, the fabrication of the
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composites at these processing paramed@ds significant oxidation of Mg and
formation of the ternary compoundi¢AIC) in the case of AZ91D or AM60B alloy
compositesvhich can adversely affect the mechanical properties of the composites

It can be noted that, in this studfne focus was on AZ91D as a matrix for
fabricating the composites. However, wheds employed with AZ91D alloyas also
been applied with pure Mg and AM60B using the same processing parameters. Figure
6.37 shows SEM micrograph of AM60B composite sample fabricated at 900°C for 1.5 h

using a3Ti-B,4C preformof 70%RD.

j ' - ety Pl N
SE1 150k RZ000 40pm. P e T : SEN ™ 50k M 5000 Sl

(c) (d)

Figure 6.37 SEM micrographs othe AM60B Mg alloy MMCs fabricatedising a 3T4
B4C preform with 709D at 900°Cfor 1.5 h
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As in the case of AZ91D composite sample, a relatively uniform distribution of
the reinforcing phases is achieved with very small retaibedon carbideand
intermediate phases such as TiB angB{iAs mentioned earlier, it is very difficult to

distinguish between these compounds by SEM.

Part II: Fabrication of TiC -TiB,/Mg Matrix Composites using Mg(3Ti-B4C)

or MgH ,-(3Ti-B4C) Preform
As mentioneckarlie; Mg or MgH, powder ha been addetb the 3TiB4C preformas an
attemptto raise the volume percentage of Mg in the fabricated composites in order to
improve the ductilityand reduce densityo achieve that, pure Mg, AM60B and AZ91D
matrix composites have been fabricated usiigg(3Ti-B4,C) or MgH»-(3Ti-B4C) preform
with 70% RD and different Mg or Mgkl weight percentagesising the optimum

processing paramete@00°C and 1.5 h.

6.4 Fabrication of the TiC-TiB /Mg Composites using Mg(3Ti-B4C) Preform
Based orthe study of then-situ reaction mechanism of the Mig-B,C systemChapter
5, the percentage of magnesium in the composiéesbe increasedPure Mg, AM60B
and AZ91D matrix compositeBave beerfabricated using raMg-(3Ti-B4,C) preform
containingdifferent weight percentages &g powderat 900°C, 1.5 h and 70% green
compactRD.

Two AZ91D composite samples have been fabricated using a.25Mdg-(3Ti-
B4C) preformwith 70%RD at 900°C and for different holding timeélsand 1.5 h to check

if the composite samples can be synthesized with complete formation,cdidd’iB; at
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lower holding time usinghe Mg-(3Ti-B4,C) preform. The XRD patterns of these two

samplesare $iown in Figure6.38.
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Figure 6.38 XRD pattern of the AZ91D Mg MMCs fabricated using a 25 wt.%-(dgi-
B4C) preform with 70%RD at 900°C for different holding times: (a) 1 h and

(b)1.5h
The XRD analysis revealethat 1 h holding time is not enough to fortime
required reinforcing phases, Ti@nd TiB, completely and very small amouns of
retainedboron carbideand residual TiB phase were detected. After 1.5 h holding time,
TiCyx and TiB, are completely formed without any retained boron carbide or residual
intermediate phases. However, #rmount ofternary compound (FAIC) increased while
TiCx decreased. Also, the composite samples have been fabrat&ea°C for 6 h and

the TiG, and TiB, are completely formed as welHowever, the fabrication of the
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composites at 900°C for 6 h is not recommended because of the higher percentages of the
formed ternary compound (AIC) and MgO than those in the composites fabricated at
1.5 h. This is de to the diffusion of Al from molten Mg alloy into the substoichiometric
TiCx with increasing holding timeesulting in the reduction diie percentage of TiC
SEM micrographs of the composite samples fabricated at $00%Ch as shown
in Figure 6.39 reeal a relatively uniform distribution of the reinforcing phases without

pores which means that the #gbricated composite is fully dense

(c) (d)

Figure 6.39 SEM microstructure ofhe AZ91D alloy MMCs fabricated using a 25 9
Mg-(3Ti-B4C) preform with 709D at 900°C for 1 h
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However, there are some very small microcracks in the Mg matrix which are
probably due to hot tearing in the magnesidaring solidification. Also, very small
retainedboron carbidecan be observed in the microstructure of the sample while it is
very difficult to distinguish between TiB and TiBy SEM as mentioned earlier.

On the other handyith increasing the holding time to 1.5 h, as shown in Figure

6.40, a relatively uniform distribution of the reinforcing phases withany retained

boron carbidevasobtained supported byhe XRD analysis

Figure 6.40 SEM microstructure othe AZ91D alloy MMCs fabricated by using a
25 wt% Mg-(3Ti-B4C) preform with 709D at 900°C for 1.5 h
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SEM observations show that no pores are present in the microstructure of the as
fabricated composite and this suggests that the composite is fully dense. However, there
are some very small microcracksthe Mg matrix as in the composite sample fabricated

at1 h.

According to the elemental mappiof the composite sample fabricatedlad h
as shown in Figure 81, the observed overlap of the titanium, carbon and boron proves
the existence of the netwoof TiCx and TiB in the Mg matrix. Also, the elemental
mapping reveals that thadark grey regions arerelated toMg or MgO. Moreover, the
elemental mapping reveals thatiddistributel not onlyinsidethe Mg matrix but also in
the Mgfree regions andhis means that the ternary compoundAIT) is relatively
uniformly distributed in the network of the reinforcing phases making its detection by

SEM very difficult.

To show the effect of adding Mg powder to the-BEC preform onthe volume
fractionsof Mg and the reinforcing phases, XRD analysis was performed. The XRD
results, shown in Figure 6.42, reveal that the area under the peaks of magnesium in the
fabricated composites increased when the(BI§-B4C) preform was used instead of the
3Ti-B4C préorm but on the other hand more MgO was detected as well. This is because
Mg powder has a higher affinity for oxygen due to its higher surface area. Also, the
presence of Mg powder in the preform enhanced the reaction between TjGaddBas
a result, Mgcomposites were fabricated without any retained Ti, boron carbide or any

intermediate phases such as 6iBVIgB,.
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Figure 6.41 SEM microstructure andDS elemental mappingf the TiCx-TiB,/AZ91D
composites synthesized at 900 1.5 h using a25 wt.% Mg-(3Ti-B4C)
preformwith 70%RD
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Figure 6.42 XRD pattern of the AZ91D alloy MMCs fabricated at 900°C for 1.5 h using
different preforms (a) 3TB,C and (b) 25 wt.% Md3Ti-B4C) preforms
with 70%RD

The volume percentages of the phases of the compasitgbesizedusing
3Ti-B4,C and 25wt.% Mg-(3Ti-B4C) preforns are shown in Figure 83. A higher
percentage of Mg after adding Mg powder to the-B4T preform was obtained while
the percentage of TiCdecreasedand the amount of the ternary compound,AIC
formed in the composite increased afselding Mg powder. Also, the residual boron
carbide and intermediate phases such as TiB and, MigBstill present in the composite

made using the 31B4C preform.

143



80

M 3Ti-B4C Preform H 25wt % Mg-(3Ti-BsC)

70
60
50

40

Phase Vol.%

T!ljiiiii

Mg

Phases
Figure 6.43 Phase volume percentagetioé AZ91D alloy MMCs fabricated at 900°C for
1.5 h using different preforms (a) 3ByC and (b) 25 wt.% Mg3Ti-B4C)
preforms with 709RD
Comparing the microstructures and elemental mapping of these two cases

revealed also the same resu#tdding Mg powdeincreagsthe amount of Mg inside the

composites and no residual intermediate pheseainas shown in Figure 6.44.

It can be noted that only one exampleusing AZ91D alloy as a matriwith a
25 wt% Mg-(3Ti-B4C) preformhas beerpresentechere However, what is employed
with AZ91D alloy has alsobeen applied with pure Mg and AM60B using the same
preform with different weight percentages of the Mg powtearan be concluded that the
percentage of reinforcing phases in the Mg matrix can be tdiloyeadding different

amounts of Mg powder to the 3ByC preform.
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Figure 6.44 SEM microstructure and EDS elemental mapping of the-TiB,/AZ91D

composites synthesized at 900°C for 1.5 h using different preforms: (a) and
(b) 3Ti-B4C and (c) and (d) 25 wt.% M@Ti-B4C)

6.5 Fabrication of the Composites using MgH-(3Ti-B4C) Preform

In the same wayand based onthe study of then-situ reaction mechanism of the
MgH,-Ti-B4C system,Chapter 5, the percentage of magnesium in the composites can be
increasedby magnesium hydride addition®ure Mg, AM60B and AZ91D matrix
composites have been fabricated usarg Mgh-(3Ti-B4C) preform with 70% RD

containingdifferent weight percentages of Mgdowder at 900°Gor 1.5 h
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6.5.1 AZ91D Matrix

XRD analysis for two composite samples fabricated using a 26 WigH,-(3Ti-B4C)
preform with 70%RD at 900°C and fot and 1.5 holding times was grformedandis
presentedn Figure6.45. This analysis was carried outwerify the optimal holding time

for composite fabrication using this prefarm
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Figure 6.45 XRD pattern of the AZ91D alloy MMC#&bricated using 25 wt.% MgH
(3Ti-B4C) with 70%RD at 900°C for different holding times: (a) 1 h and (b)
15h

It can be observed that 1 h holding time is not enough to form the required
reinforcing phases, TiCand TiB, completely and very small amourst of residual
intermediate phases such as TiB and MgBre detectedOnincreasing the holding time

to 1.5 h, TiG and TiB formed completely without any residual intermediate phases or
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only tracesof residual TiB which can be neglected. Hwer, higher peentages of the
ternary compound (ZAIC) and MgO than those in the composites fabricated atdeh
observed.

Figure 646 showsthe SEM microstructure of the composite sample fabricated at

900°Cfor 1.5 h usinga 25 wt% MgH,-(3Ti-B4C) preform with 70%RD.

RET1S0RN 29000 T DI -
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Figure 6.46 Microstructure of the TiGTiB,/AZ91D composites synthesized at 900°C,
1.5 h using 25 wt.% Mgh-(3Ti-B4C) preform with70%RD

As shown in the figure, a reasonably uniform distribution of reinforcing phases,
a network ofTiCy and TiB is observed. However it is very difficlilas mentioneearlier,

to distinguish between them especidilgcausetheir particle sizes are very small in
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addition to the insignificant difference in thesffective atomic numbers making the
discernment very difficult by SEMrurthermore, SEM observations reveal that no pores
or microcracks are present in thecrostructure of the asbricated TiG-TiB,/AZ91D

composites indicatg that the composites are fully dense.

According to the elemental mapping for the composite sample fabricated at 1.5 h
shown in Figure 6.4 the observed overlap of the titanium, carland boron images
proves the existence of the network of Jahd TiB in the Mg matrix.Furthermorethe
elemental mapping reveals that Al is distributed not only ingid&lg matrix but also in
theMg-free regionsndicatingthat the ternary compoundigAIC) is relatively uniformly
distributed in the network of the reinforcing phases making its detection by SEM very
difficult. However, the elemental mapping reveals the existence of Al in some

concentrated areas as shown in the figure.

EPMA results for the sample at a region of concentrated Al are helpful to analyze
the distribution of thein-situ reaction products, TiC and TiB, and infiltrated
magnesium, as shown in Figure &.4he overlapbetweentitanium, boron and carbon
were cledy observed proving the presence of the reinforcing phases, TiC and TiB
Also, the overlap between titanium, aluminum and carbon in the region of concentrated
aluminum reveals three distinct regions from the interface to the core. It is noticed that Ti
increases in the direction of the core while the concentration of Al increases in the

opposite direction.
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Figure 6.47 SEM mcrostructure andDS elemental mappingf the TiCx-TiB,/AZ91D
composites synthesized at 90G8C 1.5 husing a25 wt.% MgH,-(3Ti-B4C)
preformwith 70% RD
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Figure 6.48 EPMA analysis of theliC-TiB,/AZ91D composites synthesized at 900°C
for 1.5h using &5 wt% MgH»-(3Ti-B4C) preformwith 70%RD
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Based on these observatspnt can be concluded that the ternary compound,
Ti,AIC (Al-rich) formed at the interface followed lawery smalllayer ofanother ternary
compound, TAIC, and then Ti¢ phase in the coré schematic representatiaf this

process is presented in Figurd%.

C C
h \ ¥
@,._ — | C-saturated ,‘_,:}. .4— = Ti:AIC
+ Ti; AIC;

Figure 6.49 Schematiaepresentatiof the formation of the ternary compounds in the
composite synthesized at 900f@ 1.5 h and using &5 wt% MgH,-
(3Ti-B4C) with 70%RD
To show the influence oddding MgH powder to the 3TB4,C preform on the
volume fractions oMg and the reinforcing phases, XRD analysis for tsm#nariosvas
carried out. The XRD resultshown in Figure &0, reveal thathevolume percentagef
magnesium in the fabricated composites increased after adding phytterto the
3Ti-B4C preform but on the other hand, more MgO was detettechusethe
decomposition of Mghklat low temperature formg Mg with a high affinity for oxygen
due to itshigh surface arealso, the presencef Mg with high reactivityin the preform
enhanced the reaction between Mg, Ti an€ Bnd as a result, Mg composites were

fabricated without any retained Tpron carbider any intermediate phases such as TiB

or MgB;.

Comparing the volume percentage of the phasdkse composites fabricated using

25 wt.%Mg-(3Ti-B4C) and25 wt.%MgH2-(3Ti-B4C) preforms as shown in Figures 6.43
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and 6.50, respectively, reveal a higher volume fraction of Mg in the composites using
MgH. than those using Mg powder in the preform. This can be interpreted by the higher
volume of MgH than that of Mg powder when using the same weight percent due to its

lower density as presented earlier in Table 4.6. Besides, after the decomposition of

MgH», more channels became available for the infiltrated Mg.
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Figure 6.50 Phase volume percentage of the AZ91D alloy MMCs fabricated at 900°C for
1.5 h using different preforms (a) 3BL,C and (b) 25 wt.%dMgH»-(3Ti-
B,4C) preforms with 70 9RD

It can be mentioned that the percentage of reinforcing phases in the Mg matrix
can be tailored by adding Mghbowder to the 3FB4C preform. The XRD patterns and

the volume percentages of tfttemedphasesn the composite samplaeynthesizedising
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an MgH»,-(3Ti-B4C) preform with 10, 25 and 4@t.% MgH, are shown in Figuse6.51
and 652, respectively.

As shown in Figure 61 the XRD spectra of the composite sample fabricated
using 10 wt.% Mgk (3Ti-B4C) preform reveals the formation of the Ti@nd TiB
reinforcing phases with very small residual intermediate phases such as TiB apd MgB
On the other hand, the XRD patterns of the composite samples fabricated using 25 wt.%
or 40 wt.% MgH in the preform reeal thecompleteformation of the reinforcing phases
without intermediate phasddowever, the percentage of Tifh both cases is lower due

to the formation of the ternary compoundAIC atthe expense of TiC
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Figure 6.51 XRD pattern of the AZ91D alloy MMCs fabricated at 900°C for 1.5 h using
MgH»-(3Ti-B4C) preforms with different MgkHweight percentages (a) 10,

(b) 25 and (c) 40 wt.%
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Figure 6.52 Phase volume percentagetioé AZ91D alloy MMCs fabricated at 900°0r
1.5 h using Mghk(3Ti-B4C) preforns with different MgH weight

percentages

Moreover, it is obvious that the area under the peaks of the Mg in the composite
increased with increasinbe weight percentage of Mglgowder in the preform which is
supported by the calculated volume percentages of the phases in the composite sample as
presented in Figure 65

The formation of the ternary compoundAlC, was proved also by XRD for the
composite sample fabricated using 40%wMgH»-(3Ti-B4C) preformwith 70% RD at
900°C for 1.5h compared with the XRD pattern of ,AIC from Pear sonds <cry

databas¢l39] asshown in Figure 6.5
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Figure 6.53 XRD pattern ofthe AZ91D alloy MMCs fabricatect 900°C for 1.5 lusing
a40 wt% MgH,-(3Ti-B4C) preform with 70%RD

6.5.2 AM60B Matrix
Using the same preform consisting of MgHi and BC powders at 70%:D with

differentamountsof MgH, powder,AM60B matrix composites have been fabricated at
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900°Cand 1.5 h.In this study two AM60B composite samplegere fabricated using a
25 wt.% MgH,-(3Ti-B4C) preformwith 70% RD at 900°C and fol and 1.5 Hdifferent
holding timesto obtainthe optimal holdingtime toform the required reinforcing phases

for this systemThe XRD analysis was carried cartd presenteih Figure6.%4.
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Figure 6.54 XRD pattern of the AM60B alloy MMC#fabricated using a 25 wt.% MgH

(3Ti-B4C) preform with 70%RD at 900°C for different holding times: (a) 1 h
and (b) 1.5h

By comparingthearea under thpeaks of the phases in the two compositesan
be observed that the equilibrium reinforcing pha3éS, and TiB, formed in the two
samples fabricated atiiand 1.5 h with very small amowbf retainedboron carbide
andresidual intermediate phases such as paii TiB. However, the sample fabricated
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at 1.5 h hasnly tracesf these intermediate phagbatcan be neglected. Furthermore, it
can be observed that the ternary compoungA{T) formed only in the sample
fabricated atl.5 h. Toconfirm these observationt)e volume percentages thife main
phases ofhesetwo conposites fabricated at 1 h and 1.5 h based on Rietveld analysis are

analyzed and presentadFigure 655.
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Figure 6.55 Phase volume percentagetbé AM60B alloy MMCs fabricated at 900°C
using 25 W% MgH,-(3Ti-B4C) preform with 70%RD and at 1 and 1.5 h
holding times

SEM observations of the composite samples fabricated at 900°C for 1 h as shown

in Figure 6.% show a relatively uniform distribution of the reinforcing phases without
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pores which means thtdte composite is fully dense. However, there are some very small

microcracks in the Mg matrifor the reasomentioned earlier

i L

m RenfrcinP

Figure 6.56 SEM microstructuref the AM60B alloy MMCs fabricated using a 25 ¥
MgH»-(3Ti-B4C) preform with 709D at 900°C for 1 h

Also, very small retainedoron carbide(dark part)can be observed in the
microstructure of theample while MgB (dark grey part)s present at its interface which

is supported by the EDS analysis through a line scan shown in Figire 6.5
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Figure 6.57 SEM-EDS ofthe AM60B alloy MMCs fabricatedusing a 25 wf#o MgH,-
(3Ti-B4C) preform with 709D at 900°C for 1 h

On the other hand, SEM observations of the sample fabricated at 900°C and 1.5 h
using 25 wi% MgH,-(3Ti-B4C) preform with 70%RD reveal,as shown inFigure6.58, a
reasonably uniform distribution @f network of theeinforcing phases. Furthermore, no
pores or microcracksvere observedin the microstructure of the disbricated TiG-
TiB,/AM60B composites.

The elemental mapping for the composite sanigltgicated at 1.5 h as shown in
Figure 659reveals the overlabetweertitanium, carbon and boron proving the existence
of the network of Ti¢ and TiB in the Mg matrix.Moreover, the elemental mapping
reveals that Al is distributed not only insidee Mg matrix but also in théVig-free
regions This means that the ternary compound,AIC) is relatively uniformly
distributed in the network of the reinforcing phagéso, it was observed th#te Ti,AIC
compound formed with molten AZ91Bnd AM60B. However, the percentage of this
phase with AM60B is lower than that with AZ91D. This becomes clear when the area
under the peaks in the two composites is compared as shown in Fighueleis is

simply because of the difference in the Al contestineen the two alloys.
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Figure 6.58 SEM microstructure othe AM60B alloy MMCs fabricated using a 25 ¥
MgH2-(3Ti-B4C) preform with 709D at 900°C for 1.5 h
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Figure 6.59 SEM microstructure andEDS elemental mappingf the TiCxTiB,/AM60B
composites synthesized at 900R€ 1.5 husing 25 wt.% MgH,-(3Ti-B4C)
preformwith 70%RD

161



= Mg + TiC o Tik o TiB,

& MgB, xTihAIC ¢ MgD  * Si

Intensity

1] 30 40 50 1] T &0
20 (Degrees)

Figure 6.60 XRD pattern of the Mg alloy MMCs fabricated at 900°C for 1.5 h uaing
25 wt.% MghH-(3Ti-B4C) preform with different matrice&@) AM60B and
(b) AZ91D Matrix

The study of the fabrication of composites using MBTi-B4,C) preform with
AZ91D and AMG60B alloy as a matrix was presented. However, whsitemployed with
AZ91D alloy has been applied with pure Mg using the same preform with different

weight percentages of the Mgdowder.

It can be concluded that the percentage of reinforcing phases in the Mg matrix can

be tailored by addindifferent amounts o¥gH, powder to the 3TFB,C preform.
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Chapter7

Charaterizationof theTiC-TiB /Mg Matrix Composites

7.1 Density and Porosity of the Composite
The bulk density anépparentporosity ofthe compositesamplesare measured using
Archimedes$ principle according to ASTM standard GRO [138] as described in
Chapter 44.1 while the theoretical density wasstimated based on the rule of mixtire
(ROM) [154]. In practice, Equation 4.3 cannot be used realistically because of the
presence of intermediate phases and also duéndocuracy of volume fraction
measurements from XRD.

The bulk density and the apparent density of the fabricated compositgpuse
Mg, AM60B and AZ91D allog as a matrix have been measurétbwever,in this
section thefocusis ontheresults of theAZ91D alloy composites

The bulk density and apparent porosity tife TiC4-TiB,/AZ91D composites
fabricated at the optimal processing parameters, 900°C and 1using a 3Ti-B4,C
preform and after adding different weight percentagesMdH, powder to the preform
were measured. The resudtiepresented in Table 7dnd shown in Figure 7 dompared
with the density of the unreinforced AZ91D Mg alloy ahdtof TiC.

It is worth noting thatte porosity <calculated from
represents only the open porosity

The results reveal that the density of the infiltrated composites decreases with

increasing MgH powder content in the preform due to the increaseadrduix content.
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Table 7.1 Bulk density andipparenporosity ofthe TiC4-TiB,/AZ91D composites

MgH, content in | Reinforcing phase{ Bulk density, g/cmi | Apparent porosity
the preform (wg%) (vol. %) ASTM C2000[138] (%)
0 ~ 40 3.19 +0.12 0.082 +0.008
10 ~30 2.78+0.088 0.061 £0.004
25 ~ 2 2.56 £0.066 0.046 +0.009
40 ~12 2.30+£0.045 0.180 x0.012

" The balance is Mg matrix and residual phasstbr MgO

230
1.81

Figure 7.1 Comparison of various bulk density values
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Based onthese results,he density of the composites can be tailored by
controlling the weight percentages of the Mgbbwder added to the 3B,C preform.

For example, the density of TiTiB,/AZ91D composites decreased by nearly 13%,
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20% and 28% after adding ¥0.%, 25 wt.% and 40 wt.% MgH powder to the 3TB,C
preform, respectively.

Furthermore,the bulk density and apparent porosity of the ,ITiB,/AZ91D
composite sampkfabricated using 3TB,C and Mg(3Ti-B4C) preforns with 70% RD
and different Mgpowderweight percentages are presented in Table 7.2 and Figure 7.2
compared with the density of the unreinforced AZ91D Mg alloy tadl of TiC. The
results reveal thahe density of the composites decreases with increddmgowder
weight percentagim the preform due ttheincreagd Mg matrix content

Based on these result$iet density of the composites can be tailoatsb by
controlling the weight percentages of the Mg powder added to thB,&Tpreform. For
example, the density of TiETiB,/AZ91D composites decreased by neald§aland17%
after adding 10 wt.%and25 wt.% Mg powder to the 31B,4C preform, respectively.

The results also show that the density of the composites fabricated using a
preform containing Mg powder is higher thdnose after adding the same weight
percentage oigH, powder As shown in Table 4.6he density of magnesium is higher
thanthat of MgH, which means higher volume ofMgH; than Mgfor the same weight
percent.Thus, the volumdraction of Mg in the composites using Mghk higher than
that usingMg powder in thegpreform

Table 7.2 Bulk density andipparenporosity of TiG-TiB,/AZ91D composites

Mg content in the| Reinforcing phase{ Bulk density, g/cmi | Apparent porosity
preform (wt %) (vol. %) ASTM C2000[138] (%)
0 ~ 40 3.19£0.12 0.082 +0.008
10 ~33 2.84+0.08 0.073 £0.015
25 ~25 2.65 +£0.052 0.053+0.004

" The balance is Mg matrix and residual phasstbr MgO
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Figure 7.2 Comparison of various bulk density values

The calculated densts of the pure Mg and AM60B compositessing

Archi medesd princilpollegrespeativelg. 01 NO. 1 and 3.

In summary, it is important to note that the density and porosity measurements
revealed that sound composites with vy porosity have been fabricated at optimal
processing parameters and this matches with the microstructural observations shown
previoudy in Chapter 6. Also, it is clear that these fabricated composites areveiht
and their densities can be tailored by controlling the green comglative densityor the
weight percentages tfie Mg or MgH, powder added to the 3H,C preform.
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7.2 CompressionTestResults
The compression behavior of tHEC,-TiB,/Mg composites fabricated at different
processingparameterdhas beerstudied toobtain the parametergequired to fabricate
sound composites withmproved mechanical propertieBurthermore the compression
behavior of the composites with different volume fraction the reinforcing particles
fabricated at theeprocessing parametenas been investigated.

The engineering stress was obtained by dividing the axial force by tid ini
crosssectional area of each sample. The axial strain was evaluated using two strain gage
placed in the longitudinal direction as shown in Figii® Three tests of some samples

have been performed guarantee reliable results atadobtainthe standard deviatian

Upper grip

Sample

Strain gauge

Lower grip

Figure 7.3 Digital photo of compression testing in the MTS machine
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7.2.1 Processing Parameic Study

As discussed earliethe processing parametessich as temperature, holding time and
green compadRD have a great effect dine in-situ reaction mechanism antherefore,

on the fabrication of Mg matrix composites van in-situ reactive infiltrationtechnique

In this sectio, the effect of these processing parameters on compression testisesults
investigated focusing othe AZ91D compositesThis study was conducted by changing

one factor at a time.

7.2.1.1 Effect of Processing Temperature on the Compression Behavior of thHeabricated
Composites

The influence of the processing temperature on the compression behavior of the
fabricated composites has been studieddsyingthe composite samples fabricated at
different pocessing temperatures &00, 850 and 900°CThese compositeswere
fabricated by using a 3B4C preform with 70% RD at 1.5 h holding timeThe
compression test was done at room temperature.

Typical stressstrain curves obtained for the composite samplese shown in
Figure 74.1t can be observed that the compressi:
fabricated composite samples are affected significantlyhbyprocessing temperature
The average compressivarength Y o u n g 6 sus ana ther percentage of height
reduction of the composites fabricated at different processing temperatutisteari
Table 7.3.

The moduli were calculated from the slope of the tangeiat 180 MPa stress
level. Moreover, to confirm the moduli values, they were calculated from the linear slope

of the stresstrain region between 5 and 25 MPa. For examfae,the composite
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fabricated at 900°C for 1.5 It corresponds

strains)and25 MPa as shown in Figure 7.5.
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Figure 7.4 StressStrain Curves of theTiCy-TiB,/AZ91D composites fabricated at
different processing temperatures §8p°C, (b) 850°Cand (c) 900°C

Table 7.3 Compression test results of AZ91D alloy and FikiB,/AZ91D composites

fabricated at different processing temperatures

Sample Processing Yo ungd Compressive Height
Temperaturg Modulus, B0, Strength reduction
(°C) (GPa) (MPa) (%)
AZ91D alloy |  ----- 45 241 3.13
TiC,-TiB,/AZ91D 800 104 729 0.81
. 850 137 750 0.79
Composites _
900 195 +15.69 878+19.47 | 0.66+0.04

" Data for this temperature is based csaiples.
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|t i's clear t hat the compressive stren
increasing the processing temperature while thénélght reduction decreased. Poor
ductility of the composites can be attributed to the presence of brittle ceramasphas

TiCx and TiB, becausehey prevent the plastic deformation and block the dislocation

motion.
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Figure 7.5 Initial region of compressin stressstrain curve forthe TiC4-TiBo/AZ91D
composite fabricated at 900f@ 1.5 h

Based on the obtained results, it can be observed that there is a strong relation
between the processing temperature and the mechanical properties obtained from the
compression test. The effect thie processing temperature on the mechanical properties
is attributed to its effect on tha-situ reaction and therefore on the volume fractions of

the reinforcing phases.
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According to the volume percentages of the ph&sas Retvieldanalysis shown
in Figure 76, the highest volume fractions of theinforcing phases, Tind TiB,, were
found in the sample fabricated at 900&@h very small retainedoron carbideand
residual intermediate phases compared with those fabricated at 880°PGr Therefore,
the composites fabricated at 900°C had the highest compressive strengffoamdh g 6 s

modulusbut the lowest ductility.

B 300°C B 350°C H 900°C

45

40

35

30

Phase Vol.%

whmn; oo

Mg 1B Ti:By MgB: Ti B4C/B;:C; MgO
Phases

Figure 7.6 Phases volume percentagetlué AZ91D alloy MMCs fabricated using 3Tk
B4C preform with 706 RD for 1.5 h and different processing temperatures
800, 850 and 900°C

In general, the strength of the magnesium alloys increased with the addition of the
reinforcing phases where the dispersion of fine and hard particlehetodtrix blocks

the dislocation motion and thus strengthens the material. In this study, the change in the
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mechanical properties of the fabricated composites at different processing temperatures is
due to the effect of the temperature on imesitu reacton andthereupon the formed

reinforcing phases.

7.2.1.2 Effect of Holding Time on the Compression Behavior of theFabricated
Composites

To investigate the effect of the holding time on the compression behavior of the

fabricated composites, the compression best beerperformedon composite samples

which have beerabricated usin@Ti-B4C preforns with 70% RD at 900°C for different

holding times 1 h, 1.5h and 3 h.Typical stressstrain curves for these composite

shown in Figure 7.
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Figure 7.7 Stressstrain curves of the TiGTiB,/AZ91D composites fabricated at 900°C

andfor different holding times (a) 1 h, (b) 1.5dnd (c) 3 h
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|t can be observed that the compressiyv
fabricated TiG-TiB,/JAZ91D composite are affected significantly bthe holding time.
The average compressivarength YoungoOs modul us and the
reduction of the composite samples fabricated at different holding times are listed in

Table 7.4.

Table 7.4 Mechanical properties ahe AZ91D alloy and TiG-TiB,/AZ91D composites
fabricated at different holding times

Sample Holding Youngd@ Compressive Height

Time Modulus, E1so, Strength reduction

(h) (GPa) (MPa) (%)

AZ91D alloy | ---- 45 241 3.13

+ + +
(TIC-TiB,)/AZ91D 1 144+9.06 737+25.26 0.72£0.035
. 15 195+15.69 878+19.47 0.66 £0.040
Composites

3 161 +£7.81 826+26.9 0.76 £0.063

Again, the moduli were calculated from the slope of the tangent at a 160 MPa
stress level and from the linear slope of the stséissn region between 5 and 25 MPa as
well. For exampleFigure 7.8 shows the initial region of the stretigin curve forthe
composite fabricated at 900°C for 3lhcorresponds to a strain of about 0.015% (150

micro-straing and 25 MPa.

The holding time plays an important role in the fabrication of the composites and
therefore it can significantly affect their mechanicabpgarties. The compression test
results revealed that the composite sample fabricated at 1.5 h holding time has a higher
compressive strength and Youngds modul us t

3 h.
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Figure 7.8 Initial region of compressin stressstrain curve forthe TiCy-TiB,/AZ91D

composite fabricated at 900f@ 3 hholding time

As mentioned irBection 6.2, for composite samples fabricated at 986°PC.5 or
3 h, the required equilibrium phases, J#hd TiB, formed with very small amousnbf
residualboron carbideand intermediate phases such as TiB and Md®wever, the
formation of the ternary compound ¢AIC) at 3 h adversely affesthe compessive
strength andheY o u n g 6 s oftbeccompasisavhile atthe same time can raise its
ductility. On the other hand, the residimaron carbideand intermediate phases such as
TiB and MgB for composites fabricated at 1 h are higher than thosédt @r 3 h. For
this reason, it has a | ower compressive
composites fabricated at 1.5 h or 3 h. Based on these rasus) be said thathe
composites fabricated at 900°C for 1.5 h are stiffer and strongetttbse fabricated at

900°C for 1 or 3 h but they are more brittle.
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7.2.1.3Effect of Green Compact Relative Density on the Compression Behavior of
the Fabricated Composites

The influenceof the preform relative densifRD) on the compression behavior thie

fabricated compositewas investigated byesting different compositesampleswhich

have beerfabricatedat 900°C for 1.5 tusing 3Ti-B4C preform with different relative

densitiesTypical stressstrain curves for composite samples fabricated ystatprns of

60 and 709D are shown in Figure 9.
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Figure 7.9 Stressstrain curves of the TiGTiB,/AZ91D composites fabricated using
(3Ti-B4C) preforms with different relative densities @)% and (b) 70%
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The results revealed the great effect of the pref&hon the compressive
strength and Youngo0s oBIAZOIDsompdsite.tTdble 7.5 abr i ¢
lists the average compressisgength Y o u n mazldusand the percentage of height
reduction where the moduli were calculated from the slope of the tangedat68tMPa

stress level.

Table 7.5 Compression test results dhe AZ91D alloy and TiG-TiBo/AZ91D

composites fabricated using 3ByC preforms with different relative

densities
Sample PreformRD Y o ung g Compressive Height
0 Modulus, E1s0, Strength reduction
(%) (GPa) (MPa) (%)
AZ91D alloy |  ---- 45 241 3.13
(TiC-TiB)/AZ91D 60 115 639 0.80
Composites 70 ° 195+15.69 878+19.47 | 0.66+0.04

" Data for this prefornRDis based on 3 samples.

The green compacRD plays an important role in the fabrication of the
composites andhence it can significantly affect their mechanical properties. The
compression test results reveal that the composite sample fabricated using 70% green
compact relative densifRD)has a hi gher compressive stre
than those fabricated umgj 60% green compa®D. As mentionedn Section 6.3,the
higher the green compaBD, the higher the contact area betwee Bnd Ti particles
thus accelerating the reaction between them through a short diffusion path and hence

affecting the microstructerand the formed phases in the system.
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In summary,considering that the compressive strengthdr@un g6s modul us
the unreinforced AZ91D matrix are 240 MPa and 45 GRarespectively, the
compressive strengt the campdsitsYabricated dsm@ 3MeBgCu | us o
preform with 70%RD at 900°Cfor 1.5 h increased bynearly 26546 and 33%,
respectivelyHowever, thecompositesare brittledue tothe high volume fractiasof the

reinforcing phasesf the hard ceramic particles

7.2.2 Compression Behavior of Composites—abricated using MgH»-(3Ti-B3C)
Preform
In an attempt toimprove the ductility of the fabricated composites ibgreasng the
volume percentage of the Mg or Mg alloy matrix, composite samples Mghiy-(3Ti-
B4C) preformswith 70% RD were fabricated at the optimal processing temperature and
holding time 900°C and 1.5 h. Different weigipercentages of MgHpowderin the
preform have been useshile the molar ratio ofTi:B4C was keptat 3:1. This study
focusel on the AZ91D matrix compositebut with someexample of the results opure

Mg and AM60Bmatrix composites

7.2.2.1 Mechanical Properties of theTiC,-TiB /AZ91D Composites
Typical compression behavior of tHEC,-TiB,/AZ91D composites reinforced with
different volume percentages of the reinforcing phaseestothe useof MgH, powderin
the 3TiB,C preformcompared with that of the unreinforced AZ91D allsygiven in
Figure7.10.

The compression test results for these composites are summarizatlen7.6

and represented graphically in Figure 7.11.
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Figure 7.10 Stressstrain curves of(a) the AZ91D alloy andhe composites fabricated
using Mgh-(3Ti-B4C) preformwith different MgH: contens: (b) 0 wt.%,
(c) 10 wt.%, (d) 25 wt.%and (e) 40 wt.%

It is clear that the strength and stiffness of the composites increase in response to
the higher content of the reinforcing phases,sa6d TiB. The compression testsdts
show that the composites fabricated using a0 preform are stiffer and stronger than
those fabricated after adding Mghbowder to the preform. On the other hand, the
ductility of the composites was improved substantially by nea®g,281%, and 187%
by adding 10 wt.%, 25 wt.%and 40 wt.% MgH powder to the 3FB4C preform,
respectively. This is due to the increase of the Matrix volume fraction in the

fabricated composites compared to the volume fractions of the reinforcing phases.
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Table 7.6 Compression test results dhe AZ91D alloy and TiG-TiB,/AZ91D
composites fabricated using MgfBTi-B4C) preform with different Mgkl

conteng
Sample MgH. Reinforcing| Y o u n g| Compressiveg  Height
contentin phases Modulus, Strength reduction
the preform| (vol. %) Eri60, (GPa) (MPa) (%)
AZ91D | @ - | e 45 241 3.13
. . 0 wt.% ~40 195+15.69 | 878+19.47 | 0.66+0.040
TiCy-TiB2/ °
0 ~
AZ91D 10 wt.% 30 134 648 0.83
0 ~
Composites 25 wt.% 22 110+£1001 | 540+14.55 | 1.19+0.068
40 wt.% ~12 55 369 1.89
1000 - 35
- == Y oung’s Modulus (GPa) besd Ciompressive Strength (MPa)
g 900 |~ % Height Reduction
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Figure 7.11 Compression test results of the AZ91D alloy #imelcomposites fabricated

using an MgH-(3Ti-B4C) preform with different Mghlweight percentages
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The averagecompressives t r engt h and Youngos modul t

compositeslecreasedrom ~ 878 MPa and 195 GPaespectivelywith 0 wt% MgH, in
the preform to ~ 370 MPa and 55 GRaspectivelywhen 40 wt.% MgH powderis
added tahe preform. This mans that the strength and stiffness decreasebbyt 58%
and 72% respectively after adding 40 ¥ MgH, while the ductility was improved by

aboutl87%

It can be concluded that although the compressive strength and stiffness of the
fabricatedcomposites decreased significantly by adding Mghbwder to the preform,
their ductility was significantly improved. Hence, the mechanical properties of the
composites can be tailored by controlling #mmountof MgH, additionin the MgH-

(3Ti-B4C) preform

7.2.22 Mechanical Properties of theTiC,-TiB /AM60B Composites

The same scenario of the effect of the volume fractions of the reinforcing phases on the
mechanical properties of AM60B compositasadding different weight percentages of
MgH to the 3TiB4C preform has been obtained. The compression behaivibe TiCy-
TiBo/AM60B composites reinforced with different volunfractions of the reinforcing
phasesising a 3TiB4C preform with and witbut 25 wt.% MgH, powdercompared with

thatof the AM60B alloy is given in Figure 72. The compression test results are listed in

Table 7.7 and represented graphically in Figur8.7.1
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Figure 7.12 Stressstrain curves of(a) the AM60B alloy andhe composites fabricated by
adding different weight percentages of Mgidowder to the 3FB4C
preform (b) 0 wt.% and (c) 25 wt.%

Table 7.7 Compression test results tie AM60B alloy andthe TiC,-TiB,/AM60B

composites fabricated using a prefasmh and wittout 25 wt.% Mgh

Sample MgH. Y o un g { Compressive Height
content inthe  Modulus, Strength Reduction
preform Et160, (GPa) (MPa) (%)
AM60B alloy |  ---- 44 195 5.25
TiCx-TiB> 0 wt.% 144+8.37 788+10.91 1.01 +0.08
/AM60B
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Figure 7.13 Compression test results tife AM60B alloy andthe TiC,-TiB,/AM60B
composites fabricated using a preform with and ewiti25 wt% MgH,
The test results show that the averagmpressives t r engt h and Young:¢
of the fabricated composites decreased feduut788 MPa and 144 GPa with 0 wt.%
MgH: in the preform taabout516 MPa and90 GPa with 25 wt.% Mghklin the preform.
This means that the strength and stiffness decreasakdoy35% and 8%, respectively

after adding 25 wt.% Mgkwhile the ductility was improved bgbout58%.
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In summary, considering that the cpressive strength of the unreinforced
AM60B matrix is 195 MPa, the compressive strength of the composite samples
fabricated using a 3IB,C preform with 70%RD at 900°Cfor 1.5 h increased by nearly

304%.

7.2.2.3 Mechanical Properties of theTiC,-TiB,/ Pure Mg Composites
The compression behaviaof the TiC,-TiBy/pure Mg composites reinforced with
different volume fractions of the reinforcing phases using aB3Ti preform with and

without 25 wt% MgH, powder compared with that for pure Mg is given inufey7.4.
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Figure 7.14 Stressstrain curves of(a) pure Mg andhe composites fabricated by adding
different weight percentages of Mgldowder to the 3TB,C preform (b)
0 wt.% and(c) 25 wt.%
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As can be seen fromthisi gur e, the compressive

decreased by adding Mglgowder to the preform while ductility was improved ashe

casas of the AM60B and AZ91D alloy composites. The compression test resultstae

in Table 7.8 and graphically represented in Figuré.7.1

Table 7.8 Compression test results gure Mg andthe TiC,-TiBo/Mg composites
fabricated using Mgk (3Ti-B4C) preform with differenemounts oMgH,

sample. | Motz content |1 ® | “Singm | reducion
Er160 (GPa) (MPa) (%)
PureMg |  ---- 44 150 9.25
(TiC-TiB5)/Mg 0 wt.% 122+9.1 750+22 1.1 +0.D
Composites 25 wt.% 85+5.1 461+15.18 1.7 +0.05
The results reveal that the average

the fabricated compositefecreasedrom ~750MPa and 12 GPa with 0 wt.% MgHlin

the preform to ~ 461 MPa an® &Pawhen25 wt.% Mgh is usedn the preform. This
indicates that the strength and stiffness decreaseabbtyt38% and30% after adding
25 wt.% Mgh while the ductility was improved bgbout55%. It is important to note

that the moduli were calculated from the slope of the tangéné 460 MPa stress level.
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Figure 7.15 Compression test results of pure Mg and the B ,/pure Mg composites

fabricated using a preform with and wotlt 25 wt% MgH,

7.2.3 Compression Behavior ofCompositesFabricated using Mg-(3Ti-B3C) Preform

7.2.3.1 Mechanical Properties of theTiC,-TiB/AZ91D Composites
The stressstrain curves othe TiCy-TiB,/AZ91D composites reinforced with different
volume percentages of the reinforcing phases daeldong different weight percentages

of Mg powder to the 3TB4C preformare shownn Figure 7.8.
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Figure 7.16 Stressstrain curves of(a) the AZ91Dalloy andthe compositedabricated
using different percentages of Mpwderin the preform (b) 0 wt.%, €)
10 wt.% and @) 25 wt.%

The resultsshown in Figure 74 reveal that the compressiv&rength and
Youngo6s deceedsad withsincreasing the weight percentagegpdivderin the
preform, i.e. decreasing the reinforcing phases, while the percentage of height reduction
of the composite samples increaseténce the composite sample fabricated using a
3Ti-B4C preform has the highest compresssteengthand stiffness but on the other

hand it hasthe lowest ductility as listed in Table 7.9 and shown in Figuré 7.1
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anMg-(3Ti-B4C) preformhavingdifferent Mgpowdercontents

Table 7.9 Compression test results thie TiC-TiBo/AZ91D composites fabricated using

Figure 7.17 Compression test results of the AZ91D alloy #imelcomposites fabricated

Sample Mg content| Reinforcing| Y o u n g| Compressive Reduction
in the phases Modulus, Strength in height
preform (vol. %) | Erien (GPa) (MPa) (%)
TiCy-TiB> 0 wt.% ~ 40 195+15.@ | 878+19.47 | 0.66 £0.04
IAZ91D 10 wt.% ~ 3 150 699 0.71
Composites 25 wt.% ~25 132+10.17 550x10 1.14+0.02
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by adding differentweight percentages of Mg powder to the -BEC

preform
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As in case of the composites fabricated using Mgbélvderin the preform, the
results reveal that the composites fabricated using éBgTipreform are stiffer and
stronger than those fabricated after adding Mg powder to the preform. For example, the
average <compressive st deereagedrom ~a878 MPaA@uln g 6 s
~ 195 GPa with 0 wt.% Mgowderin the preform to ~ 550 MPand ~ 13 GPa with
25 wt% Mg powder in the preform. This indicates that the strength and stiffness
decreased by ~ 37% aR@%, respectively after adding 25 W Mg while the ductility
wasenhancedy about76%. It is important to note that the nubidvere calculated from

the slope of the tangenttiie 160 MPa stress level.

It is worth noting that the compressive strength fhdung és ahthel ul us
composites fabricated using Mg powder in the preform are higher than those using the
same weight peent of MgH powder in the prefornilhis is as mentioned iChapter 6
becausethe volume percentages of the reinforcing phases are higher in case of Mg
powder than those ithe case of the same weight percentage of MgHthe preform.
However, theductility is lower due to the lower content of Mg matbit the difference

between the two cases is ety significant.

In summary, ihough the compressive strength ane u n modlidus decreased
significantly by adding Mg powder to the preform, the ductility of the fabricated
compositeswas improved. Hence, the mechanical properties of the composites can be

tailored by controlling themountof Mg powder in the Mg(3Ti-B4C) prefam.
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7.2.3.2 Mechanical Properties of theTiC,-TiB,/AM60B Composites

As for the case othe AZ91D composites, the same trend took place i TiCy-
TiBo/AM60B composites reinforced with different volume percentages of the reinforcing
phases by addingjfferent weight percentages of Mg powder to the-B4T preform.

The compression behaviof the TiCy-TiBo,/AM60B composites reinforced with
different volume fractions of the reinforcing phases using aB3Ti preform with and
without 25 wt% Mg powdercompared with thabf the AM60B alloy is given in Figure
7.18. The compression test results are ligtedable 7.10 and shown in Figurel®.
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Figure 7.18 Stressstrain curves of(a) the AM60B alloy andhe compositegabricated by
adding different weight percentages of Mg powder to3hieB,C preform
(b) 0 wt% and (c) 25 weo
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Table 7.10 Compression test results die TiC4-TiB,JAM60B composites fabricated

using an Mg(3Ti-B4C) preform with different Mgpowdercontents

Preform Yo ung( Compressive Height
Mg- Modulus, Strength reduction
3T|-B4C Et1s60, (GPa) (MPa) (%)
AM60B alloy |  ---- 44 195 5.25
o)
TiC,-TiBJAMG0B 0 wt.% Mg 144+8.37 788+10.91 | 1.01+0.08
Composites 25 wt.% Mg 114 518 150
900 : : 6
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Figure 7.19 Compression test results of the AM60B alloy ahd TiG-TiB,/AM60B

composites fabricated using a preform with and withoutw236 Mg

powder
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The compression test resulisted in Table 7.10 and presented in Figur&9r.
show that theaveragec o mpr essi ve strength and Young?o:s
composites decreased from ~8M8Pa and 144 GPa with 0 wt.% Mg inetipreform to
~ 518 MPa and 11&Pa with 25 wt.% Mg powder in the preform. This indicates that the
strength and stiffness decreased by ~ 34% 2484, respectively after adding 25 wt.%

Mg powder to the 3TFB4C preform while the ductility was improved apout50%.

7.2.3.3 Mechanical Properties of theTiC,-TiB»/ Pure Mg Composites

Similar to theAZ91D and AM60B composites, pure Mg composites reinforced with
different volume percentages of the reinforcing phases by adding different weight
percentages of Mg powder to the &4C preformhave been studiedhe compression
behaviorof the pure Mg conposites reinforced with different volume fractions of the
reinforcing phases using a 3ByC preform with and witbut 25 wt% Mg powderin

relation to that opure Mgis shownin Figure 720.

The compression test resulisted in Table 7.1 and representegraphically in
Figure 7.2 show that theaveragec o mpr essi ve strength and Yo
fabricated compositedecreasedrom ~ 750 MPa and122 GPa with 0 wt.% Mghowder
in the preform to 490 MPa and 90 GPa with 25 wt.% Mg powder in the preform. This
indicates that the strength and stiffness decreased by ~ 3526%ndespectively after
adding 25 wt.% Mg powder to the 3Bi,C preform while the ductility was improved by

~ 48%.
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