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ABSTRACT

Full Name : [Ogunlakin Nasirudeen Olalekpn
Thesis Title  : [Development of Magnesium Based Hybrid Nanocomppsite
Major Field  : [Material Science and Engineering

Date of Degree: [April, 2016

This thesis focused on development of magnesium based composite with enhanced
mechanical properties. Near dense monolithic magnesium, micron sized nickel particle
reinforced magnesium composite and Tianoparticle reinforced magnesium
nanocomposite were successfully developed using the cost effective powder metallurgy
process of blengresssinter followed by hot extrusion. Hybrid nanocomposite consisting

of 1.5 volumés nickel and 0.33voimeé TiO2 was also developed using similar technique.

The developed monolithic and reinforced magnesium composites were characterized to
determine the microstructural evolution, particle distribution and grain morphology using
appropride characterization techniques such as XRD, SEM an8H¥. The samples

were also subjected to microhardness, macrohardness, tensile and compressive tests to

determine the effect of the reinforcements on the mechanical properties of magnesium.

The nickel einforcement particles dispersion was reasonably uniform with good matrix
reinforcement interfacial integrity. The small volume fraction of elemental nickel particle
reinforcement refined grain morphology and significantly improved the hardness and
tensilestrength of the magnesium matrix without affecting the yield strength. However,
ductility was adversely affected. The tensile strength was incread2illy with aD26%

decrease in the fracture strain, the reinforcement changed the tensile fracturefmode o
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magnesium matrix from pseudiuctile to brittle mode dominated by nickel particle
fracture. The room temperature compression properties of the synthesized nanocomposites
reveal an increase in the 0.2% compressive yield strength and ultimate compressive
strength of pure magnesium up@81% andD23% respectively with B p 4% decrease in

the fracture strain.

In the TiQ reinforced magnesium nanocomposites, microstructural characterization of the
nanocomposites reveal significant reduction in grain sizeref pagnesium with addition

of titanium oxide nanoparticles. The room temperature tensile properties of the synthesized
nanocomposites revealed no significant improvement in the strength characteristics of
magnesium with the addition of TiGhanoparticlesthe tensile fracture strain of the
synthesized nanocomposites was found to marginally surpass that of pure magnesium and
a maximum fracture strain @17% with the addition of 0.380l.% TiO, was obtained.

The room temperature compression properties osyin¢hesized nanocomposites reveal

an increase in the 0.2% compressive yield strength and ultimate compressive strength of
pure magnesium with no significant change in the fracture strain. With addition of
1.00 vol.% TiOy, the 0.2% compressive yield strémgand the fracture strain of pure
magnesium increased Wy ¢ v% andD37% respectively. With the addition of TiO
nanoparticles, the level of anisotropy/asymmetry of pure magnesium measured using
tensile compression asymmetry values was found to be loaetthiat of the synthesized

pure magnesium and a minimum DL for Mg-1.00vol.% TiQ nanocomposite was

observed.

The microstructural characterization of the magnesium hybrid nanocomposite reveals
significant grain refinement beyond that of individual niclehd TiQ particle

XiX



reinforcements. The simultaneous addition of 1.5vol.% nickel and 0.33vol% TiO
significantly improved the hardness, tensile strength and fracture strain of the magnesium
matrix but with adverse effect on its the yield strength. The teamerature compression
properties of the hybrid nanocomposites reveal an increase in the 0.2% compressive yield
strength and ultimate compressive strength of pure magnesiumDup 4 andD29%

respectively with 12 % decrease in the fracture strain.

XX



wOF BOKF Jbbk 4

g@®b MY e 1 CIHF Jlbf ¥l OF bl8 3H@

eyt ntlOF wTHXF 3 OF w? wddF KB I3 anlFhy
WhC3nkOFM pFHT IOF 6 AK

April, 2016 wt p CHO

JFH> WB c BF BF 39bll 2 CasngylThs MarHQA yp3aryr TTOFD 30CrTH T
6t] OF wyxmOblyr OF 3bly3lOF dfr¢cT1T 3913 wr KCr KOF
TWHF 3y wyudtOA aFCPkP3BhF?2 urpt33 dpHA 61 ) IOF
wy Ar K 6% ppFOj IOF CydAhsOF wy Ar Km E 3 blIlOF m
w3l 32 aH Yl pud yBbl9Rs KIFy MmBFKm ppHratjch ¢ 9 IOF w3 t nr

. wn(Py4dYBOA) wysUh aFCBe HE 3D WOV

FYTHIOHTPpHB M YFgTOtIOF WTCHbhM cxmOblyr IOF _ F
ol THOF 2FN3xF brpte Onte M ogPhFrOF cxmMO9bllOLF
Cl IOFM wy XxMODbfr IOF w2 THIFOMK  uPylhk MIOKH rHOF Fug 3

.aHyl3MNr A0 wy bly xf bly r FOF  /bCF hb IOF

eB WAYGCULUIWF wyrtj lOF w3 3OF . 49fF xHbIr IOF ey ?
WwTHYRB ¢T CIIOF wemMfpUsmM w9s HOF wo X F @ OB bl Bly
CLU Uxfb CIKF wBmMfFUYB . 92XYb CU wyKFHT IOF

WTR O CT HOF 2 OF bIIOF wUT D62 6 ¥By@ 1wy WK O Ok F .

XXi



WpFOc wtpp ¢cT EJbIOF /bCF Hhs . 3bly3 A0 pfrlblxbF
c U3 IOF %@ u VEMSLMOFIORYBCMTF UB M MHLIPIOF wBMfFUYe ¢ T W]

CFYLOWAT 3D pgT bk by % BMH BIFEDHA K F

U UYl B WTHXF3KWF 9F 3bOr A0 pHXF 3 KF _ F 3 3 IOF
C3K CIIF /bCFhH3> . aHYXF9I933F Cylbb WTHXF 3K
WMB aHyl3MrtOF c¢cT WHYIKOF J/bCF R c T KFY Ap FOKT hyt
bly AL OHYT 1WxXY?D wNs3 hr IOF wTHXF3WF aHylys3Tr Ol
CylbPROe BBF FULE nli@f @RLUBF OFbIOF pfFnantF ™ c Y
%0 . MHLUPIKF wBMfFUYB c¢cT WpFTCEC UYT b wTHXF 3 HF
Cyl bF%le yyTHYFc M8 . DOFbIOF pfFntF ¢cT oYFm OynNh
F %8 BM6h5 w33 dp FC ¢ Y%OHORE bl A 3 BFIM LEHEDV WDH LIbBA6 a i
WhFyl 6b CL pMIOF cUY3OF aHyl3Nr A0 JFHDPIOF
nxpF 1Ch bAF B K KAFY 4R TEOH WD 3p MIOF WM eB 39 UF

. aHYXF Iy 9gIlOF CHwl Whs HAOKFSBPIOROFY Fag

caglOF WAb eB OxbF dfFyyyj A0 wj YFm WmMF UYx eK

Fok c 3yy 33 Obly 3 IOF @ QyslBHFOw r Ay swWdF YewsF wTa
aHylFP3snNriOF wTHYhr O OFbllo® . BBATEM EHIOKF myp 1 [C
wTOMF WpFOc wtpp C3K BMNLUKKF /bCF R . UHLIPIC
ngc cUY3OF a%0y.lE JbIFAK &R BEOPF wesmp e #OFc ™ F W o1

. OF blIIOPAL R pmFE F Tc TbY %62 8%l £ 20F H 9 tOF

XXii



XXili



CHAPTER 1

INTRODUCTION

The increasing demand for fuel conservation in automobiles and aircrafts, and the
increasing need to reduce emissions to lower environmental impact had prompted many
industries to search for new advanced materials to replace conventional materials, in lieu
of this, many research works had focused on the development @ifhemeightmaterials

as the key and unavoidable solution for the future in structural and other applications.
Consequentlymagnesium based materials have gained much interest in thisl reg
recent years as a promising light weight material due to their unique properties; magnesium
is the lightest known structural metal having a density of 1.74gitnch is approximately
two-third the density of aluminum, twiifth that of titanium ananefourththat of stedlL].

Aside its low density, magnesium is abundant in both seawater and earth crust, it is the
third most dissolved mineral in seawater having an availability of 1.1 kg/m3 and also the
sixth most abundant element hretearth's crust comprising of 2% by njaksMagnesium

offers high specific stiffness, specifitrengthhigh damping capacity, excellent castability

and superior machinabilit§]. The production of magnesium worldwide has increased
from 588000 metric tons in 2009 to around 877000 metric tons in 2013 to meet the increase

in demand for magnesiy#j.

Since the commercial exploitation of magnesium in 1886, it had found relevance in several

industries. In the automobile industry, advanced materials have been used to replace



conventional steel parts to re@uitiel consumption and improve performance, magnesium
based materials have been used in parts like gear box housing, fuel tank cover, seat frames
and steering wheel by leading automobile makers and had led to significant weight
reduction5,6]. In aerospace industry, weight reduction is more crucial and several weight
saving alternatives have been introduced, however, magnesium still possesses more
advantage over other matds (high impact and good high temperature properties when
compared to structural plastic and less expensive than metal fiber laminates) and has found
extensive use in both military and civil aircrafts in parts which includes the thrust reversal,
gearbox,engines and helicopter transmission cagifg$ In the electronic industries
magnesium has potential in replacing plastics due to its greater strength improvement, heat
transfer and ability to shield electromagnetic interference and radio frequency when
compared to plasti8], they are recently used in the housing of electronic gadgets. In
recent years, there is an increasing interest in magnesium for biomedicaltapidae

to its biodegradability, biocompatibility and similar mechanical properties to human
cortical bonemagnesiurrbasedmaterial is a promising biocompatible implant material

for load bearing application due to its light weight and high fracturehtoegs compared

to hydroxyapatit@©i 12]. The ability ofmagnesiurrbasedalloys to store hydrogen up to
7.6wt% with good reversibility also makes it a potential material for hydrogen storage

application§l3i 16].

However, the wider application of magnesibas been limited due tmme of its inherent
properties whichncludelow ductility, low toughness, high thermal expansion coefficient
and high oxidation rate. The low formability of magnesium arises ftenhexagonal

crystal structure (HCP) which has limited available slip sydtenisPlastic deformation



in magnesium materials is accommodated by twinning in addition to slip, the directional
nature of twinning gives rise @ large difference in the yield behavior of magnesium in
tension and compressigasulting in large asymmetry between tensile and compressive
yield stress of the material, this large asymmetry further limits the application of
magnesium. Most of the identified problems with magnesium have been addressed by the
development of new magnesium alloys; aluminum has been the primary alloying elements
as it is found to increase the tensile strength through the formation ofAlvg
intermetallic phase, other elements such as rare earth metals like neodymium and yttrium
also significantly improve the property of magnesium through precipitation hardening. In
some applicationhowever, the property improvements obtained through alloying and
precipitation hardening is not sufficient, this had led to the development of magnesium
matrix composite where reinforcements such as whiskers, particulates and fibers are used
to achieve improved property beyoraloying[18]. The most common type of
reinforcements has been metals and ceramics, metallic oxides and carbon nanotubes have
also provided improved strength and ductil[tyoi 21]. The additionof micro-sized
metallic and carbide ceramic reinforcements generally increases the strength of magnesium
but deteriorates théntrinsically limited ductility of magnesiuf22i 24] while recent
studies have shown that the additionnahasizedreinforcement improves the strength

without any adverse effect on its ductil[i#;25,26]

The high potential of magnesium to meet the requirements of the continually increasing
demand for lighter weight material will increase the need for magnesium based
nanocomposite, mee this present work is focused on the development of a magnesium

based composite with simultaneous improvement in strength and ductility. In this research



work, micron sized metallic nickel (Nparticulatesand nano sized titanium dioxide (T)O

have been uniformly distributed into magnesium matrix individually and combined
(hybrid). The developed composites were characterized to determine the microstructural
evolution and were subjected to hardness, tensile and compressive tests to determine the

effed of the reinforcements on the mechanical properties of magnesium.



CHAPTER 2

LITERATURE REVIEW

2.1 Magnesium Based Composite and Nanocomposite

Magnesium based materials have promising properties which makes them excellent
candidates in applications wherghtt saving is crucial, they have high specific strength,

high specific stiffness, good high temperature creep resistance and high damping capacity.

Magnesium based composites are a class of material with magnesium as the matrix and
another material addex the reinforcing phase. The main aim of adding the reinforcement

is to improve a certain or overall properties of magnesium, some of the properties improved
with the addition of reinforcement include strength, hardness, stiffness, creep resistance
and duwtility, the final property of the composite can be controlled by judicial selection of
the reinforcement and processing method. The choice of reinforcement is influenced by the
desired application, processing route and cost, previous studies on magbaskun
composites suggests that sever al mi cron si
reinforcement which includes metals, oxides, carbides, borides, nitrides and metals have
been added to magnesium to improve its mechanical properties due tavtikibility,
competitive cost and well established processing [puleThe addition of appropriate
micron sized metallic reinforcement to magnesium had led to significant strength
increment but with deteriorating effect on its limited ductility due to particle cracking and

void formation at matrixeinforcement interfa¢28], the quest for simultaneous



improvement in the strength and ductility of magnesium had led to the development of
magnesium nanocomposites(MNC). Magnesium based nanocomposite is a composite in
which the particle size of one or moreitd constituent is less than 100§28], Recent
studies on MNC have revealed that the incorporatf@mall volume fraction of nanosized
particles led to simultaneous improvement in the strength and ductility of magnesium.
Addition of more than one reinforcement (hybrid) at nano scale to magnesium had also
been researched on by few researchers withotlezall aim of achieving significant
simultaneous improvement in strength and ducfiBy30' 32]. The final properties of a
composite material however depends largely on tegssing route, type, size, shape,
morphology and volume fraction of reinforcement, secondary processing and the heat

treatment.

2.2 Types of Reinforcement.

Reinforcements are introduced intentionally into magnesium matrix to achieve the desired
final propety. The judicial selection of the right reinforcement is very crucial to improve

the properties of the magnesium matrix in order to meet the desired application.
Reinforcements can be generally classified based on their type, size, and shape. The type
of reinforcement can be metallic or noretals, the size of reinforcement can range from
micron size to nanoscale, the shape of the reinforcement is also important as shapes with
sharp edges such as angular particles can act as local stress raiser, thecbythe

ductility of the composite.nl reality, powder particles are not perfect and might show
characteristics of more than one shape type. The shape index and aspect ratio is used to
guantify the shape of powder particles, while the shape indexgétsurface area of the
particle to its volume, the aspect ratio is the ratio of the particles largest dimension to its
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smallest dimension, a perfect sphere have an aspect ratio of 1 while a rough acicular shape

can have aspect ratio ranging from 3 to 25

The choice of reinforcement in a matrix composite depends majorly on the desired
application, the manufacturing technique and cost. A composite for structural application
requires high modulus and low density reinforcement, in-apiglication, the
bioconpatibility and biodegradability of the reinforcement is crucial while the thermal
conductivity and the thermal expansion coefficient are important in thermal management

application.

A numbers of micron size particulate reinforcements which includes n{&taNi, Cu,

Mo), nitrides (ZrN, BN, TiN, AIN), borides (ZrB TiB>), oxides (AbOz, Y203, TiO2) and
carbides (SIC, ZrC, TiC, &) [3,18,33 37] have been reportedly added to the magnesium
and led to strength improvement but with deteriorating effect on its limited ductility.
Recent studies however reveals that nano sized reinforcement improves the strength
without adverse effect on the duc#litnanosized ceramic reinforcement is the most
commonly used reinforcement in magnesium based nano composites, they range from
carbide, borides, or oxideld9,21,3847]). The use of hybrid reinforcement majorly
consisting of a metal and ceramic reinforcement have recently been studied to further

improve mechanical properti¢®l,32,45,4853].



2.3Processing Of Magnesium Based Composite

Magnesium based materials have been synthesized with several techniques over the years,
the selection of synthesis technique is very essential as it afiectisial microstructural
features of the composite, materials with similar composition will yield different properties

if synthesized with different technique. The processing techniques can be grouped into two

major categorig54,55}

1. Liquid/Melt Based Processing

2. Solid/Powder Based Processing

The solid phase processing has the advantage of the ability to inderanyaamount of
reinforcement into the matrix and also eliminates undesirabletioaa between

reinforcement andatrix that can degrade the composite property.

2.3.1 Liquid/Melt Based Processing

Melt based processing involves the dispersion of the awiefment into molten
magnesium. The basic type is the stir casting where the reinforcement is stirred into the
molten magnesium by mechanical means before the melt is cast into mold or die to produce
the desired shape. The homogenous distribution of thiEoreement into the magnesium
matrix is very crucial to avoid having a weaker region rich in reinforcement or matrix, as
such stir casting have not been routinely used to produce nanoparticle reinforced
magnesium due to the low wettability and high specifirface area of the nanoparticle in

the molten metal which makes it more challenging to uniformly disperse nanopatrticle in

the melt.



Several advancements have been made to achieve uniform distribution and avoid
agglomeration of the nanoparticle in theltan matrix. Lan et al56] first fabricated a

nano SiC reinforced magnesium composite by an innovative ultrasonic method, it involves
the use of ultrasonic agitation to disperse the nanoparticle in the melt prior to casting; the
ultrasonic cavitation in combination with local temgiteire exceeding 5080 can break

apart the nanoparticles. Nanoparticle reinforcement dispersed in magnesium matrix using
ultrasonic method resulted in composites with a well dispersed particle in the matrix but
some clusters of particle were discoveredhi& microstructure, the composite generally
show a significant increase in the strength and ductility relative to the monolithic

magnesiun56i 63].

Another method employsé¢ atomization of the molten melt to ensure a relatively uniform
distribution of the nanoparticles. One of such technique is the spray forming or spray
atomization and depositiof3]. In this process, the melt is thoroughly mixed with the
reinforcement prior to pouring. The molten stream is impacted and disintegsated b
highly energetic inert gas usually argon or water jets into fine droplets which are collected
into a billet, when the droplets strikes the substrate, most of them are in trsotidreiate

and a preform is formed with continuous deposition of theldtoThis process can be

used to produce materials of various form reducing the need for secondary processing on
the material. The composites from this method results in fine equiaxed grain structures due
to the rapid cooling however, the lack of pregsecess control and the low process yield

of this process has hindered the widespread use of spray casting.

Another technique that uses the atomizatdnmolten melt is the disintegrated melt

deposition (DMD) which combines the advantages of conventicasting method and



spray process. It is one of the most cost effective methods tested successfully to produce
magnesium based composites. It has been widely used to produce magnesium based
nanocomposit¢$7,20,38,40,41,46,49,51,52,61i62]. The nanoparticles are added into

the molten magnesium matrix and superheated téC780d stirred mechanically inside a
graphite crucible under an inert atmosphere, timeesimpeller is usually coated with a

water based wash to prevent any possibility of contamination of the melt, the melt is then
discharged through a orifice of about 10mm diameter located at the bottom of the chamber
after which the melt is subsequerndigintegrated by twin jets of Argon gas oriented normal

to the stream. The disintegrated composite melt is subsequently deposited onto a metallic

substrate to form a billet.

A new advancement of the disintegrated melt deposition called Mechanical Desiiaieg

and Deposition (MDD) method have been developed to minimize the cost of the spray
process while retaining the scientific advantage of the method. It involves the disintegration
of the melt through mechanical means rather than the use of inertigéiseadisintegrated

melt technique. Gupta et[aB] have successfully used this method to synthesize both

reinforced and unreinforced magnesium based composite.

2.3.2 Solid / Powder Based Processing

The solid based processing route has been employed extensively in thetipnodiic
magnesium based composites, it involves the synthesis of material below the melting
temperature of the matrix, The powder metallurgy technique generally involves three basic
primary processes: 1) the blending of magnesium powder and the reinfot¢eraehieve
uniform dispersion of the reinforcement in the magnesium matrix, 2) the

pressing/consolidation of the blended powder into billets (green compacts) and 3) the
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sintering of the billet to achieve full densification. These primary processegmaeed
overtime with different innovation to achieve a better composite property at the end. The
synthesized composite could be processed further with a secondary processing technique
such as extrusion, rolling and forging to further reduce porosityoandit into the desired

shape. The major advantage of this technique is the ability to incorporate any amount of
reinforcement in the matrix allowing for the production of a combination of matrix and

reinforcement which cannot be achieved through thedibased processing technique.

I. Powder Mixing/Blending

The process of blending and/or mixing is very important in powder metallurgy as it
establishes the initial homogeneity of the composite. Blending is a mechanical alloying
process in which the powderrgiales are subjected to repeated cycles of cold welding,
fracture and rewelding of the particles to achieve uniform size and shape distribution,
blending can be carried out carried out on individual powder particles prior to
mixing[69,74 78]. Mixing is the combination and homogeneous distribution of different
material, it can be performed by several mechanical techniques which includes rotating
containers such as drums or cones and different stirring mechanisms. Mixing can also be
achieved wth a ball milling machine without the use of milling media. The mechanism of
mixing is such that the free fall and vibration of particles are avoided as they can lead to
segregation of particles. The mixing time could range from minutes to days depemding o
several factors, the time should be sufficient enough to achieve to achieve the desired
uniform distribution of particles and should not be longer than needed to avoid change in

shape, size and work hardening of the powder par{i¢8s
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Reinforcement

Figurel: Mixing of Matrix and reinforcemerj79]

il. Compaction/Consolidation

Compaction involves the pressing of loosed powders either at room tennpevatat
elevated temperature to form a geometrical solid part called a green compact, the strength
of the green compact is dependent on the compaction parameters (pressure and time) and
powder characteristics, its geometry is similar to that of the fiagl prior to secondary
processing, though some shrinkage might occur during sintering. The pressing force
required depends on the powder types and the desired density, the force could be uniaxial
or isostatic. In uniaxial pressing, the loosed blendeddeows poured in the cavity of a

die, and pressure is applied in a single direction with the die in direct contact with the
powder while in isostatic pressing, a pressure barrier exist between the powder and the
pressurizing medium and the pressure isiagftom all direction. Lubrication is important
during compaction and must be applied in correct quantities as excess lubrication can be
collected in the space between particles and prevent proper compaction. Isostatic pressing
have been employed to prozke nanoparticle reinforced magnesium composite achieving

near full densificatio{75,80], however a setback for the isostatic process is its higher
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production cost and slower processing speed, hence uniaxial pressing is commonly

employed.

In the initial stage of powder compaction, the density of the powder is increased due to the
rearrangement of each powder particles, a more efficient packing pattees lead to

the elimination of gaps, pores and spaces between patrticles, at this stage, the resistance of
the powders to the applied pressure is relatively lower, density increases rapidly applied
pressure and the contact points between the parackewell established. As compaction
continues, the force between the contact points is increased and a type of bonding called
the cold pressure welding occurs at these points between the particles, this gives the green
compacts the required structurakegrity for further processing. As the compaction
pressure increases, the resistance to material movement is increased by friction and work
hardening of the powder, there is an increase in stress between the contact points and leads
to material deformatignplastic flow and interlocking of particles occur, the volume
decrease and density increases continually but a lower rate compare to the initial stage until
the maximum density (the green density) is attaiRaplire2 shows the typical relationship
between the compacting pressure and green density indicating how the rate of increase in
density drops off between the initial stage of particle repackiddtee later stage of plastic

deformation.
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GREEN DENSITY

COMPACTING PRESSURE
Figure2: Relationship between green density and compacting prdsdyjre

iii. Sintering
Sintering is an essential process in powder metallurgy; it involves the heating of the green
compacts to a temperature below the melting point usually until the particles merge and
the compact solid becomes denser, the sintering temperature is usuagrb@ivto 90
percent of the melting temperature of the matrix, this will initial bonding between the
pressed particles and greatly enhance the strength. During sintering, the initial structure of
each individual particle disappear and the material formmb@e mass, the porosity and
volume is further reduced, all added addictive such as lubricants and binders are also burnt
off during sintering to maintain the material purity in the final form, shrinkage occurs
during sintering and should be accountedefanrlier. Sintering is very important in powder
metallurgy process as it increases the density, strength, ductility, thermal and electrical

conductivity of the final product.

Diffusion is considered to be the main mechanism of bonding during sinterireg, oth
bonding mechanism that may occur includes plastic flow, grain growth, recrystallization

and phase material transport depending on the process parameters and powder properties.
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While diffusion mechanism reduces the distance between two particles, feenpizrial
transport adds material to the space while maintaining the-patéicle distance as
illustrated inFigure3 where D1 is the initial inteparticle distance and D2 and D3 are the

distances as a result of diffusion and phase material transport respectively.

j—D1— DI D1=D3
b i hgh oo
PARTICLES—l) & PARTICLES—%0 0 @ D3>D2
| PHASE
DIFFUSION MATERIAL
TRANSPORT
BONDED ~4@ BONDED

PARTICLE L i PARTICLE L '}
D2~ —D3—

Figure3: Bonding Mechanism in powder sinterif&fl]

The main sintering process parameters are time, temperature and furnace atmosphere, the
heating and cooling rate is also important. The temperatwiatering is usually between

70 to 90% of the matrix melting temperature, the sintering time is dependent on the material
and should be long enough to allow complete bonding of particles and the furnace

atmosphere should be controlled to avoid oxidation.

Conventional sintering is most commonly used to sinter magnesium nanocomposites; it
involves the heating of the green compacts at moderate temperatut®®@ODin an inert
atmosphere, the sample is heated from the outside and the thermal enengysfaesréc
towards the inner part through convection, conduction and radiation of the heat. Due to
this, the temperature at the outer part of the sample is usually higher than the temperature

of the inner core of the material which could lead to relativagrpmicrostructural
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characteristics of the core. Accordingly, it is advisable to sinter for an extended period to

allow for uniform distribution of heat within the material.

Microwave sintering is an alternativedonventionakintering. In microwave héag, heat
is generated from the inner core of the material and radiated outward to the outer surface
due to the penetrative power of microwaves. This also leads to higher temperature at the
core compareto the outer surface which could lead to a rel&ip@or microstructure of

the outer surface of the material.

With the aim of gaining the advantage of both types of sintering, the hybrid microwave
sintering was developed and hdmken used extensively to produce magnesium
nanocomposit¢44,51,62,8287]. It involves the introduction of a heating susceptor such
as SiC particles or rod to assist in the reduction of the thermal gradient doterqg of

the material. Enhanced propertgduction in sintering time and significant energy savings

have been achieved with the use of hybrid microwave sintering.

Another mode of sintering is the spark plasma sintering (SPS) or pulsed electric current
sintering (PECS); this method involves the simultaneous compaction and sintering of the
powder material. It utilizes uniaxial directional force and a pulsed direct electric current in
a low atmospheric pressure environment to perform high speed consaliddtihe
powder. It has the advantage of high sintering speed and high reproducibility. It is referred
to as a rapid sintering method. J.Liu et[88] recently synthesized SiC nanoparticle
reinforce magnesium with significant improvement in yield strength and detainment of the

malleability of magnesium using the SPS technique.
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2.4 Microstructure of magnesium based composites

The study of the microstruate of particle reinforced magnesium composite is very
important as it reveals important information related to the properties of the composite. It
is also important to study the distribution of reinforcement in the matrix and the interfacial
characterists between them. Optical microscopy, Scanning electron microscopy-and X
ray diffraction techniques are the most common techniques used to investigate the
microstructural analysis of magnesium based composites. Grain refinement, interfacial
characteristicsreinforcement distribution and crystallographic texturing are important

microstructural features of magnesium based composites that need to be investigated.

2.4.1 Grainrefinement of magnesium matrix

Generally, examination of the microstructure of thafogced magnesium composite
indicates a typically refined equiaxed grains compare to the monolithic magnesium. The
reduction in grain size of the composite have been largely attributed to the ability of the
reinforcement particle to act as nucleation sftd@m magnesium grains during
recrystallization and the pinning effect of the reinforcement on the grain boundaries to

restrict the amount of grain growth occurring during recrystallization.

The degree of grain refinement depends on the processing tecandjparameters, type

and amount of reinforcement added.

I.  Effect of processing échnique and parameters on grain refinement

The processing technique plays an important role in the degree of grain refinement as
evident from several research works. A stughHassan and Gupta on 50nm sizedOAl

reinforced Magnesium produced by the powder based technique of BPS and the melt based
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technique of Disintegrated Melt Deposition (DMD), it was observed that, for the composite
produced by the BPS method, the graiesizwas r educed from 60 to
size dropped significantly from 4%0in0 14¢m
the composite produced by the DMD technif@]. In another research work by Hassan

and Gupta on nano 203 reinforced magnesium synthesized by both BPS and DMD
method, comparing the same volume percent of 0.3@,Ythe DMD composite clearly
showed a reduced grain size from 49 to 6&m
size of approxi matedy cbhpmsiftoe dme 6 @8 mf €
magnesiun42]. The superior grain refinement observed in the material pedesith

the DMD technique was ascribed to the joined impact of the presence of high amount of
uniformly distributed nand\l.Oz reinforcement which can act as nuclei for
recrystallization and also restrict further growth of new grain during solidificatidrthe

vigorous stirring of the melt before its disintegration and subsequent deposition at high
temperature. Other research works have also show that the DMD technique is more

effective in grain refinement compared to the BPS technique.

Several processg parameter also affects the degree of grain refinement. Research work
by Hassan and Gupta on the effect of extrusion ratio on the microstructure of @0
reinforced magnesium showed that an increase in the extrusion ratio leads to higher degree
of grain refinement, in this research, magnesium nanocomposite containing 0.7 vol% of
Y203 powder were synthesized by powder metallurgy technique using hybrid microwave
sintering technique. The sintered billets were extruded atC3b8ing three different
extrusion ratios of 12:1, 19:1, and 25:1. Microstructural examination reveals a decrease in

grain size as the extrusion ration is increased. also the distribution of the grain size also
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becomes more homogenous, this was attributed to the increase in thed tefelrmation
while the increase in homogeneity of the microstructure was attributed to the limited
thermal exposure of the grains following recrystallization which inhibits the tendency of

abnormal grain growtf87].

Another research work ¢.B. Nie et al[89] on the effect of extrusion temperature on the
microstructure of nano SiC reinforced magnesium AZ91 alloy revealethéhgtain size

of the matrix decrease with increasing extrusion temperatutbjs research work, the

scale of grain size distribution is also reduced indicating that full dynamic recrystallization
(DRX) occurred during the extrusion. Microstructural analysis also reveals the presence of
two separate zones in the extruded samie zone contains bands of nano SiC particle
that are parallel to the extrusion direction while the other zone consist of rgfimied

found in between the bands of nano SiC particle, as shotigume4. A decrease in the
amount of SiC band was also observed as the extrusion temperature is increased. The
magnesium matrix can easily flow into the SiC nanoparticles at higher temperature because
it has a higher flow velocity than the SiC reinforcement; this led to an improved distribution

of the reinforcement and an increase in the amount of dispersed nano SiC particles as the
extrusion temperature is increased. The dispersed SiC particles can iatiaxgec strain

in the magnesium matrix that can lead to severer dynamic recrystallization and also inhibit
further grain growth of recrystallized grains, this led to the gradual refinement of the grains

of matrix in the reinforced nanocomposites.
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Figure4: Optical microscopy micrographs of Mg/SiC nanocomposites extruded at (a)
250 °C; and (b) 350 °C adapted from [8B]

The effect of sintering technique employed in the BPS technique was also studied by
Hassan et alronaneY 2Oz reinforced magnesium, In their study, they utilized two types of
sintering technique: the conventional heating technique and the microwave assisted rapid
sintering technique to sinter the monolithic and reinforced nanocomposites followed by hot
extrusion of the samples, the conventional sintering technique was carried out in a tube
furnace under inert atmosphere at%®D@r 120mins while the microwave sintered sample
was heated to a temperature close to the melting point of the matrix forsl &xirusion

of the sintered billets was carried out at 38D with an extrusion ratio of 25:1.
Microstructural examination of all the samples revealed minimal porosity and fairly
uniform distribution of ¥Osz in the Mg matrix. Significant grain refinements observed

in the case of conventionally sintered samples and was attributed to the long sintering
duration at high temperature enabling the complete recrystallization of the reinforced

nanocompositef90].

Effect of ball milling prior to the DMD technique was studied by Sankaranarayanan et al

[49] on hybrid (5.6Ti and 2.5Al203) reinforced magnesin, the effect of pre synthesizing
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the reinforcement prior to their addition to magnesium was studied, microstructural
examination reveals that ball milling the particles prior to their addition is very effective in
achieving uniform distribution of reinfoement and high degree of grain refinement, this

is attributed to the ability of smaller particles due to the ball milling to provide more active

site for magnesium nucleation.

Multidirectional forging have also been found to drastically reduce grain size of

magnesium grains as evident in the work of Nie et al and Xig@t 812]

ii.  Effect of amount and type of ranforcement on grain refinement.

Studies have shown that the addition of size reinforcement up to a certain amount will
achieve some degree of grain refinement, experimental results reveals that the effectiveness
of the reinforcement to achieve grain refiment varies from one reinforcement to another.

For a particular reinforcement, the degree of grain refinement seemingly depends on the
amount of reinforcement added. Studies have shown that for a particular reinforcement and
a particular processing teclyoie, a certain amount of the reinforcement will be needed to

achieve significant reduction in grain size.

In the study of nano reinforced &), Hassan et all developed 0.2, 0.66 and 1.11 vol % of
Al>Osreinforced magnesium using the BPS technique folibiwe hot extrusion, it was
observed that a significant grain reduction was not observed until the addition of
approximately 1.1 volume % ADsfor the composite, this was attributed to the fact that
the restriction of grain growth could have been favongdhle presence of high volume

fraction of naneAl 0z particles[93].
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Another stugt on nano ¥Oscontent of 0.2, 0.66 and 1.11 vol % in magnesium composite
synthesized by the DMD technique followed by hot extrusion by S.F Hassan revealed that
grain refinement of magnesium matrix is enhanced up to the addition ef@%6f nane

Y20z reinforcement, beyond which the possibility of nano size particulate clustering is high

and would halt further grain refinemeff4].

Meenashisundaram et[8B]synthesized nano Tideinforced magnesium with 0.58, 0.97,

1.98 and 2.5 vol% titania using the DMD technigfedlowed by hot extrusion
microstructural analysis reveals an inverse relationdhgtween the amount of
reinforcement and the grain size, the grai:

21lem for 2.5vol % magnesi um.

Sankaranarayanaet al[17] studied the effect of addition of nano sized boron carbide on

the microstructure of pure magnesium, in higky@ure Mgmetal reinforced with 0.35,

1.04 and 1.74 vol% nargize BiC particulates were synthesized using the DMD technique
followed by hot extrusion. Microstructural examination indicates a good interfacial
integrity attributed to the good wettabilitgetween magnesium and boron carbide
promoted by the presence of impurities as found by Zhang [@54lihat the presence of
impurity promotes the wettability between magnesium and boron carbide. Significant grain
refinement was also observed with the addition of boron carbide as the grain size decreased

form 28em for pure Mgaddwon.11em for 1. 74 vol

Limited study on the effect of hybrid reinforcement on the grain morphology of magnesium

is available in open literature, a study by K.S Tun et al on the effect of hybrid reinforcement

of Cu and AlOs reveals significant grain refinement due to ¢benbined effect of Cu and
Al2Ozwhen compared to their individual effect
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for composite containing 1vol% ADsz and 0.9 vol% Cu as shownfingure5, effectiveness
of Cu in grain refinement is attributed to the cumulative effect ofQugintermetallic

formed at the boundary in assisting grain recrystallizpt®jn

Figure5: Optical micrographs showing the grain mploology of (a) Mg/(1 vol Al203&.1
vol Cu), (b) Mg/(1 vol Al203.0.3 vol Cu), (c) Mg/(1 vol Al20&0.6 vol Cu), and (d)
Mg/(1 vol Al203&0.9 vol Cu) nanocomposites. Adapted from 48]

2.5Mechanical Properties of Magnesium Based Composites

2.5.1. Hardness

The hardness of a material quantifies its resistance to plastic deformati®mot a
fundamental property of the material and only represents an arbitrary value used to provide
a relative idea of material proper{i@§], it is divided into two classes: the micro hardness
and macro hardness, micro hardness test uses forces typically less than 2N. Addition of

harder and stronger reinforcement to magnesium had led to an increase in the hardness of

23



the magnesium matrix. Thecrease in hardness is attributed to three main reasons: a) the
increase in dislocation density due to mismatch of CTE and elastic modulus between
reinforcement and matrix b) reduction in grain size as seen earlier under grain refinement
section and c)hie presence of harder metallic or ceramic particles as reinforcement acting

as a local constrain to matrix deformation.

2.5.2. Tensile Properties

One of the major attractions of composite materials is the improvemtensile properties

such as ield Stength,ultimate tensile tsength and ductility. Incorporation of harder and
stiffer reinforcement particle into the matrix of magnesium had led to an improved
mechanical property relative to pure magnesium. In many of the research papers available,
a sizable increase in the strength of magnesium have been shown due to addition of micron
sized metallic reinforcement while an improvement in ductility of magnesium have been
observed due to the addition of metallic oxide nanoparticles and ceramics in gémeral.
tensile property of magnesium nanocomposite also greatly depends on the processing
method and type of reinforcement. The explanations for the observed improvement in these
properties due to the addition of particulate reinforcement and processingdsette

summarized here.

I.  Tensile Strength:

The improvements in strength observed in nanoparticle reinforced magnesium have been

attributed to four potential strengthening mechanisms:

1 Hall-Petch effectDislocation pile up at grain boundary is increased tuiner

grain size induced in the matrix by the addition of nanoparticles, the effect of grain
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size on the strength of the material is commonly predicted using equgiag]

., .o 0Q7 1)

wherel is the original strength of the material (MPi&);is a constant (MPa m)
depending on the material, ati@s the grain size (m) of the material. The grain size

of the matrix in nanoparticle reinforced composite depends on the particle size and
volume fraction of the particle, this relationship has been expressed by the Zener

equation66] :

o — 2
where U i s eaongtantpdp ésthe padisiessize, ang Vp is the particle

volume.

Orowan Strengtheninghe impeding of dislocation motion by the nanoparticles.
The mismatch in the coefficient of thermal expansion between the reinforcement
and the matrix will result in # geometrically necessary dislocation around each
particles which results in high work hardening rate and strengthening of the
nanocomposite. The Orowan effect in strengthening of magnesium based

nanocomposite is predicted by equation[€®) 101]:

, — 1 = ©)

wheredp is theparticle diameter (mfGmis the matrix shear modulus (Ph)s the

Burger's vector (m), andp is the volume fraction of the particles
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1 CTE and EM MismatchThermally induced residual stress due to difference in
coefficient of thermal expansion (CTE) and elastic modulus (EM) between the
nanoparticle and the magnesium matrix is accommodated through the formation of
geometrically necessary dislocations (GND$)e combined effect of CTE and EM
mi smatch on the strengthening of the me

equation102]:

Y, N "0w” " (4)
wherg is aconstant, and” are the density of the geometrically necessary
dislocations due to CTE and EM mismatch respectively and are estimated by the

following expression§l03]:

" — ©)
" —- (6)
where A is a geometric consta¥® is the difference in CTE andl"Yis the

difference between test and processing temperature.

1 Load Transfer EffecfTransfer of load by shearing from the softer iMatrix to the
stiffer and harder reinforcement contributes to strengthening of the matrix material.
In particulate reinforced composite, a modified shear lag model proposed by
Nardone and Prewo is commonliged to predict the contribution due to load

transfer to the strengthening of the mditdd,105]

Yy, ®», — ()
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whereV, is the volume fraction of particles in tingatrix, 0m is the yield strength
of the matrix,| is the size of the particulate parallel to the load directios the
thickness of the particulate, aAd- |/t is the particulate aspect ratio. In the case of

equiaxed particle, thequationis reducedd [63,101,106}

y, -, ©)

ii.  Ductility:

Improvements in the ductility of magnesium have been reported bymesegrchers when
reinforced with nanosized particles. In contrast to the case of other metal matrices that are
ductile, addition of hard nanoparticles to magnesium have been found to play a beneficial
role in brittle HCP matrix, this have been attributedthe coupled effect of grain
refinement, reasonable uniform distribution of reinforcement and slip on extra non basal
slip system activated as a result of nano particle addition. Uniformly dispersed nanoparticle
in magnesium matrix acts to provide sitekene cleavage crack may open in front of
advancing crack to dissipate stress concentration at or near crack front; the dissipation also
effect a change in stress state from plain strain to plain stress near the crack tip. XRD
analysis has also shown thla¢ addition of nanoparticle to magnesium activatesoasal

slip system and they bem@ more active during tensile loading.

i.  Effect of processing method and reinforcement type on Tensile Properties

The degree of improvement in tensile properties has $le@nn to greatly depend on the
type of reinforcement and processing technique employed. The overall effect of processing
techniques and type of reinforcement on the tensile properties of developed magnesium

based composite is shownHkigure6 as adapted from referenger].
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SF Hassan and M Gup2®] studied the effect of type of primary processing on magnesium
based compositesontaining 2.5wt.% of nanesized AbOz (50 nm) particulates. Two
different processing techniquesdi$integrated melt depositioDKID) of ingot processing
andblendpresssinter BPS of powder metallurgy were used to synthesize the magnesium
nanocompases followed by hot extrusion. Mechanical property characterization revealed
an increase in hardness, elastic modulus, 0.2% yield strength, ultimate tensile strength and
the fracture strain of magnesium matrix due to the addition of Aty particulates. The
sample developed with the ingot metallurgy technique exhibits superior ductility and
modulus while superior yield strength and ultimate tensile strength was observed in the
sample processed by the powder metallurgy technique. Significant increaesld stress

and marginal increase in UTS for powder metallurgy processed composite over the DMD
processed composite might be due to the presence of oxide in the initial matrix particulates
while the finer grains achieved in the DMD material might beawrsible for the additional

increase in ductility over the PM processed material.
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Figure6: Bubble chart illustrating the improvement in 0.2% yield strength and ductility
for magnesium nanocomposites adapted from refefdidte

In another research work by SF Has§&?], nanocomposite reinforced with nano sized
Y203 was alsosynthesized by both DMD and BPS technique, the BPS synthesized
nanocomposite achieved up to 18% increase i#092 and 9% increase in UTS while

the DMD synthesized nanocomposite improvement was more pronounce, showing up to
222% increase in 0.2%YS and 84Mcrease in UTS compare to the monolithic
magnesium, however the BPS synthesized composite showed a more improvement in
ductility up to 276% in 0.2vol% Y203 while the improvement was 72% for the DMD
produced composite. The disintegrated melt depositiooegs was more effective in the
exploring the strengthening effect 0, hence, the DMD processed composites showed
superior 0.2%YS and UTS when compared to the samples processed with the powder
metallurgy technique of blengresssinter. The DMD techigjue is found to be relatively

more effective in exploring the contribution of nano reinforcement to grain refinement and
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the improvement in the mechanical properties of magnesium while the PM processing
technique is more effective in exploring the conttitsu of nano reinforcement in

improving the formability and resistance of magnesium to fracture.

A study byK.B Niet al[89] on the effect of extrusion temperature on 1vol% SiC reinforced
magnesium AZ91 alloy, in their study, the nanocompositedeasloped by a semisolid
method where the stirring was assisted by ultrasonic vibration and then subjected to
extrusion at different temperatures of 250, 300 and °850 Tensile property
characterization reveals and increase inyileéd strength, ultimate tensile strength and
ductility of the nanocomposites as the extrusion temperature is increased indicating the
usefulnes of high extrusion temperature in enhancing the mechanical properties of the

magnesium.

Hassan and Gupi&7] synthesized magnesium nanocomposite by adding 0.7 vol.% of
nano yttria powder by the powder metallurgy technique using hybrid microwave sintering
technique to study the effect of extrusion ratio on the mechanical properties of magnesium.
The sintered biits were extruded at 3%D using three different extrusion ratios of 12:1,
19:1, and 25:1. Results of tensile test reveals a corresponding increment in the yield stress
and ultimate tensile stress with the increase in extrusion ratio while the maximtumefrac
strain was observed at an extrusion ratio of 19.1 for both pure and reinforced magnesium.
The increase in 0.2%YS and UTS is attributed to the reduction in matrix grain size and the

decrease in amount of porosity with increasing extrusion ratio.

The efect of sintering technique employed during powder metallurgy was studied by
Hassan et §B0] on naneY 2Oz reinforced magnesiund,.2 and 0.%o0l.% Y203 reinforced
Mg were synthesized by the powder metallurgy technique of fpessksinter followed
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by hot extrusion, result of tensile test results revealed a marginal increase in the strength
values of microwave assisted rapid sinler@anocomposite materials compared to those
processed using conventional slow heating sintering, while the ductility of the
nanocomposites sintered using conventional slow heating method was significantly
superior. The tensile result reveals that the 0.8%¥lue increases with increasingOg

content in the case of microwave assisted rapid sintering while the value reaches its peak
at 0.2vol% Y03 content for the conventional slow heating sintering method. The results
obtained translates that rapid micraasintering technique is more effective for strength
based designs while the conventional sintering technique is more effective for damage
tolerant designs. KS Tun and Gup&3] also studied the effect of heating rate during
hybrid microwave sintering of nano;®s reinforced magnesium composite, heating rates

of 49 and 26C were used and tensile tests reveals an increase in strength and reduction in

ductility at higher heating rate.

2.5.3. Compressive Properties

Not much work have been done to investigate to compressive properties of magnesium
reinforced composites, In all theapers reviewed herg80,38,46,67,10i7110], nano
reinforced magnesium composites shows an improved mechanical properties compared to
the pure magnesium composites. The mechanism for improved compressive properties in
reinforced magnesium is the same as the mechanism for improved tensile properties,
however, the formation of twins during compressive deformation can also play an
importantrole in the observed property improvement, the formed twins during compressive

deformation act similar to grain boundary by impeding the movement of dislocation. Also,
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the transformation of the dislocation as they pass across the twining boundary ¢an resul

an increased hardening rate within the twin.

Qizhen Li and Bing Tian synthesized carbon nanotube reinforced magnesium with 0.05%,
0.2%, 0.5%, 1.2% and 5% CNT and tested them compressively along the normal and in
plane orientation. Results reveals ttieg yield strength was higher for the plain normal
direction than for the in plain orientation for all composites synthesized, however the
maximum yield strength of 125.9MPa corresponding to a 129vol% increment was achieved
for 0.5% CNT reinforced compdsj the drop in yield strength after 0.5% CNT was

attributed to the agglomeration of the CNT reinforcements at higher volufh&C%o

Nguyen and Gupta investigated the influence of 50nm sized alumina on the compressive
properties oimagnesium AZ31B alloy synthesized by the DMD process followed by hot
extrusion. Experimental results reveals a 32% increase in compressive yield strength, 10%
increase in ultimate strength and 13% increase in failure strain for 1.5 vol% Alld8ja
Another research work by Meenashisuragia eta al on TiBreinforced magnesium reveals
similar trend in improvement in compressive properties, a 47% increment in CYS and

10%increment in UCS was reported while the fracture strain did not signifi¢é@}ly

Recently, Meenashisundaram et al developed & Téhforced magnesium targeting
biomedical applications, the compressive examination reveals a significant increase in the
CYS up to 85% with the addition of 2.5vol% Ti@nd up to 30% increase | the fracture
strain, however, the compressive ultimate gtienvas found to decrease by approximately

7.5%][38]
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Effect d hybrid reinforcement of Cu and-®¥s0n the compressive strength of magnesium
reveals an increase in the 0.2 compressive yield stress and ultimate compressive strength
with increase in the volume percent of copper of while the ductility was adversetedffe
increase in strength was attributed to the change in crystallographic texture and the ability
of the secondary phase to restrict dislocation motion leading to high yield strength and to
further resist plastic flow leading to high ultimate strengtliemvine reduction in ductility

was attributed to limited slip system in the composite compared to the monolithic material

with more twin formation.

33



2.6 Summary

Based on reports available in open literature, it was observed that magnesium based
compositesire fabricated from two major techniques of powder metallurgy and melt based
technique. The addition of reinforcements had also led to significant improvement in
hardness, tensile strength and ductility of magnesium matrix. Micro siedllic
reinforcenents generally increase the strength with adverse effect on ductility of the
magnesium matrix, this had led to the development of nano pasitle reinforced
magnesium composites in order to achieve simultaneorease in strength and ductility.
Addition of nano sized reinforcemehiad been found tocreases the strength watht
adverse effect on ductilityowever the strength improvemestill fall short of that due to
micron size reinforcement. Thisdeto the development of hybrid composite toetak
advantage ofboth type of reinforcements to achieve thedesired simultaneous
improvement in strength and ductility, a number of research2830 32,48
50,52,71,104,111have attempted to combine metallic and ceramic reinforcement to
magnesium both at nano scale, however only{#8,50,51,71,111had attempted to study

the combined effect of micro sized metal reinforcement and nanoscale ceramic
reinforcement and none have hybridized the effect of micron sized nickel with nano
metallic oxide reinforcement despite the great potential shown by redehmeicron sized
nickel toeffectivelyreduce grain size and significantly increase the strength of magnesium
[36,112,113]and only one research wofRB8] was carried out on the effect of TiQ@
reinforcement on magnesium matrix using a melt based processing technique.
Accordingly, in the presenstudy, attempt is made to develop a magnesium based
composite by the economical powder metallutgghniqueof blendpresssinter using

micron sized elemental nickel as the metallic reinforcement and nano sizegsE&amic
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reinforcementindividually and their combination to create a hybrid reinforcement. The
effect of the individual and combined effect of the reinforcements on the microstructure

and mechanical properties of the magnesium mhae been investigated
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CHAPTER 3

MATERIALS AND EXPERIME NTAL PROCEDURE

3.1 Raw Materials

In the present study, commercially pure magnesium powder with <0.1meaga\sze
and 97.5+% purity wassed as the base material while elemental nickel particles with
average particle sizeof Om and of 9 9itarum plioxide particleawitld  t
average particle size of 32nm were used as the reinforcement phasesagotsium
and nickel metal powder were manufactured by Merck KGaA, Germany while the

titanium dioxide powder was manufactured by NanoTek Company, USA.

3.2 Material Processing
Conventional power metallurgy process route oehd-presssinter followed by hot
extrusion was used for the processing of all the reinforced composites and monolithic

magnesium.

3.2.1 Blending
Calculated amount of magnesium pdescand the desired amount of reinforcement
required to produce a billet of 35mm diameter and 40mm height were blended together
at a speed of 200 rpm for 1hr to obtain homogeneity using Fritsch Pulverisette 5
planetary ball milling machine. No balls or pess control agent was used dgrthe
blending step. Amount ofickel added was equivalent to Ivblume percent (Mg

1.50Ni) while amount of Ti@equivalent to 0.33, 0.66 and 1.00 volume percentages
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was used in this study to produce samples labell®&diga8.33TiG,, Mg-0.66TiIO and
Mg-1.00TiG respectively. The volume percent with best combination of mechanical
properties was used with the nickel reinforcement to produce the hybrid nanocomposite

labelled as MglL.50N+0.33TiC..

3.2.2 Powder Compaction/Conalidation
The blended powder mixter was cold compacted using 1%80iTuniaxial hydraulic
press The loose powdewas poured into the die cavity and pressure equivalent to
570MPa was applied in a single direction and held for 1min to form billets-ofr85
diameter and 40hm height. The compacted billet is subsequently removed from the

die. The schematic process of powder consolidation is shown schematidatiyia

7.

Fressure

. ¥

o Green billet

(a) (b) (c) (d)

Figure7: Schematic diagrams showing the powder consolidation steps. a) loose particles
are filled into the die cavity b) & c) Pressure is applied uniaxially d) removing the green
billet from the die
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3.2.3Sintering
Sintering of the green compacts was carried out in a tube furnace (model: MT1 GSL
1700X, MTI corporation, USA) shown iRigure 8. The sample were heated at a
heating rate of 1%C/min up to500°Cand heldfor 2-hours under argon atmosphere.
The compacted billets were coated with colloidal graphite and wrapped with aluminum

foil to prevent any possible oxidation.

Figure8: Photograph of tube furnace used for sintering

3.2.4 Extrusion
The sintered reinforced magnesium composites and monolithic magnesium billets were
hot extruded using an extrusion ratio of 19.14: 1 to obtain rods of 8 mm diasiatgr u
a 150 ton hydraulic press. Extrusion was carried out at 250°C. The billets were held at
300°C for 1hr in a constant temperature furnace before extrusion. Colloidal graphite

was used as lubricant.
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3.2.5 Density Measurement
Density {) measurements weperformed on polished extruded samples of reinforced
magnesium composites and monolithic magnesium in accordance with Archimedes'
principlg113] using a Mettler Toledo model AG285 Electronic balance, with an
accuracy of £0.0004. The process involves carefully weighing the samples in air and

in liquid (distilled water was used for this experiment)u&ipn 9was then used to

calculate the experimental density of the sample.

” - Z ” ” ” (9)
Where” = density of composité¢, = Density of Liquid, A = Weight in Air, B =

Weight in liquid and” = Density ofAir

The theoretical density of pure Mg, Ni and ?i&e 1.738 g/cm3, 8.91 g/cm3 and 4.23
g/cm3 respectively. Hence, the theoretical density of composites was obtained using the

rule of mixture equation in equation 10

” n (b n (b (10)
Where” = Density of Matrix,” = Density ofreinforcement,
® = Volume fractions of matrix, ando = Volume fractions of

reinforcement.

The percentage porosity was calculated after obtaining the densities of the samples using

equation 11

POET £ QEpnn (11)
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3.2.6 Xray Diffraction Studies

X-ray diffraction analysis of monolithic and reinforced magnesium composite was
conducted using an automated BruketS D8 Advance-40kv/40Ma diffractometer with
CuK{{ & = 1.5418 ) radiation. Each speci men
a caint time of 1s with diffraction angles varying between 10° and 100°. Scanning was
done in both longitudinal and transverse direction to the extrusion direction-ridng X
diffraction data were used for calculating the texture coefficients in both diredtion

determine the level of crystallographic texture in the sample.

3.2.7 Microstructural Characterization

Microstructural characterization studies were carried out on metalloraphically polished and
prepared extruded samples to investigate the diswibudi reinforcement, matrix
reinforcement interfacial integrity and the grain morphology. A JEOL SEM (model JSM
6460), Tescan Lyr& (Czech Republic) FESEM equipped with energy dispersive

spectroscopy (EDS) and a Meji MX7100 optical microscope was utitarethis purpose.

Sample preparation is very important in achieving good results in this process, the samples
were prepared by section the extruded rod appropriately and mounting in an epoxy to ease
the metallographic preparation of the sample, théasearof the mounted sample was
prepared by standard metallographic preparation of magnesium and its alloys as reported
by John Vander VooitL14] which involves a stepwise fine grinding process starting from

the use of 20, 320, 400, 600 grit grinding papers successively using water as lubricant,
foll owed by a rough polishing with a nyl on
The final polishing was done with a mirocloth and use of distilled water as lubricant

Samples for electron microscopsere coated with a thin layer of gold to enhance electron
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conduction to avoid electron charging on the samplesayX energy dispersive
spectrometry (EDSanalysis of the composite was carried out to analyze the elemental
composition of the sample. Area mapping, Line Scanning and Spot analysis were all
performed on the sample to confirm the presence and level of distribution of the
reinforcements in the Mg matriConstant number of frames was maintained throughout
for easeof comparison. The samples for grain morphology analysis were etched using a
solution of acetic picral (containing 10mL acetic acid, 4.2g picric acid, 70mL ethanol and
10mL distilled water) to reveal the grain boundaries, microstructural images of thiesam
were taken at a different magnification. A MATLAB based image analysis software

(LINECUT) was used to determine the grain size and grain distribution.

3.2.8Mechanical Characterization

Macrohardness and Microhardness measurements were made onsifedpmionolithic

and reinforced extruded magnesium composites. Rockwell 15T (HR15T) superficial scale
was used for macrohardness measurement in accordance with ASTIBEi8ndard.
Microhardness tests were carried out using a load of 50gf and dwell ftibbsecs on a
Beuhler MMT-3 automatic digital microhardness tester in accordance to ASTM:-&384
standard. Ten hardness values were taken from different locations on each sample and the

average values were recorded as the hardness value

Extensionto-failure tensile tests on monolithic and reinforced magnesium composites
were carried out on an Instron 3367 machi ng¢
The tensile tests were conducted on smooth round tension test specimens machined from

the extruded rodota diameter Bnm and gauge length 2bm as shown ifrigure9. The

crosshead speed of the machine was set at Gr2d84nin and kept constant for all the
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samples for easy comparison. Three set of samples was tested for each composition and

the average values of the extension and force was recorded.

—1—
‘ ‘ 20.00
L
?.%}G _ _ ?fﬂ
“R4 —
5 00

Figure9: Schematic of tensile specimen

Compressive test on monolithic and reinforced composites were carried outansing
Instron 3367 machine in accordance wWAISTM: E9-89a standard, the smooth bar
compressive test was carried out on specimen of 8mm diameter andDebgphachieve

an |/d atio of D 1, the specimen was sectioned from the extruded rod. The compressive
properties were determined at ambient temperature with a strain rate oxgL8P4s 1.

4samples were tested for each composition to ensure repeatable values.

For both tensile and compressive tests, stress and strain values were determined for each
values of force and extension respectively using equation 3.1 and 3.2 with the aid of excel
sheet program and the values of stress were plotted against the stragntoajenerate the

stressstrain curve for each sample tested.

You "y ] (12

Yo 3t (13)
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From the stresstrain curve of both tensile and compressive tests, a line was constructed
parallel to the initial portion of thglot but offset by 0.002 mm/mm (0.2%) from the origin.

The 0.2% offset yield strength is theesis at which the constructed line intersects the
stressstrain curve, the ultimate strength (UTS for tensile and UCS for compressive) was
taken as the maximum stress value. The fracture strain is the maximum strain value at
which fracture occur and the woof fracture (WoF) was also calculated from the stress

strain curve as the area under the curve.

(bé "O B - - - ” ” (14)

3.2.9 Fracture characterization

Fracture surface characterization studies wareied out on the tensile and compressive
fractured surfaces of the samples to provide insight into the fracture mechanisms operative
during tensile and compressive loading. The fractography samples were kept in a desiccator
to avoid oxidation and contamation of the fractured surface. Fractography was

accomplished using a JEOL JSM60 LV SEM equipped with EDS.
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CHAPTER 4

EXPERIMENTAL RESULTS

4.1 Magnesium-Nickel Composite

4.1.1 Macrostructural Characteristics

Macrostructural characterization of the compacted and sintered monolithic and elemental
nickel reinforced magnesium composite samples did not show the presence of any
macrodefects. The outer surfaces were found to be smooth and no longitudinal or

circumfeential cracks were observed before and after extrusion as shéigune10

(a)
FigurelQ: Photograph of some a) sintett@tlets and b) extruded rods showing no visible
macrostructural defect

(b)



4.1.2 Density Measurement

The density and porosity measurements conducted on the extruded reinforced and
monolithic magnesium samples are listedablel. The porosity level in all the samples
remained below 1% indicating the near net shape forming capability of the irlessl

sinter followed by extrusion process atied in this study

Tablel: Results of Density, porosity and grain size

. Reinforcement Density (g/cn¥) % o
Materials 0 . Grain Size (um)
(wt %) Theoretical | Experimental | Porosity
Mg-Pure - 1.738 1.734 +£ 0.0099 | 0.2193 10.1 £5.7
Mg-1.50Ni | 7.3 1.8456 1.8309 + 0.0164 0.7965 2.12 +0.77

4.1.3 XRAY Diffraction Studies

The X-ray diffraction results corresponding to the extruded reinforced and monolithic
magnesium samples were analyzed, Scanning was done in both longifpaialél) and

transverse direction to the extrusion direction as showhigare 11 and Figure 12
respectively. The obtained lattice spacingsfdcing) and diffractom ngl e (20) v al
compared with the standard values for Mg, Ni>Migand various phases of the Mg and

NiT O systems, however, only magnesium aneimantal nickel and magnesium were

identified, no peaks corresponding to Mgwerepresent, The peaks cosponding to the
prismatic plane (1@0), basal plane (0002) and pyramidal plané:l’,mf magnesium are

labelled.
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Figurell: X-ray diffraction spectrum of samples in direction parallel to extrusion
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Figurel2: X-ray diffraction spectrum of samples in direction perpendicular to extrusion
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4.1.4 Microstructural Characteristics

The microstructural characterization of the reinforced composite revealed fairly uniform
distribution of nickel reinforcement in the magnesium matrix as shown in the SEM image
at lower magnification ifrigure13a, while, at higher magnification, the interface between

the magnesium matrix and nickel particle reveals good interfacial integrity between the
matrix and reinforcement without any noticeablespree of nickélmagnesium reaction
product, debonded areas or voids as also evident from the EDX linescan andliggisan

13c. There were some spdia presence of highoncentration nickel particle zone without
cluster. Optical micrographs of the etched samples revealed significant refinement in the
grains of magnesium matrix due to the presence of fine elemental nickel particles as evident

from themicrographs irFigure14 and grain size measurementliable1

Continued . . . .
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Figurel3: Scanning electron micrographs showing elemental nickel particle: (a)
distribution pattern and (b) interfacigtharacteristics in M@..50Ni composite and c)
EDX linescan analysis showing elements across the line indicating good interfacial

integrity
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Figurel4: Optical micrographs showing grain morphology in: (a) monolithic
magnesium, and (b) and (c) elemental nickel reinforced magnesium, respectively.
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4.1.5MECHANICAL PROPERTIES

i Micro and Macro Hardness Values

The result of macrohardness and microhardness measurement on the extruded monolithic
and reinforced magnesium congte samples are shownTiable2.
Significant improvement in magnesium hardness due to the presence of nickel particle

reinforcement was observed.

Table2: Results of Microhardness and Macrohardries$/1g-Pure and MglL.50Ni

Materials Micro Hardness Macro Hardness
(HV) (HR15T)
Mg-Pure 39.96 +0.32 49.09 +1.42
Mg-1.50Ni 5422 +0.79 63.82+ 1.35

ii. Tensile Test Results

The results of room temperature elongatioffailure tensile test for monolithic and nickel
particle reinforced composites are showTable3 andFigure15. Results of MgL50Ni
composites revealed that tensile strength of the magnesium was significant improvement
due to the incorporation of elemtal nickel particle, while its yield strength remained
unaffected and ductility affected adversely, the results also revealed relative less energy

absorption of magnesium while reinforced with elemental nickel particle.
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Table3: Result of room temperature tensile testing forRlge and MglL.50Ni

Materials 0.2% YS uTsS % WoF
(MPa) (MPa) Elongation (MJ/m3)
Mg-Pure 125.5+3.12 | 199.56 +9.37 | 10.29+2.85 | 17.12 +5.69
Mg-1.50Ni 127 £ 2.29 242 +10.32 7.64 +0.78 13.35+1.97
300 Tensile Test
250 J—— Mg-Pure
‘ S Mg-150Ni
200
]
o Lo
=3
»n 150 P
n
100
50
0 T T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12

Strain(mm/mm)

Figurel5: Tensile StresStrain curves of M@Pure and Mgl50Ni composites

iii. Compressive Test Result

The results of room temperature compressive test for monolithic and nickel particle
reinforced composites are shown Trable 4 and Figure 16. Results of MgL50NI
composites revealed a significant improvement in the compressive yield strength (~80%

increase) and compressive strength (~23% increase) of the magnesium due to the
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incorporation of elemental nickel particles, while its compressieéldy reduced (~16%

reduction).

Table4: Result of room temperature compressive testing foifdge and MglL.50Ni
composite

M aterials 0.2% YS UCS % WoF
(MPa) (MPa) Elongation (MJ/m?3)
Mg-Pure 66 + 4.00 185.66 +1.72 | 22.01 +0.99 | 27.99 £ 1.89
Mg-1.50Ni 120+ 12.5 228 £11.57 18.34 £3.13| 31.07 £ 9.8
200 - Co presﬁyTest
180 - “~
160 -
140 -
§ 120
é Mgl-Pure
@ 100 -
o | JE /e Mg1-150 Ni
&% 80 4
60
40 4
20
O T T T T 1
0 0.05 0.1 0.15 0.2 0.25

Strain(mm/mm)

Figurel6: Compressive StresStrain curves of MgPure and MglL.50Ni composites

52



4.1.6 Fractography

i.  Tensile Fractography

Tensile fracture surfaces extruded monolithic and nickel particle reinforced magnesium
are shown irFigure17. Fracture surface of monolithic magnesium samples indicates the
presence pseuddimple (Figure 17a-b) and intergranular crack propagatigigure 17c)

while the reinforced Mgl50Ni sample showed brittle features with reinforcement particle

cracking(Figure17d-e).

Figurel7: Scanning electron fractographs showing: ductile pseliple in (a) and (b),
and intercrystalline feature in (c) for monolithic magnesium, anttibrductile matrix in
(d) with particle cracking in (e) for elemental nickel particle reinforced magnesium

respectively
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ii. Compressive Fractography

Compressive fracture surfaces of extruded monolithic and nickel particle reinforced
magnesium are shown Figure 18. The fracture surface showed the presence of shear

band on the fracture surface of both the monolithic and reinforced composite.

Z1 &3 SEI

Figurel8: Compressive fracture surface image of a & b) pure magnesium and (c &d) Ni
reinforced magnesium composite
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4.2 MagnesiumTiO 2 Nanocomposite

4.2.1 Macrostructural Characteristics

Macrostructural characterization of the compacted and sintered monolithic aad TiO
reinforced magnesium nanocomposite samples did not reveal presence of any
macrodefects. The outer surfaces of the samples were free from any form of circumferential

or longiudinal cracks before and after the extrusion process as shdugune 19.

(a) (b) (¢)

Figurel9: Photograph of some a) compacheiets b) sintered billets and c) extruded
rods of TiQ reinforced samples
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4.2.2 Density Measurement

The result of density and porosity measurements conducted on the extruded monolithic
magnesium and reinforced nanocomposite samples are listabllgb. The porosity level

in all the samples remained below 1% indicating the near net shape forming capability of

the blendpresssinter followed by extision process adopted in this study

Table5: Results of Density, Porosity and Grain saeasurement for MJiO>
nanocomposites

_ Reinforcement Density (g/cn¥) % Grain Size
Materials (Wt %) Theoretical | Experimental Porosity (um)
Mg-Pure - 1.738 1.734 + 0.0099 | 0.2193 10.1 £5.7
Mg-0.33TiQ 0.80 1.7462 1.7392 + 0.0024 0.4033 5.605 +3.4
Mg-0.66TiO 1.60 1.7544 1.7479 + 0.0001] 0.3716 4.62 +2.02
Mg-1.00TiG 2.40 1.7629 1.7572 £ 0.0153 0.3258 4.04 +1.04

4.2.3X-RAY Diffraction Studies

The X-ray diffraction results corresponding to the extruded reinforced and monolithic
magnesium samples were analyzed, Scanning was done in both longitudinal (parallel) and
transverse direction to the extrusion direction as showhkigure 20 and Figure 21
respectively. Thebtained lattice spacing®lpaci ng) and di ffracti or
compared with the standard values for Mg, MgO and2T&)stems, however, only
magnesium peaks was identified, no peaks corresponding to nano sized titania were
present, this can betabuted to the limitation of the filtered-Kay to detect phases with

amount less than 2 vol. $415,116] The peaks labelled x, y and z corresponds to the

(10Q), (0002) and (1QL) planes of magnesium respectively.
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4.2.4 Microstructural Characteristics

The microstructural characterization of all the nano 2Ti@inforced Magnesium
nanocomposite samples revealed uniform distribution of nane Fa@icles (indicated

with arrows) in the magnesium matrix, no significant cluster of nano powder was observed
as shown irFigure23. The EDX mapping of the sample confirms the presence of Mg, Ti
and Q in the samples as seenkigure22, no evidence of void was found in the sample.
Optical micrographs of the etched samples revealed significant refinement in the grains of
magnesium matrix due to the presence of nano sized pa@icles as evident from the

micrographsn Figure24 and grain size measurementTiable5.

- Spectrum 2
Spegctrim 2

ull Scale 1322 cts Cursor: 0.000 ke
Element Weight® Atomicss
oK 5.96 8.85
Mg K 52.62 50.45
TiK 142 0.70
r T 1 Electron image 1 Totals 100.00

Figure22: EDX analysis of MgliO2 nanocomposite sample
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SEM HV: 5.0 kV YiD: 15 57 mm [ LYRAD TESCAN|
Vicw ficid:2 289 pm Det: 88 S00 am
SEM IMAG. 100 kx | Date(imid’y). 101116

SEM HV: 5.0 kv WO: 15.57 mm
Vicw ficid: 2 28 pm Drt: £E

SEM HV: 5.0 kV WD 15 57 mm
View field: 2.88 ym Det: SE 500 nm
SEMIMAG: 100 kx | Date(mrdiy): 10/11/15

Figure23: Representative FESEM images reinforcement distribution in (20383102
b) Mg-066TiO2 ¢c) Mg100TiO2samples (few pointed arrows indicate TiO2
nanoparticles)

60



Figure24: Representative optical micrograph of (a)-BBRTiO2, (b) Mgo66TiO2 and
(c) Mg-100TiO2
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4.2.5 Mechanical Properties

i.  Micro and Macro Hardness Values
The result of macrohardness and microhardness measurement on the extruded monolithic
and TiQ reinforced magnesium nanocomposite samples are showiahle 6. The
addition of TiQ nanopatrticles show was no significant influence on the hardness values of
magnesium.

Table6: Results of Microhardness and Macrohardness fofTMI nanocomposites

Materials Micro Hardness Macro Hardness
(HV) (HR15T)
Mg-Pure 39.96 + 0.32 49.09£1.42
Mg-0.33TiQ 37.35+0.25 46.30 £ 0.99
Mg-0.66TiO 39.2 +0.47 48.41 + 0.92
Mg-1.00TiG 39.95+1.44 52.42 + 0.67

ii.  Tensile Test Results
The results of room temperatw®ngationto-failure tensile test for monolithic and all the
nano TiQ reinforced nano composites are showrnTable 7 and Figure 25. Results of
Mg/TiO2> nanocomposites reveals no significant improvemerhe yield strength and
tensile strength due to the addition of Ti@anoparticles, while its ductility was
significantly improved, however, the increase in ductility was not significantly affected by
the increase in volume percent of 7idhe ability ¢ a material to absorb energy up to
fracture under tensile loading corresponds to the area under thesgta@ssurve indicated
by the work of fracture was higher for 0.33 volume% reinforced nanocomposite indicating

the material capability to tolerat@amhage.
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Table7: Result of room temperature tensile testing forRige and MgrioO2

nanocomposites

Materials 0.2% YS UTS % WoF
(MPa) (MPa) Elongation (MJ/m?3)
Mg-Pure 1255+3.12 | 199.56 +9.37| 10.29+2.85 | 17.12 +5.69
Mg-0.33Ti&» | 115.63 + 13.63| 201.97 £ 6.40| 12.12+ 1.21 | 17.07 + 2.63
Mg-0.66TiC» | 112.96 + 12.80| 197.36 £5.76| 11.46 £ 3.17 | 16.68 + 6.35
Mg-1.00Ti& | 112.61 +5.45 | 190.12 £9.40| 11.76 £ 1.62 | 13.37 £ 6.70
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Mg-066T £ - = Mg-100T
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Figure25: Tensile StresStraincurves of for MgPure and MgliO2 nanocomposites
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iii. Compressive Test Result
The results of room temperature compressive test for monolithic and all the nano TiO
reinforced nano composites are showT able8 andFigure26. The results of MgiO2
nanocomposites reveals simultaneous increageeisompressive yield strength, ultimate
compressive strength and compressive ductility of magnesium with increasing volume %
of TiO2. The highest combination of mechanical properties was obtained with 1.00 volume
% of Titania where a maximum of ~ 65% tiease in compressive yield strength and ~39%

increase in UCS with ~6% increase in fracture strain of pure magnesium was observed.

Table8: Result of room temperature compressive tegond/g-Pure and Mgrio2
nanocomposites

Materials 0.2% YS UCS % WoF
(MPa) (MPa) Elongation (MJ/m3)
Mg-Pure 66 + 4.00 185.66 = 1.72 22.01 £ 0.99 27.99 +1.89
Mg-0.33TiOz | 75.00 + 3.54 201.20 £ 4.42 23.15+4.23 33.60£6.5
Mg-0.66TiO2 | 91.83 + 4.94 249.11 £6.10 20.22 £ 2.44 31.03 = 3.66
Mg-1.00TiO2 | 109.00 + 4.00 255.78 £+ 4.0 23.32+1.22 35.18 £ 10.88
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Figure26. Compressive StresStrain curves of developed compositesMg-Pure and
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indicating the Tensile Compression Asymmetry
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4.2.6 Fractography
i.  Tensile Fractography

Tensile fracture surfaces of extruded monolithic and nane fé@dforced magnesium
nanocomposite are shownkigure28. Fracture surface of monolithic magnesium samples

indicates the presence psetttimple and intergranular crack propagation.

SEI 20Ky
%

Continued. .
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Figure28: Scanning electron fractographs showing the tensile fracture surface of a) & b)
monolithic Mg, ¢) & d) Mg033TiO; e) & f) Mg-066TiOz g) & h) Mg-100TIO,

ii. Compressive Fractography
The fracture surface of the pure Mg and nano zi€nforcednanocomposite samples

undercompressive loading are shownFigure29.

Continued . . ..

67



Figure29: Scanning electron fractographs showing the compressive fracture surface of a)
& b) monolithic Mg, ¢) & d) Mg033TiO2 e) & f) Mg066TiO2 g) & h) Mg100TiO2
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4.3 MagnesiumHybrid Nan ocomposite

4.3.1 Macrostructural Characteristics

Macrostructural characterization of the compacted and sintered hybrid magnesium
nanocomposite containing 0.33vol% Biénd 1.50vol% Ni reinforcements did not reveal
presence of any macuaefects. The outer surfaces were found to be smooth and free from
all forms of longitudinal and circumferential cracks both on the sintered sample and

extruded sample

Figure30: Photograph of some hybrid (Mg50N#0.33TiOz) samples

4.3.2 Density Measurement

The results of density and porosity measurements conducted on the extruded monolithic
magnesium and hybrid nanocomposite sampleBsaeel in Table 9The porosity level in

all the samples remained below 1% indicating the near net shape forming capability of the

blendpresssinter followed by extrusio process adopted in this study
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Table9: Results of Density. Porosity and Grain size Measurement for hybrid sample

Reinforcement Density (g/cn¥) %

' _ _ Grain Size
Materials (Wt %) Theoretical Experimental

Porosity (um)

Mg-Pure - 1.738 1.734+0.0099 |[0.2193 |[10.1+5.7

Mg-1.50Nk | 7.2Ni and 0.75
0.33TIC TiO2

1.8538 1.8431+0.0044 | 05714 |21*08

4.3.3 X-Ray Diffraction Studies

The X-ray diffraction results corresponding to the extruded reinforced and monolithic
magnesium samples were analyzed, Scanning was dboghitongitudinal (parallel) and

transverse direction to the extrusion direction as showhigare 31 and Figure 32
respectively. The obtained lattice spacings(p aci ng) and di ffracti or
compared with the standard values for Mg, 210, Mg2Ni and various phases of the Mg

O and Ni O systems, however, only magnesium and elemental nickel and magnesium was

identified, no peaks corresponding to 7i@nd MgNi was present, The peaks

corresponding to the prismatic plane@p basal plane (0002) and pyramidal plané_;().o

of magnesium arkabeled
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Figure31: X-ray diffraction spectrum of pure Mg and Mgb0N+0.33TiQ, samples in
direction parallel to extrusion direction
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Figure32: X-ray diffraction spectrum of pure ¢dland Mg1.50N+0.33TiQ samples in
direction perpendicular to extrusion direction
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4.3.4 Microstructural Characteristics

The microstructural characterization of the hybrid reinforced Magnesium nanocomposite
revealed fairly uniform distribution of the rédorcement in the magnesium matrix as shown

in Figure34. There was no noticeable presence of nichagnesium reaction products at

the boundary between Mg and Ni, the interface reveals good interfacial integrity between
the matrix and reinforcemgrthere was also no presence of debonded areas or voids. EDX
map and EDX elemental scan analy$igy(re 33) of the hybrid nanocomposite confirm

the presence of Nickel, Titanium and oxygen in the magnesium matrix, the XRAY map
shows that the Ti@nanoparticles are more concentrated at the interface between the larger
nickel particle and the magnesium matigure 35). Optical micrographs of the etched
hybrid reinforced sample revealed significant refinement in the grains of magnesium
matrix due to the presence of fine elemental Ni and, p@ticles as evident from the

micrographs irFigure36 and grain size measmentn Table 9.

0 2
ull Scale 1322 cts Cursor: 0.000 keV)

Element | Weight%  Atomic%
oK 1.05 1.72

Mg K 84.62 91.70
TiK 142 0.78

Ni K 12.92 5.80

Totals 100.00

4um Electron Image 1

Figure33: EDX analysis of Mgl50-0.33TiO2 nanocomposite sample
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SEM HV: 20.0 kV WD: 9.81 mm | SEM HV: 20.0 kV WD: 9.81 mm

View field: 88.2 ym Det: BSE 20 pm View field: 9.03 um Det: BSE 2 ym
SEM MAG: 3.28 kx  Date(m/dly): 10/20/15 SEM MAG: 32.0 kx  Date(m/dly): 10/20/15

SEM HV: 20.0 kV WD: 9.81 mm | YRA3 TESCAN| SEM HV: 20.0 kV WD: 9.81 mm | LYRA3 TESCAN|
View field: 31.5 pm Det: BSE 10 ym View field: 3.61 pm Det: BSE 1um
SEM MAG: 9.16 kx  Date(m/dly): 10/20/15 SEM MAG: 80.0 kx Date(m/dly): 10/20/15

Figure34: SEM image of hybrid sampkhowing distribution of reinforcement
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Figure35: EDX mapping of Mgl50N+033TiO2 sample

Figure36: Micrograph of etched hybrid nanocomposite
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4.3.5Mechanical Properties

i Micro and Macro Hardness Values

The result of macrohardness and microhardness measurement on the extruded monolithic
and reinforced magnesium composite samples are shown in

Table10. Significant improvement in magnesium hardness due to the presence of Nickel
and TiQ particle reinforcement was observed, the microhardness of thdiihderfacial

region in the hybrid composite was found to be higher when compared to that of the matrix
region. The hardness value of the hybrid nanocompositel(B@N+0.33TiOy) was found

to be higher than that of the nickel reinforced and>T&nhforced composite.

Table10: Results of Microhardness and Macratrass of MgPure and MgL.50N-
0.33TiOzsample

Materials Micro Hardness Macro Hardness
(HV) (HR15T)
Mg-Pure 39.96 +0.32 49.09+1.42
Mg-1.50N+0.33TiQ» | 60.52 +0.99 64.16 + 0.57

ii. Tensile Test Results

The results of room temperature elongatiofailure tensile test for monolithic and all the

reinforced composites are shownTiable11 andFigure37.

The results of hybrid nanocompositéMg-150N+F033TIO,) reveal a significant
simultaneous improvement in the tensile strength and the ductility of magnesium matrix
due to the addition of nickel particle and Ei@anoparticle while its yield strength was

adversely affected.
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