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ABSTRACT

Fe-based composites are found to be a promising maf@rialitomotive, process and
chemical industries but little attention has been giwethe study of their properties.
This project aimed to study the influences of reinforcemeios and sintering

temperatures on particulate type composite. Pure iron camdposite specimens
containing 5, 10 and 15 wt.% of SiC particles are fabricateghdwyder metallurgy

technique. The powders are compacted by Auto-Pelletizer rmguipat 500MPa and
then are sintered in Argon atmosphere for 45 minutesheittting and cooling rates of
5°C/min and 10°C/min, respectively. The obtained Fe-SiC csitg® are then

characterized for density, analysis for microhardndss Vickers Test and

microstructural examination using Optical Microscopy. Thesults show that the
hardness of the composites increased with increasingc@int in accordance with
the well dispersed elements observed from optical agrephs. Highest value of
hardness; 1634HV is achieved from composite containing 15 wit.$tCosintered at

900°C.



ACKNOWLEDGEMENT

Grateful and zillion thanks to Allah s.w.t. for givingafdn and guidance to finish up
this final year project report. First and foremost, Iudolike to thank my supervisor,

Assoc. Prof. Dr. Othman bin Mamat who had taken a lotffofte in assisting me in

conducting this research and his cooperation and endiéiesige in guiding the me till

the completion of the project. Thanks for the advidang and also for the knowledge
and experiences shared during my attachment under his supervisio

Besides, | would like to express gratitude to examinersdarinar; AP Dr Faiz Ahmad
and AP Dr Patthi Hussin for their comments and adviceghe betterment of this
project. | would also like to grasp hold of this opportuihitythank various people who
indirectly involved in making the project a success; MramwMr. Faizal, Mr. Sani and
all technologists from the Mechanical Engineering labmnies for their kind attention
and time to guide and help me to utilize the laboratorypagents. | have very much
benefited from their professional experiences and patsatvices.

Heartfelt appreciation is given to University TechnoloBETRONAS (UTP) and
Mechanical Engineering Department for equipping me and sthédents with essential
skills and excellent theoretical as well as practieadrk. To final year project
coordinator, | would like to express many thanks for keepiegstipervision in great

control.

Last but not least, thanks to my beloved parents, faméynbers and all friends for
their moral support and valuable contributions throughoutrésearch period. Their
encouragement induced excitements to do the very besigiout the semesters.



LIST OF FIGURES

LIST OF TABLES

CHAPTER 1:

CHAPTER 2:

CHAPTER 3:

CHAPTER 4:

CHAPTER 5:

TABLE OF CONTENT

INTRODUCTION

11

1.2
1.3

Project Background
1.1.1 Characteristics of Metal Matrlx Composﬂes

1.1.2 Development of Powder Metallurgy Technique .

Problem Statement .
Objective and Scope of Study

LITERATURE REVIEW .

2.1 Introduction
2.2 Material Aspects : :
2.2.1 Matrix Material — Why Fe?
2.2.2 Reinforcement Material — Why SiC?
2.2.3 Particle Size and Volume Fraction
2.3 Powder Metallurgy Process
2.3.1 Powder Compaction
2.3.2 Sintering
24 Mechanical Properties and Mlcrostructure
METHODOLOGY
3.1 Gantt Chart of the Project.
3.2 Laboratory Works

3.2.1 Materials .

3.2.2 Tools and Eqmpments

3.2.3 Experimental Procedure.

3.2.4 Polished Specimen Preparation .
3.2.5 Analysis Procedure

RESULT AND DISCUSSION .

4.1
4.2
4.3
4.4
4.5

Powder Preparation
Mixing and Compaction.
Sintering
Microhardness .
Microstructure .

CONCLUSION & RECOMMENDATION

ood

11
12
13
15

17

19
21
21

21

21

22

23

24

24
25
27
32
37

40



REFERENCES
APPENDIX A - Details of Sintering Conditions
APPENDIX B - Figures of Final Samples

APPENDIX C - Calculations for Density of Composites.

APPENDIX D - Table of Dimensions and Green Density of Compacts.

APPENDIX E - Table of Sintered Density of Compacts

APPENDIX F - Table of Hardness (HV) of Compacts

41

45

47

48

51

52

53



Figure 2.1
Figure 3.1

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9

Figure 4.10

Figure 4.11

LIST OF FIGURES

Plot of hardness versus SiC content fohiakt models. 9
Flowchart of the methodology 17
Green and sintered density versus amount of Sithgdacts sintered at
800°C 28
Green and sintered density versus amount of Sithgdacts sintered at
900°C 28
Green and sintered density versus amount of Sithgdacts sintered at
1000°C 29
Green and sintered density versus amount of SiGhgdacts sintered at
1100°C 29
Sintered density versus amount of SiC comfacadl sintering
temperatures 30
Hardness (HV) versus amount of SiC of comzaatisred at 800°C 33
Hardness (HV) versus amount of SiC of comzaatisred at 900°C 33

Hardness (HV) versus amount of SiC of comzautsred at 1000°C 34
Hardness (HV) versus amount of SiC of comzautsred at 1100°C 34

Hardness (HV) versus amount of SiC of comgattsed for all sintering
temperatures 35

Micrograph from optical microscope. 38



Table 3.1

Table 4.1

Table 4.2

Table 4.3

Table 4.4

LIST OF TABLES

Composition of composites based on weight pagent 22

Percentage by weight and volume, amount of pswded and

theoretical density. 25
Result from compaction by Auto Pelletizer 26
Summary of micro-Vicker Test for all samples 32

Micrographs from optical microscopy for all caetg with various amounts
of SIC and sintering temperatures. 37



1.1

CHAPTER 1

INTRODUCTION

Project Background
1.1.1 Characteristics of Metal Matrix Composites

Metal matrix composites (MMCs) are widely used in congms of various

pieces of industrial equipment. The purpose of producingv@acsite material

is to achieve an enhanced combination of properties by cormgla least two

different material phases with dissimilar properti€mpositing makes it
possible to create materials with properties unattaenabltypical monolithic

materials. MMCs generally combine the properties of hm&trix which are

the ductility and toughness, with a high thermal stremgihforcing material;

the ceramic. MMCs have been given an increasing amotattention and

application in recent years due to developments in psogesnethods and the
increasing understanding of structure-property relationgRiasklin, 2003).

Basically, MMCs are characterized by the type of recdment used.
Commonly used composite types include continuous fibers,t ditmers,
whiskers, particulate, and flakes. The reinforcemegmtdycan be further divided
into two categories; continuous and discontinuous formankin (2003)
describes that the continuous fiber reinforced composite eixaellent axial
strength for uniaxial load application, but there are dlisatages associated
with the fabrication including fiber damage and microstradtnon-uniformity
(Ibrahim et.al, 1991). Short fibers, whiskers and partiesl&all under the group
of discontinuous reinforcement. Properties of the coitppase affected by the



size, aspect ratio, and volume fraction of the recdment. There are many
advantages of using discontinuous reinforcement over tmtincous type
especially in the transverse properties and cost otctimn.

A variety of processes have been and are being develop#ueféabrication of
MMCs including spray forming, vapor deposition, casting, powdetalrgy,

hot press and interleave or diffusion bond. Each tecknigas its own
limitations in term of component size and shape, and ietposertain
microstructural features on the product. The most broadgd method to
manufacture MMCs is the powder metallurgy (PM) techniquél B an

excellent method because it offers a means of addisgigg high volume
percentage of hard reinforcing phases in a uniform digfobb compared to
casting or spray forming technique.

1.1.2 Development of Powder Metallurgy Technique

Powder metallurgy components are increasingly replaciogigiht materials in
high performance applications. According to Smith (200Bg first known
application of powder metallurgy technology, around 3000 B@plved
production of iron tools in ancient Egypt using a procedwaegitivolved heating
iron oxide and hammering the resulting sponge iron to theireghshape.
Evidence has been found for the existence of simitdmigues in other parts of
the ancient world including the discovery of the maospressive development
of the efforts in Delhi Pillar, which weighs nearly dbnnes. Following the
practice, there was a long period without progress theileighteenth century
that activities in Europe signified the initiation of modétM technology with
the manufacturing of platinum-arsenic alloy for buildaigemical vessels.

Generally, PM technique is utilized in the fabricatidmeetallic materials but
the principle of the process apply with little modifion to ceramics, polymers
and a variety of composite materials composed of twet@hd non-metallic
phases. During the past decade there have been signifibearicas in PM
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technology. New types of powders especially in the fofrmare composites
with superior properties are introduced, allowing the prodootf larger and
higher strength materials. Difficult to process matsriwhere fully dense high
performance alloys can now be processed with uniformostiarcture, and
multiphase composite with a wide combination of propertiean be
economically synthesized with the advancement oft&Mnique.

Production of metal matrix composites through powder lilnegg technique is

not new to the industry. The focus of the selectionswitable process for
fabrication of MMCs is the desired kind, quantity, and dwribution of the

reinforcement components, the matrix alloy and the agic. For MMCs, PM

is costly but is suitable for small components. PRI, offers unlimited addition

of volume of reinforcement and matrices in the prod®$she PM research that
has been completed, most relates to materials behane effects of various
parameters concurrent with PM technique. Many of the relsesrare in any
case worthy of study, since it has resulted in numenttesesting and useful
findings for improving each single process involves in iakthod.



1.2 Problem Statement

In recent years, the development of metal matrix camtpdMMCs) has been receiving
worldwide attention on account of their superior strergnd stiffness in addition to
high wear resistance and creep resistance compaugstieit corresponding wrought
alloys. In line with this, powder metallurgy process athhology appears to build up
a wide array of concern among researchers. A largebeurof research papers
published focuses on the application of powder metallurgsatds light metal matrix

such as Al, Ti and Mg. The cost of processing theserialstés a significant constraint
on continued growth of the market.

It is also found that there are rare report on othetahmatrix composites, especially
Fe-based which is found to be limited. Although this contpcaie promising materials
for the process industries, little attention has baeengto the study of their properties.
Feis used in great quantities in the automotive industriesedlsaw in ferromagnetism.
Thus, it is an interesting idea to conduct a researehrity the suitability and introduce
the Fe-based composite with hard particle reinforcerbgnapplication of powder
metallurgy technique, which is the most appealing fabricationess for MMCs.

1.3 Objective and Scope of Study

Main objective of this project is directed towards thedgton producing Fe-based
composite using powder metallurgy technique. The study aimstrimduce Fe as a
possible metal matrix to be reinforced with SiC cerapadicle and to determine the
effect of particulate SiC content towards the hardrdd-e-SiC composite. This study
employs a complete powder metallurgy process cycle, imgutie powder production,
mixing, compacting, and sintering. For this study, the ss@pe restricted to ceramic
particulate reinforced Fe metal matrix systems, wahation of the composites ratio
and sintering temperatures. Final products will be examinexutiying the mechanical
properties, focusing on the hardness and characterizing tbeostnucture by
observation with Scanning Electron Microscopic (SEMYOmtical Microscopy (OM).
The works will be carried out in the period of two set@esin 2010.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Literature survey is carried out to have an overviewtld production process,
properties, and mechanical behavior of metal matrix congmog¢MMCs). A large
number of papers concerning the employment of powder mnegplitechnique to
fabricate MMCs have been published. According to Zebajaal. (2008), the papers
concentrated on MMCs can be categorized into some majops as elaborated further
in later paragraphs.

The studies of the first group focused on manufacturindiaaist The results of their
studies showed that there are some different technigudaldrication of MMCs. The
methods are squeeze casting, metal spray, metalatifily laser deposition technology
and mechanical milling, powder technology, and so on. Amtmgn, powder
metallurgy presents one of the biggest advantages, althbeghare a lot of problems
concerning the distribution of the reinforcement in tbenposite matrix. The second
group tried to investigate the role of reinforcement plagion formability of metal
matrix. Their result show that the particles pl&ela barrier against metal flow.

Next, the third group of researches worked on corrosidraber of MMCs. They

demonstrated that the weight loss of the compositesomogsive media depends
strongly on both volume percent and particle sizeewfforcement. The studies of
another group concentrated on the role of reinforcenpamticles on mechanical
properties and machinability of MMCs. They showed that batome percent and
particle size of reinforcement particles play an invairrole on mechanical behavior of
MMCs. Finally, the last investigations concentratedlenmechanical, optical, thermal,
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and electrical properties of the composite. The resllilistrated that the mentioned
properties vary as volume percent and particle sizeidbreement change.

Apart from this, other related papers will also be disedsin this section. Since,
powder metallurgy products are typically produced in sequehpewader production,
cold compaction, and sintering operation, the best paeasnef each step will be
reviewed based on successful researches. Results feostuthies are taken as the main
reference for designing the methodology for present irgegsin.

2.2  Material Aspects

Metal matrix composites materials have a combinatfasuperior properties compared
to unreinforced matrix which are; improved wear resisgtamigher elastic modulus,
higher servicaemperature, increased strength, high thermal and ekdotonductivity,
low coefficient of thermal expansion and high vacuum environateresistance.
Properties of composites are strongly influenced byptioperties of their constituent
materials. The superigroperties can be attained with the proper choice ofixratd
reinforcement.

2.2.1 Matrix Material — Why Fe?

The main function of matrix in MMCss to transfer and distribute the load to the
reinforcement. This transfer of loa@pends on the bonding which depends on the
type of matrix and reinforcement and tladrication technique. Generally Al, Ti,
Mg, Ni, Cu, Pb, Fe, Ag, Zn, Sn and Si are used as thexnmaaterial, but Al, Ti,

Mg are used widely. But those widely used matrix areivelgtexpensive in both
the material cost and in term of fabrication.

Pagounis et al. (1996) stated that, Fe (iron) matrix congsoare a new class of
advanced materials proposed mainly as inexpensive wastargsparts. It is

interesting to use iron and its alloys as the matraterial in composite systems
because of their low cost, the possibility of heattineat and technological



effectiveness. In the other hand, iron based compositesy higher hardness,
higher compressive strength, and the elastic modulug ikigfnest for machinable
and hardenable materials.

The statements are seconded by Tanino et al. (2008), wilsich that sintered
iron-based materials has good wear resistant, imprsivedgth and machinability
properties. However, compared with their unreinforcedyall iron matrix
composites suffer from lower ductility and toughness.ug reductions in yield
and ultimate tensile strength which revamp the weakadkseugh the addition of
hard particle reinforcement have also been reported hbgrale researches
including: Mukherjee et al (1985), Bryggman et al. (1992), andit€akt al.
(1994).

2.2.2 Reinforcing Material — Why SiC?

Composites consist of one or more discontinuous phasiesdeled in a continuous
phase (the matrix). The discontinuous phase whichuallysharder and stronger
than the continuous phase is called the reinforcemenrginforcing material. As
stated by Prasad (2006) in his thesis on the developmenthandcterization of

metal matrix composite;

For metal reinforcement, ceramics particleather, fibers or carbon fibers are
often used. Reinforcement increases the strengtmesgfand the temperature
resistance capacity and lowers the density of MM@wrter to achieve these
properties theselection depends on the type of reinforcement, its odetf
production and chemicalompatibility with the matrix, sizes, shapes, surface
morphology, structural defects, impurities and inherenpgntes.(p.24)

As per quoted above, two main types of reinforcing mdsetieat are widely used

that are the particles and fibers. Both types offoeaement produce reinforcing

effects in metallic matrices by different strengthemmgchanisms. Focus is given
to the ceramic particulate type of reinforcement siheesaid by Prasad (2006) as
the most suitable material to be mixed with metal imast



Ceramic particles which have been proposed for use a®nenients in iron-
based composites include carbides (TiC, WC, VC and SiC)esxiAbOs, ZrOy,,
and Y20s), nitrides (TIN and $N4) and borides (TiBand CrB). Zhang et al.
(1992), verify from their research on “Damping Charasties of Graphite
Particulate Reinforced Aluminium Composites” that tlese of graphite
reinforcement in a metal matrix has a potential toter@amaterial with a high
thermal conductivity, excellent mechanical properties aticacive damping
behavior at elevated temperatures.

In addition to that, research conducted by Chakthin e{28l08) on Fe-based

composites reinforced with WC and SiC patrticles respelgti proves that SiC is a

better reinforcing material. Their investigation rigidéveals that the strengthening
effect and phase transformation did not exist in Fe-¥dénhpared to Fe-SiC

composite.

2.2.3 Particle Size and Volume Fraction

Chawla et al. (2001), claimed that in metal matrix contpesparticle reinforced
materials are more attractive due to their cost-gffecess, isotropic properties,
and their ability to be processed using similar monolithaterials technique. It is
supported by Prasad (2006) which stated that the strength aflepeginforced
composites is observed to be most strongly dependetiteovolume fraction and
particle size of the reinforcement. For that reasoost of the MMCs introduced
are in the initial form of metal matrix powder embeddedh particulate
reinforcement. Properties of this type of compositesaffieeted by the size, aspect

ratio, and volume fraction of the reinforcement.

Since research concerning Fe-SiC composites is offdéocuthe literatures on
effect of particle sizes and volume fractions of theemal are limited. In research
conducted by Chakthin et al. (2008) about the influence of carloideroperties
of sintered Fe-based composites, they found thatifibered Fe-SiC composites,
tensile strengths and hardness, superior to those oSitihered Fe material,



increased with decreasing carbide particle size.fdrther discuss this factor,
literatures on other metal-based composites winelsignificant to the findings are

referred.

Lin et al. (2003) conducted a study about the éftéaeinforcement particles on
the strengthening mechanism for Cu-SiC compogit¢hé research, they designed

three models containing different sizes of reinfoggarticles:

* Model I: The size of the reinforcing particles gpaoximately the size of the
matrix particles.
* Model II: The ratio of the reinforced particle simethe matrix particle size

exceeds 2.
* Model lll: The reinforcing particles are much sreallthan the matrix
particles.
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Figure 2.1: Hardness versus SiC content for adléhmodels.
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Results as show in Figure 2.1, demonstrate that all tinskels can produce an
effective strengthening mechanism with additional variathle; volume fraction.
For Model | and Ill, they discovered that there isoatimum value of SiC content,
approximately 5% of volume fraction to obtain the optimbardness. Whereas,
the hardness of the composite increases with theeasgrg of SiC content in
Model II. This is because; SiC particles can effectivadgtruct boundary slippage
between the interfaces of Cu particles and impedeldstic flow to hamper any
deformation. All in all, in term of size of reinfontent particle, Model 11l which
contains reinforcing particles that is much smallerntithe matrix particles

produced highest value of hardness at the same voluBi€ of

Chawla et al. (2001), proposed that, “an increase in refoent volume fraction
or decrease in particle size increase the amount @€atdstrengthening, since a
larger amount of interfacial area exists for dislasatpunching to takes place”
(p.357). It is said that the difference in strengtheningvéen unreinforced and
composite could be attributed primarily to load transbethe reinforcement. Thus,
with increasing volume fraction, more loads are tremetl to the reinforcement,

which resulted in higher strength of the composite.

In addition to that, the findings are in line with theoffithe effect of particle sizes
and research by other authors. According to Yu et al. (2@0&istically, larger
flaws and more defects are more likely to exist in lafgticles and, therefore,
will deteriorate the strength of composites when coegpawvith the composites
containing smaller particles. This is likely due to the Ilfmaparticles of
reinforcement can be inserted into the voids among theixmaarticles easily,
increasing the density and bonding strength of MMCs. Aaldtitly, smaller
particles will exert more constraint on grain growth vah@an also contribute to
the increase of strength. Relationship of the partwke on the mechanical
properties of MMCs is graphically proposed by Zhang ef28l04) as a result of
his study which is to illustrate the relationship betwesinforcement particle size
(R) and mechanical properties (e.g. yield strengjh,

10



The research claims that, the strengthening effeatasers with increase of particle
size of very fine and shearable inter-metallic preaipg. However, these
precipitates are not stable at high temperatures, ar@tbaqarticle size is higher
than a certain value, they become non-shearable amd™hparticles, and the

strengthening effect becomes weaker with increasing parize. In the

meantime, smaller particles are less prone to havimgniat defects and thus are
more difficult to be fractured. These factors areofable for achieving high

strength and good fracture toughness. In addition, thencepmrticles are stable at
high temperatures, so the strengthening effect will holdigh temperatures,

leading to a high creep resistance when creep is disiocadntrolled.

Powder Metallurgy Processes

Apart from casting, melt infiltration, and spray-formetethod, powder metallurgy

(PM) technique is the one of the most commonly used psofoe the fabrication of

discontinuous reinforced MMCs. PM technology appears tl loyp a wide array of

concern among researchers. PM is costly, but suitablsrhall components. Prasad

(2006) chronologically simplifies the methodology of PM@ass as quoted below.

In general process, the powders of matrix matedals reinforcement are first
blended and fed into a mould of the desired shape. Presghemniapplied to further
compact the powder (cold pressing). In order to faciltagebonding between the
powder particles, the compact is then heated to a teroperdtat is below the
melting point but sufficiently high to develop significasblid-state diffusion

(sintering). The consolidated product is then used as a MMt@rial after some

secondary operation. (p.30)

In summary, 3 main steps of PM are mixing, compactiahsantering. Since pressing

(compaction) and sintering have the most significarectdf towards the mechanical

properties of MMCs, detail literatures on both processkdevdiscussed further in this

section.
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2.3.1 Powder Compaction

Conventional PM technique uses cold compaction method te flrepowder into
green compact. Kim et al. (2000) claimed that non-uniformensity distribution
of powder compacts under cold compaction has a great infleentde subsequent
process such as sintering. The early attempts on cbseagarding compaction
focused on densification and concentrated on the \amiati either axial or radial
stress with compact sectional area, height, surfaga, and friction coefficient
(Smith, 2003). Compaction as describe by Kalpakjian ef28D6), are meant to
obtain required shape, density and particle to partiakact and to make the part
sufficiently strong for further processing. There arevesal types of cold
compaction method utilizes in PM, namely cold isostatiessing and cold die

compaction.

Research conducted by Kim et al. (2000) on the cold comyaofi composite
powders, experimented the densification behavior of mixed cogomeb tungsten
powders under cold isostatic pressing and die compaction. Cppyweer is regard
as the soft metals whereas tungsten powder is the tgpbsicorrelate the case on
composite, tungsten powder can be regarded as the hard partickgamics. It is
observed that, in the cold isostatic pressing, as peegsareases, copper powder
deform markedly, but tungsten powder do not deform as mush, Alore pores
are observed in composite powder compacts as the vdiaat®n increases. From
microstructural view, it is found that the powder compadtg cold die compaction
is less homogeneous than that by cold isostatic pressitaude of deviatoric

stress.

Generally, density of the green compact depends on theupremgplied. As the
compacting pressure increase, the powders become densertbdea@léareasing of
free space in between the particles. Kalpakjian et24l0§) outlined the size
distribution of the particles as an important factor aompaction-density
relationship. They stated that;

12



If all of the particles are of the same sizeré always will be some porosity
when they are packed together, theoretically a poraditgt least 24% by
volume. Introducing smaller powder into the powder mix iillthe spaces
between the larger particles and thus, result in aehigansity of the compact.
(p.491)

From the statement, it is likely to conclude tha tkensity of compacted powders
also depends on powder sizes apart from its dependencyeorompaction
pressure applied. The suitable compacting pressure for Ed-basterial as
proposed by the same authors range between 350-800MPa aad seséarch
regarding the optimum pressure for Fe-based composiiette be found.

Other than density, issues related to compaction phadedes; the sizes of
particles and mechanism of deformation which holds meftacts towards the
strengthening behavior. As stated by Lin et al. (2003), thexetves modes of
deformation under compressive stress which are the glefarmation and
boundary slip. When the size of the reinforcing partidespproximately the size
of the matrix particles, boundary slips causes plagtiormation when stress is
applied. Whereas, then the ratio of reinforcement@arsize to the matrix exceeds
two, the reinforcement particle will effectively ohstt boundary slippage at the
interfaces between matrix which cause grain deformatidaki® place. Their study
reveals that mechanism of plastic causes by grain dafanmare preferable than
boundary slips to produce an effective strengthening by reerfieent.

2.3.2 Sintering

Sintering is one of the most important processes iraR¥plays the crucial role in
the properties and cost of final products. Kalpakjian (2006helaintering as “the
process whereby green compacts are heated in a cahtof®sphere furnace to a
temperature below the melting point but sufficiently highallow bonding by
fusion of the individual particles”. Sintering plays ajonarole in improving the
density of the raw material by means of reducing porositys said that, the

changes in pore structure depend on many details, includen@itial pore size

13



distribution and sintering conditions. Most of the essdleld study on sintering
mechanisms centered on the stages of sintering, ®ffe#csintering time and
temperature, and influence of additives and phases.

Fe-SiC composites produced in the experiment conducted by Qhakii (2008)
exhibit an increasing in hardness with the increasing of sigtéemperature. It is
said that the stability of carbide particles under simgeconditions is the prime
factor controlling properties of the sintered Fe-carbidenmosites. As per their
study, it is observed that some of Sic particles decoeapmso Si and C atoms that
could diffuse into the Fe particles which resulted iovgh of voids surrounding
SiC particle as well as decreasing the particle size.

Besides, Tanino et al. (2008) who patented a researcleerition-based sintered
material and production method thereof’ claims that

When the heating temperature is lower than 11009€ nivt possible to sinter
the powder sufficiently and thus not possible to imprakle quenching

efficiency of the sintering material. It is not pdssito improve the fatigue
strength and machinability, when the heating temperature ghehithan

1170°C, and it is not possible to improve one or bothefdhigue strength and
machinability, when the heating period is shorter than lfutes or longer

than 30 minutes.

A portion of the claims is agreed by Feng et al. (2007) whegy conducted
experiment on intensified sintering of iron powders urileraction of an electric
field. The result shows that the density of sinterechgacts is lower for sample
from 1350°C compared to samples from 1100°C where an optisintered
density is obtained. This can be theoretically explaingtth the principle of
sintering kinetics which stated; the higher the sintet@mperature, the higher
densification degree, but too high temperature is unfavofabldne densification
process (Mrowee, 1980). This is due to the process of ppanson or Ostwald
ripening that occurs at high sintering temperature becaut®ee adffect of plastic
deformation.
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2.4  Mechanical Properties and Microstructure

Focusing on strengthening effect for the present studywi@het al. (2001) described in
detail about the behavior of particulate MMCs. The défifiee in strengthening between
the unreinforced material and composites could be atdbptimarily to load transfer

to the reinforcement as further quoted below.

Under an applied load, the load is transferreth ftbe weaker matrix, across the
matrix/reinforcement interface, to the typically iay stiffness reinforcement. In
this manner, strengthening takes place by the reinforcefvemying” much of the
applied load. Due to the lower aspect ratio of particutadeerials, load transfer is
not as efficient as in the case of continuous fiberfeecement, but still significant
in providing strengthening. (p.357)

Apart from the properties discussed respectively withcinaributing factors above,
according to Prasad (2006), it is apparent that parametatsolting the mechanical
properties of particulate reinforced composites are skt understood in any
convincing details. Nevertheless, some of the import&etbfs have been highlighted

from literatures.

* The strength of particle reinforced composites is neseto be most strongly
dependent on the volume fraction of particle and sizbeoreinforcement.

» Dislocation strengthening will play a more significantersn MMCs than in the
unreinforced alloy due to the increased dislocation density

» Greatest concern appears to be on the introduction oéctdefand
inhomogeneities in the various processing stages, whicbegasfound to result
in considerable scatter in mechanical properties.

Besides, the microstructural features of the fabricatemposite can also assists in
interpreting the mechanical behavior of the MMCs esjigciay observation of the
distribution of materials. It is claimed by several istigators that the properties of
composites are finally dependent on the distributiorhefgdarticles in the composite.
The distribution of particles depends on the processindgadmtation routes involved.

15



Results obtained from Chakthin et al. (2008) revealed that thested three different
microstructural features in sintered Fe-SiC compos#part from the non-melted SiC.
It is due to the decomposition of SiC particles andethistence of different iron phases
namely pearlite and austenite. The formation of irahaa phases directly contributed

to an effective strengthening mechanism in the composite.
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CHAPTER 3

METHODOLOGY

In order to conduct the research project, the fidwmethodology is designed as follow:

Study literature on related available research
conducted

!

Design methodology including Gantt Chart and
experimental procedure

< Perform laboratory experiment <

e

Analysis of experimental result % B

|

Documentation

Figure 3.1: Flowchart of the methodology.
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Throughout the stages of research, the listed stepsnsinotive flowchart in Figure 3.1
were followed accordingly. Details of the flow are désed in Gantt chart shown in the

following section.

18
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3.2

Laboratory Works

3.2.1 Materials

A number of 48 samples of SiC reinforced Fe compositie @6, 5%, 10%, and

15% weight percentage are required for the experiment. rRatsrials needed

to produce the samples are 89g of iron powder as the imetaltrix and 8g of

Silicon Carbide (SiC) powder for the ceramic reinforceime

3.2.2 Tools and Equipments

The following are major tools and equipments that arel usdhe laboratory

experiment for the research:

Vi.
Vil.

viii.

Weighing scale

Marble mortar and pestle

Auto Pelletizer

Archimedes density measuring equipment
Sintering furnace

Hot mounting machine

Grinder and polisher

Sand papers

Scanning Electron Microscopic (SEM) tool
Hardness Tester (Vickers)

3.2.3 Experimental procedure

899 of Fe powder and 8g of SiC powder are prepared.

The characteristics of the powders including the partizkessand density
are recorded.

The weighing scale is calibrated to ensure accuracy.

The amounts of powders as tabulated in the following pageveighted
carefully.
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Table 3.1: Composition of composites based on weight pge.

Powder Quantity Fe SiC
No. % | Weight (g) | % | Weight ()
1 12 100 2.00 0 0.00
2 12 95 1.90 5 0.10
3 12 90 1.80 10 0.20
4 12 85 1.70 15 0.30

v. The powders are mixed using marble mortar and pestle to #orm
homogeneous mixture.

vi. Using auto-pelletizer, the powders are compacted at appatedyn
500MPa with dwell time of 5 minutes.

vii. The compact is removed from die.

viii. The compact is weighted, its dimension is recorded badjteen density
is determined.

iX. The steps are repeated to produce the rest of the samples.

X. Using a sintering furnace, 3 compacts of each compositie sintered at
temperatures starting from 800°C, 900°C, 1000°C, and 1100°C for 45
minutes. The heating and cooling rates of the sinterirecgss are
5°C/minute and 10°C/minute respectively. (Plots of the esimy
conditions are attached in Appendix A)

xi.  The sintered compacts are weighted, their final dino@ssare recorded,
and their sintered densities are determined using Archimddasity

measuring equipment.

3.2.4 Polished specimen preparation

The composite compacts were mounted using hot mounting meaciihe
mounting media used is Phenolic powder which was pouredhetonounting
press according to desirable mounting height. The prooesdved heating
Phenolic powder above 150°C at a constant pressure adblga for a cycle
time of 15 minutes. The mounted compacts are then cleaffedsing the
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Polisher and Grinder machine. Three grades of sand p@&€rs600, and 1200
grit) are used to polish the compacts at 150 revs speedeogrinder plate.
Pictures of the polished samples are attached in Appé&ndi

3.2.5 Analysis procedure

Analysis of samples includes performing hardness test byyiagpVickers
Hardness Tester and characterization of microstructsirey Scanning Electron
Microscopy (SEM) tool. For the hardness test, the serfaica pallet were
subjected to a pressure at load of 300 g with 15s dwell timmdans of a
pyramid-shaped diamond. The resulting indention then weesuaned under a
microscope and the Vickers Hardness value read from aersiom table
available at the laboratory. After that, the micmsc analysis was performed
with assistance from laboratory technologist aftemgleting the preparation
and submission of samples. The SEM micrographs were dhailable for
further review. However, due to low quality of images,icght microscopy
(OM) were used instead of SEM. Referring to literatureai@hin et al.2008),
OM is also applicable to analyze microstructure of Feedanaterials.
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CHAPTER 4

RESULTS AND DISCUSSION

Project works was strictly executed based on Gantt @rafthave yield reasonable
results. Completed steps with initial and final reswlilt be discussed chronologically
in this chapter.

4.1  Powder preparation

Powders available at the laboratory are iron (Fe) 10par8&0um in size with density
of 7.86g/cm and SiC 32um to 75um in size with density of 3.223/ocespectively.
Due to some constraint present at compaction stagemhabe discussed later, Fe
powder of 10um in size is chosen for the research. e it is realized that the size
of the reinforcement particles are larger than the siz matrix metal. This current
condition is rarely investigated by researchers espedmalthe Fe-SiC composite case.
Thus, the closest reference apart from paper by Chakthial.e(2008) which
specifically describe Fe-SiC composite is the reseasoducted by Lin et. al (2003) on
the strengthening mechanism in Cu-SiC composite with vangin particle sizes.

In their research, under the same condition of parSizes, it is observed that the
smaller matrix particle will piled up the bigger reinforciparticles, consequently
impeding plastic deformation, thus increasing the hardogsise composite with the

increment of SiC content. Theoretically, it is exgecthat strengthening effect will take
place for the present composite system (10um Fe regdfomith 75um SiC). By close

reference to the literature, setting the desired ktemprcentage of the composite
samples, and performing related calculations (using equati@, and 3 as shown in
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Appendix C) to characterize the powder in term of volymeecentage and expected
theoretical density, the results are tabulated e$alfowing.

Table 4.1: Percentage by weight and volume, amount of peswded and theoretical

density
No. | Quantity Fe SiC Volume % The_oretical
' % | Weight (g) | % | Weight (g)| Fe | SiC| Density, g/cni
1 12 100 2.00 0 0.00 100.00.00 7.86
2 12 95 1.90 5 0.10 88.6 114 7.33
3 12 90 1.80 10 0.20 78.7| 21.3 6.87
4 12 85 1.70 15 0.30 69.9| 30.1 6.46

From the table, note that the quantities of samplesafocompositions are 12 each.
This is because 3 samples of each composition williridered at a temperature at a
time where there are 4 different temperatures designethdaest starting from 800°C

to 1100°C. Thus, the total weight of powders required feretkperiment resulted about
899 for Fe powder and 89 for SIC

4.2  Mixing and Compaction

Due to the small volume of the mixtures, the powdees raixed manually using a
marble mortar and pestle. This is because the procedurerésrglevant and ensures
higher homogeneity of mixture than using the actual moteblender since powders
tends to form agglomerate and stick to the wall ofrtireer, thus reducing the volume
significantly. The process of compaction is done by usidd poess machine; Auto

Pelletizer. The mold available produced compacts with 13mmliameter and have
limit of 519MPa for maximum compaction pressure. Fraerditure (Kalpakjian et al.,

2006), the suggested suitable compaction pressure for iron pasaleout 350MPa to

800MPa.

Since there is no reference that clearly revealoghienum compaction parameters for
the composite, selection of suitable parametershierr¢search is done by performing

several compaction tests. The variables for theaesthe load, mass of powders and
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dwell time. The pressures are ensured to be in the ramggesed by literatures.
Results from the initial compaction process testaar@llow:

Table 4.2: Result from compaction by Auto Pelletizer.

No. | Parameters Result

1 | Powder: 850um
Compaction Pressure:
350MPa

Dwell time: 5 min

Not perfectly compacted.
Compact can be easily
dissociated.

2 | Powder: 850um
Compaction Pressure:
519MPa

Dwell time: 30 min

Not perfectly compacted.
Compact can be easily
dissociated.

3 | Powder: 850um
(reduced mass)
Compaction Pressure:
519MPa

Dwell time: 30 min

Not perfectly compacted.
Compact can still be easily
dissociated.

4 | Powder: 10um
Compaction Pressure:
400MPa

Dwell time: 5 min

Not perfectly compacted.
Compact can still bg
dissociated.

D

5 | Powder: 10um
Compaction Pressure:
500MPa

Dwell time: 5 min

Perfectly compacted.
Smooth surface.

The table shows that sample 5 is the best sampleosecihe parameters are suitable
for both; the sample and the machine. Sample 1 untpkeaBresulted in defect mainly
due to the low pressure applied. The samples with 850um eeliginer compaction
pressure which cannot be achieved by the Auto Palletizehim& Other compaction
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machines which offer larger compaction pressure are awaitablthe requirement of a
huge amount of raw materials is another issue. Lani@ume of SiC powder hinders
the utilization of machines with large mold. Thus, Fevger of 850um in size is taken
out from the alternatives. In conclusion, for thanpaction stage, the compaction
pressure and dwell time is set to 500MPa and 5 minutes resgbgctiAfter finalizing
the compaction parameters, all 48 samples are compadtediifensions and density
of the compacts are tabulated in Table | as attachadpendix D.

From observations, the average values for green deresigesbout 80% of theoretical
value (sample calculations are attached in Appendix Bgs@ high values of green
densities which appear as a result of low porosity aentiplication of the multi-sizes
particles used where f&s approximately 5 times smaller than $iCThe smaller size of
Fe patrticles filled up the gaps between the larger reiafoent particles, leading to a
smaller volume of gaps within the compacts. In additiorthat, Lin et al. (2003)
verified that under the condition where the reinfareat particle size to the matrix
particle exceeds 2, many matrix particles surrounds and piledinforcing particles.
Moreover, large reinforcing particle also have a largetact area with the matrix, so
reinforcing particles can impede the sliding of matrixtipees under compressive
stress, which is likely to reduce the size of gaps benwiee particles.

4.3 Sintering

The green compacts were sintered at’80@0FC, 1000C and 1108C for 45 minutes

in Argon atmosphere to avoid surface contamination. Bagifg and cooling rates of
sintering process were set according to literatut@€{rbin and 18C/min respectively.

The dimensions of the sintered compacts are neglectedodine observation of the
undersized difference between the green and sintered actenpwhich are

approximately 0.001%. Thus, the shrinkage ratio is insigmfic&intered density
measured by Archimedes instrument are tabulated and attachA@pendix E. Plots of
the experimental data, comparing the green and sinteresitidenfor all sintering

temperature and composition of SiC are shown in thepeeges for further analysis.
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Green and sintered density(gcc)

Green and sintered density (gcc)

Green and Sintered Density vs. Amount of SiC
of Compacts Sintered at 800°C
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Figure 4.1: Green and sintered density of composites Sinéi@00°C.

Green and Sintered Density vs. Amount of SiC
of Compacts Sintered at 900°C
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Figure 4.2: Green and sintered density of composites Sing@00°C.
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Green and Sintered density (gcc)

Green andSintered density (gcc)

Green and Sintered Density vs. Amount of SiC
of Compacts Sintered at 1000 °C
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Figure 4.3: Green and sintered density of composites SinarE000°C.

Green and Sintered Density vs. Amount of SiC
of Compacts Sintered at 1100°C
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Figure 4.4: Green and sintered density of composites sina¢rE=100°C.
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Sintered Density vs. Amount of SiC
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Figure 4.5: Sintered density versus amount of SiC of comgsa®r all sintering

temperatures.

It was clearly observed from the figures shown thaptiesence of SiOreinforcements
caused density reduction. The plot shows a trend suchhinabcrement of volume of
reinforcing particles reduced the sintered density of tdraposite.This trend obeyed
the rules of mixture which is based on the assumphiah“a composite property is the
volume weighed average of the matrix and reinforcement gregie Kopeliovich
(2010). Thus, with an increasing volume of reinforcementclvipossesses lower
density than the matrix, the density of the composilikesy to be reduced accordingly.
Comparing the green and sintered density, it is clearyvehin the figures that all
density increased after sintering and the sintered densitgased with increasing
sintering temperature due to the improvement of densdicatt higher temperatures.

In addition, evaluation on the average sintered densitgus theoretical density reveals
that the composites produced in this research owned abétto87he theoretical
density (sample calculations attached in Appendix C)s Tésult might be due to the
earlier step which is the compaction phase. The compagptiessure applied in the
experiment is not the highest pressure recommendedihigngseen density produced is
not having an optimum green properties. The conditiorisawing non-optimum green

30



compacts draw in demands for higher sintering temperaturesirgering time.
Consequently, the sintered density will not achieveptsyam value due to the lacking
properties of green compacts.

Apart from that, Figure 4.5 clearly shows that the highatues for sintered densities
for all mixtures are obtained at the same sinteringpézature which is at 960.
However, aftethat temperature, the density drops or remains relatc@hgtant with
increasing of temperature. This finding is comparable to tresodained in the
experiment conducted by Feng et al. (2007), where they fthatddensity of sintered
Fe compacts is lower for sample from 1350°C compared tglsanfrom 1100°C.
Whereas, this present study appeared to obtain a lowerisg temperature as an
optimum temperature which produced the optimum sinteredtgletistan be said that
the densification degree is higher for samples sintate2D0°C compared to samples
sintered at higher temperatures (1000°C and 1100°C).

The results can be analyzed further with referencetht mechanism of plastic
deformation. Plastic flow is accelerated at high tewrmpee, which enhances the
densification process as indicated by Bingham plastic mo&kela result, parts of
atomic group in the powders fill into the neighboring pdrgglastic flow. However,
an expansion of pores called Ostwald ripening might occuheste high sintering
temperatures (Randall, 1998). In this case, a certain gyoadls formed at grain
boundaries through vacancy diffusion will deform and evehegaogether to form big
pores because of the effect of plastic deformatioreMthe sizes of these big pores are
greater than a critical size, they will grow and mexgeh other, and then their irregular
shape change into spherical shape which will consequesdlyce the density of the
samples sintered at high temperature (1000°C and 1100°C).

Besides, according to sintering kinetics as presented by&&rq1980), “the higher
sintering temperature, the higher the densification dedree,too high a sintering
temperature is unfavorable to enhance the densificatioreelegrhis is due to the
evolution of pores and decomposition of elements availabthe composite mixtures.
As proven by Chakthin et al. (2008), the decomposition of @a@ticles in the
composites resulted in growth of the voids surroundingrénmeforcement particles.

31



They observed that the decomposition of SiC partickes thermally activated at higher
sintering temperatures which encourage the growth of @t the decomposition
also initiated the reduction of the SiC particle size.

4.4 Microhardness

Microhardness test was performed using Vickers Test egmpwith 300g load at 15s
dwell time after the samples have been polished. 5 rgsdire taken in random area on
the samples and the average value is calculated. $uksréor the test are tabulated in
Table Il (Appendix F). The simplified table is showridve.

Table 4.3: Summary of micro-Vicker Test for all samples

Tome((C) ———W1% SIC 0 5 10 15
800 552.98 976.56 1073.38 1157.93
900 718.72 1264.63 1390.37 1634.42
1000 844.08 1233.12 1061.72 1322.64
1100 959.48 1246.00 1287.90 1329.15

From the data, it is observed that all Fe-SiC samgrlesable to provide strengthening
as the values of HV obtained are higher than HV ofpgbhee Fe samples. Besides,
researches conducted by Bell and Dunford (1980) and FabregueaD(2010), reveals
that HV for sintered pure iron compacts are 220HV and 400MNh comparison to
those literatures, it is safe to say that the dataidd from present hardness tests are
valid because they are extremely greater than theqgu®vindings. The significant
improvement of hardness might be due to the differatm of Fe and SiC sizes used;
where in this research, SIC particles is larger thamfereas in most of the literatures,
Fe is smaller than reinforcement particles. The maminhardness, 1634.42HV is
achieved from the composite reinforced with 15% of SiCigarsintered at 900°C. To
further analyze the data, the graphs of hardness valses/the composition of SiC are
plotted as shown in the following pages.
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Hardness (HV) vs. Amount of SiC of Compacts
Sintered at 800°C
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Figure 4.6: Hardness (HV) versus amount of SiC of comsaatsred at 800°C.

Hardness (HV) vs. Amount of SiC of Compacts
Sintered at 900°C
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Figure 4.7: Hardness (HV) versus amount of SiC of comsaatsred at 900°C.
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Hardness (HV) vs. Amount of SiC of Compacts

Sintered at 1000°C
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Figure 4.8: Hardness (HV) versus amount of SiC of comsaatsred at 1000°C.

Hardness (HV) vs. Amount of SiC of Compacts

Sintered at 1100°C
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Figure 4.9: Hardness (HV) versus amount of SiC of comsaatsred at 1100°C.
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Hardness (HV) vs. Amount of SiC for Compacts Sintered
at All Temperatures
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Figure 4.10: Hardness (HV) versus amount of SiC of comzauisred for all sintering

temperatures.

In general, Figure 4.6 to 4.9 show that hardness increaisedncreasing fraction of
reinforcement which complies with most of the citetertures. Since hardness
determines the degree of deformation of materials, ntieeasing of HV demonstrate
that obstruction of plastic deformation occur in theS¥é system. Considering the size
of SIC particles which are larger than the matrixgah effectively obstruct boundary
slippage at the interface between Fe particles, caggaig deformation to dominate
the plastic deformation. With this mechanism, SiC pagicre capable to strengthen
Fe-SiC composite when its surface is compressed ortelefhus, increasing volume
of SiC indicates more strongly impeded plastic floawiging the hardness of Fe-SiC to
increase with the amount of reinforcing particle (Lirakt 2004).

Besides, the decomposition of SiC particles might Hae& place in the composite,
especially at high sintering temperatures. Research caulbgtZhang et al. (2008) on
properties of Fe based Cu coated SiC reveals that daeng layer can suppress
reaction between Fe and SiC until 1250°C. This stategiges the idea that without
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the coating, as in the present study, interface reactian take place or the
decomposition of SiC particles might have thermalltivated at temperature lower
than 1250°C. During the sintering process, some SiC pemttdcomposed into Si and
C atoms that could diffuse into the Fe particles. Passéactions are as shown below:

4Fe + SIC> FeC + Fe(Si) (Eq. 1)
5Fe + 2SiC> FeSi+ FeSi + 2C (Eq. 2)

Equation 1 shows the formation of iron-carbon phasethe composite. The
development of this phase into ferrite and pearliteictires lead to an effective
strengthening mechanism. Iron containing up to 0.51% carbadnssialification with
formation of crystals of ferrite at 723°C which thennsfmrmed to austenitic phase
(Kopeliovich, 2010). During cooling, pearlite which is an atge layer of ferrite and
cementite are formed as the result of decompositiomusfenite Fe-C structures. The
formation of pearlite phase provides another strengthengchamism in the Fe-SiC
composite (Chakthin et al., 2008). Additionally, both equmatioand 2 illustrates the
possibilities of strengthening by dispersion hardening @tSithe Fe matrix that might
also contributed to the increasing hardness of the ceitep(.ibardi et al., 2006).

Meanwhile, Figure 4.10 reveals that the values of HV forpamts sintered at 1000°C
and 1100°C are situated in between 800°C and 900°C. In other,whedsardness for
composites sintered at 1000°C and 1100°C are lower thamdsadf composites
sintered at 900°C. The result indicates that the claoout increasing sintering
temperature will improve hardness of composite is ypically appropriate for this
study. The lower hardness in the composites is mkslyliattributed to the porosity
inside the material (Pagounis et al., 1998% what have been mentioned in the
discussion for sintered density earlier, at higher smgeemperature, the occurrence of
Ostwald ripening is possible. A certain small pores formegtan boundaries through
vacancy diffusion can deform and even merge each ortherinitially irregular pores
become rounded and change size. The expansion of pores réaeicEnsity of the
composites which consequently leads to the decremearafidss.
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From the image of micrographs, the distributioretments in the composites can be
clearly observed. Analysis made by Chakthin et(2008) on the microstructure of
sintered Fe-SiC composites is referred to charaetathe elements shown in the
micrographs. It is agreed that there existed thiéerent microstructural features in the
sintered Fe-SiC composites, namely; ferritic iramellar structure of pearlite phase,

and porosity as labeled in the figure shown below:

‘o

Figure 4.11: Micrograph from optical microscope.

From this information, further observations on tmécrographs revealed that SiC
particles are uniformly distributed in the compesiias the images in Table 4.4 show
that the elements dispersed evenly in the compé#cis. found that the size of the
particles has decreased from the initial uniforeesiThis indicates that decomposition
of SIC particles has taken place during sinterihghe composites. Decomposition of
SiC particles resulted in growth of the voids surmding the particles which can be
clearly observed in micrograph for composites viifi§6 SiC reinforcement sintered at
900°C. The lower part of the image shows the emcsteof big voids between two

decomposed SiC patrticles.

Besides, the decomposition of SiC particles alad & the formation of Fe-C phases in
the composites which are the ferrite and pearlitectures. The formation of these two
structures provided another mechanism of strengigaenside the composites as what
have been discussed in the earlier section. Ibsewved that pearlite zone is lesser in
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composites sintered at 1000°C and 1100°C compared to the atberlower
temperatures. This condition is most likely due to thardaint of decomposition of the
austenite or due to formation of another iron-carbors@ltalled bianite. As claimed by
Herring (2009), pearlite and bainite transformations compéteone another, and the
formation of bianite is typified by intermediate hardn@s&l good toughness. This
claimed is relevant to this condition, where it isaivered earlier that the hardness of
the composites sintered at 1000°C and 1100°C are lower dmposites sintered at

900°C which contains more pearlite zones.

Apart from that, it is observed that the size of vamseased with increasing sintering
temperatures from 900°C to 1100°C. This is due to expansluavioe of pores where

larger pore growing at the expense of smaller pores. gkt temperatures, plastic flow
is accelerated. This caused a certain small pores whithefl at grain boundaries
through vacancy diffusion to deform and gather to form biggbdecause of the effect
of plastic deformation as mentioned and discussed tholsoungbection 4.4 earlier.
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CHAPTER 5

CONCLUSION & RECOMMENDATION

In this research project, powder metallurgy technique wesessfully utilized to
fabricate Fe-SiC composites. Results obtained aid gad comparable to literatures.
Besides, the objectives set up for this research has m@mplished which are
basically to produce Fe-SiC composite and to investigeteetfect of SiC contents as
well as variation of sintering temperatures towardptioperties of the composites. The
following conclusions have been drawn from this study:

* Fe-SiG composites have been successfully fabricated witHy fainiform
distribution of SiC particles.

» Addition of SiC particles improved hardness and offeredjmesaving to Fe-

sintered materials.

» Strengthening mechanisms were provided by impedance of plestiomation
by SiC particles and formation of iron-carbon phases.

* Optimum density and hardness can be obtained at 900°CreSlirdensity and
hardness increased from 800°C to 900°C. However, higher tatupes caused

pore expansion and lowered the densification degree.

Nevertheless, it is recommended for future investigationexamine the elements and
phases exist in Fe-SiC composites thoroughly to provide furtle¢ails on the
microstructural behavior and strengthening effects. Besitles essential to identify
the optimum parameters such as the compaction pressdirmast suitable sintering
atmosphere to improve the properties of the composites.
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APPENDIX A — Details of Sintering Conditions

Plots of sintering conditions for 800°C and 900°C
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Plots of sintering conditions for 1000°C and 1100°C
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APPENDIX B — Figures of Final Samples

Pictures of the mounted and polished samples

Mounted and polished sampl

Orthogonal view

Side view
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APPENDIX C — Calculations for Density of Composites

Equations and sample calculations:

1. Weight percentage, %owt

__ M
.I'I.-"f]t + Mm

Where:

fv

§, is the weight fraction.

M; is the mass of ceramic reinforcement.

Mn is the mass of metal matrix.
Then, %wt = f,, Xx 100%

eg. fu= _010g
(0.10 + 1.90)g
=0.05
%wt = 0.05 x 100 = 5%

2. Volume percentage, %vol from %wt

T
W+ Vi
My
- pr
ol M L e
Pf Pm
foel
‘o P
fwm+[1-fw)m
Pf Pm
i

fw+(1-fw)§_f
m

f

Fu

Where: f is the volume fraction.

pr IS the density of ceramic reinforcement.
pm IS the density of metal matrix.
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Then, %vol = f x 100%

eg. f (0.05/3.22)

(0.05/3.22) + (0.95/7.86)
= 0.1138
%W = 0.1138 x 100 = 11.38%
%\Vin= 100 — 11.38 = 88.62%

. Theoretical densitypn
Pt = (pw X %ovoly) + (pm X Yovol )

Where: pw IS the density of ceramic reinforcement.
pm IS the density of metal matrix.

e.g. pm = (3.22g/cri x 0.1138) + ( 7.86g/cirx 0.8862)

= 7.33 g/cth

. Evaluation on green density with theoretical density

% difference = Theoretical density — Green Densitx 100%

Theoretical density

e.g. 5% SiC
% difference = 7.33 g/cta- 5.827 g/crhx 100
7.33 g/cr
= 20.5%
% density = 100% - 20.5%
= 79.5% from theoretical density
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5. Evaluation on sintered density with theoretical density

% difference = Theoretical density — Sintered Densitx 100%

Theoretical density

e.g. 5% SiC
% difference = 6.412 g/ctw- 7.33 g/cmix 100
7.33 g/cr
=12.5%

% density  =100% - 12.52%
= 87.5% from theoretical density
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APPENDIX D — Table of Dimensions and Green Density adfompacts

Table I: Dimensions and green density of compacts.

% o d h m compact | v compact

Label | i | mpowder | T O) | () | um) | (a) (mm) | green(grerd)
1 0 2gFe 800 13.04 2.32 1.962 0.310 6.332
2 13.04 2.29 1.966 0.306 6.419
3 13.04 2.31 1.970 0.309 6.377
4 900 13.04 2.31 1.965 0.309 6.370
5 13.04 2.29 1.973 0.306 6.442
6 13.04 2.29 1.972 0.306 6.448
7 1000 13.04 2.29 1.968 0.306 6.426
8 13.04 2.29 1.984 0.306 6.487
9 13.04 2.30 1.980 0.307 6.455
10 1100 13.04 2.28 1.970 0.304 6.470
11 13.04 2.28 1.959 0.304 6.434
12 13.04 2.28 1.963 0.304 6.447
16 5 1.9Fe+.1SiC 800 13.04 2.47 1.925 0.330 5.828
17 13.04 2.52 1.945 0.336 5.787
18 13.04 2.56 2.000 0.341 5.857
19 900 13.04 2.47 1.907 0.330 5.781
20 13.04 2.54 1.975 0.340 5.815
21 13.04 2.57 1.985 0.343 5.791
22 1000 13.04 2.52 1.975 0.337 5.861
23 13.04 2.55 1.962 0.340 5.769
24 13.04 2.53 1.966 0.338 5.819
25 1100 13.04 2.47 1.915 0.330 5.798
26 13.04 2.36 1.819 0.315 5.779
27 13.04 2.50 1.971 0.334 5.903
31 10 1.8Fe +.2SiC 800 13.04 2.71 1.932 0.362 5.338
32 13.04 2.65 1.955 0.353 5.531
33 13.04 2.71 1.980 0.362 5.471
34 900 13.04 2.67 1.942 0.356 5.453
35 13.04 2.56 1.831 0.342 5.356
36 13.04 2.72 1.983 0.363 5.466
37 1000 13.04 2.66 1.948 0.355 5.484
38 13.04 2.63 1.926 0.351 5.483
39 13.04 2.66 1.943 0.356 5.463
40 1100 13.04 2.70 1.959 0.361 5.426
41 13.04 2.70 1.944 0.361 5.385
42 13.04 2.61 1.881 0.349 5.390
46 15 1.7 Fe + .3 SiC 800 13.04 2.88 1.962 0.385 5.101
a7 13.04 2.80 1.928 0.374 5.156
48 13.04 2.85 1.954 0.381 5.134
49 900 13.04 2.86 1.951 0.382 5.108
50 13.04 2.84 1.950 0.379 5.141
51 13.04 2.83 1.956 0.378 5.181
52 1000 13.04 2.85 1.948 0.381 5.112
53 13.04 2.84 1.963 0.380 5.169
54 13.04 2.81 1.944 0.376 5.174
55 1100 13.04 2.86 1.950 0.382 5.105
56 13.04 2.82 1.948 0.377 5.166
57 13.04 2.82 1.927 0.377 5.117
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APPENDIX E — Table of Sintered Density of Compacts

Table Il : Sintered density obtained from Archimedes dems@gsuring instrument.

%
SiC

m powder

p
green(g/crﬁ’)

avg (g/cn?) avg (glcn?)

p
sintered(g/cnt)

0

2gFe

6.332
6.419
6.377

6.376 6.702 6.714

900

6.370
6.442
6.448

’’llmmr-mm @
Do 1295 0

6.420 7.255 7.163

1000

6.426
6.487
6.455

7 )\ 698 1
D4 1968 7

6.456 6.976 6.999

1100

6.470
6.434
6.447

6.450 6.991 7.010

1.9Fe +.1Sid

800

5.828
5.787
5.857

| 5%4 7
D 8951

584 | 609 [ 6037

900

5.781
5.815
5.791

7 | 629 |
Doz, 833% 7

5.796 6.342 6.412

1000

5.861
5.769
5.819

| 832 7
Do 8208 7

5.816 6 243 6.250

1100

5.798
5.779
5.903

| 630 7
Do 8212 7

5.827 6.235 6.252

10

1.8 Fe +.2 SiQ

800

5.338
5.531
5.471

7 | 5616 |
Dz, 568 7 )

5.447 5.574 5.611

900

5.453
5.356
5.466

| 5666 7
Do, 552 7

5.425 5 724 5.644

1000

5.484
5.483
5.463

7 | 568 7
Doz, 532 7

5.477 5.670 5.553

1100

5.426
5.385
5.390

15

1.7 Fe + .3 SiQ

800

5.101
5.156
5.134

900

5.108
5.141
5.181

1000

5.112
5.169
5.174

1100

5.105
5.166
5.117

7 554 7 T
D, 5623
777 s» 7
Do, 581
77 77 s 77
//////////////// ////////////////
| 528 7
Do, 5626 7

5.129 5. 413 5.409
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APPENDIX F — Table of Hardness (HV) of Compacts

Table Il : HV values measured from Vickers Hardnesg.Tes

% SiC

m powder

Tsinler (OC)

HV

2gFe

800

552.00
555.73
551.21

900

687.54
699.72
768.90

1000

888.81
832.65
810.78

1100

19Fe+.1SiC

800

992.34
936.00
950.10

95948

HV avg

718.72

Vi i

I&

DN

N

844.08

a0 |

959.48

N

DN

809.42

900

1215.26
1370.04
1208.58

1000

1375.44
1005.10
1318.82

1100

1234.88
1170.12
1333.00

10

1.8Fe +.2SiC

800

1005.67
1213.00
1001.47

900

1418.30
1253.10
1499.70

1000

1220.50
1313.45
1268.61

1100

1386.24
1167.50
1309.96

15

1.7Fe +.3SiC

800

1150.86
1257.93
1065.00

900

1627.83
1659.03
1616.40

1000

1422.64
1326.94
1218.34

1100

1256.68
1222.57

1508.20

809.42

e0042

1264.63

126463
T i

1233.12

1390.37

1267.52

1634.42

N\

N

§I\

1322.64

132264
T T |

1329.15

N
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