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ABSTRACT

Aluminum-Magnesium (AIMg) alloys possess many uses in the current scenario for universal
use specially in, automotive, aerospace and computer industries; due to the lightweights, good
identified strength, high recyclability and low-density properties, the primary AlMg-alloys are
the vital reason for their versatility. The objectives of this thesis work were to fabricate and
provide the light weight, high strength materials of AIMg-matrix and AIMg/SiC composite for
vital use in automotive application. The Powder metallurgy (PM) technique with the basic
processing variables (such as, compaction pressure, sintering temperature and sintering time)
has been considered to produce the high-performance lightweight AIMg-matrix reinforced with
different weight percentages (wt%) of SiCp reinforcement using Taguchi L9 orthogonal array
experimental design. The AIMg alloy and AIMg/SiC composite fabricated materials were tested
with different material testing machines and analysis of the effects of the PM process
parameters and the SiC particle addition of 5 and 10 weight percentages on the composite
hardness, compression strength, wear performance, porosity and actual density have been
investigated. In addition to that, evolutions of microstructure and wear morphological
characterization of the wear surfaces for the developed AIMg/SiC composites have been also
investigated by optical microstructure (OM) and Scanning Electron Microscope (SEM).

The actual density and porosity results obtained by Archimedes principles for the AIMg-matrix
has been found to be less compared to the AIMg-SiC composite due to higher density of the
SiCp addition into the matrix. Whereas, when the wt% addition of SiC increases, the hardness
and compression strength of the composites were increased. The higher hardness (132.633HV)
and compression strength (350.37MPa) for the composite was obtained with the addition of
10% of SiC into the matrix. The wear resistance of the AIMg-5%SiC and AIMg-10SiC
composites were improved from 26.3% to 78.9% as compare to the AIMg-matrix.

Keywords: AlIMg-alloy, SiCp, PM, sintering, Taguchi-method, Minitab, “ImageJ”’
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CHAPTER ONE
INTRODUCTION

1.1 Background of the Study

It is a natural phenomenon that human beings keep on flying from one country to other country
and moving here and there in the country to perform their daily activities within a given time
range; so, an airplane and vehicles are the dominant way of transportation system. Thus,
researching on these areas to provide a well improved, fast, economic and aesthetically
attractive airplane and vehicles is a crucial idea for the development of the world countries by
providing fast, effective and sufficient way of transportation. Recent efforts by the
transportation industry for reducing the fuel consumption and avoiding the environmental
problems due to the exhaust emissions, scientists are always looking for lightweight structural
materials that show high performance during both processing and application. As a result,
Aluminum (Al) and magnesium (Mg) alloys have received considerable attention over the past
decades as a potential material of choice to achieve significant weight savings. Among the
various metal candidates, magnesium (Mg) seems to be the most promising to achieve this
target, where it is ~33, 60, and 75% lighter than aluminium (Al), titanium (Ti) and steel
respectively, as shown in figurel.1(a) Miller et al. (2016). However, the poor mechanical
properties of Mg, such as low ductility and strength, limit its potentiality in several fields Luo
et al. (2016).
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Figure 1.1 (a). Strength of several structure as function to their densities, (b) expected weight
reductions in Al and Mg cars, (c) Bugatti Aerolithe car made from Electron Mg alloy.



One of the most beautiful and amazing cars ever built, was designed in Volkswagen Beetle by
Jean Bugatti as shown in figurel.1(c). In this design, Al alloys, which were used to build the
car bodies before the world war (11), were totally replaced by a Mg alloy (Elektron Mg alloy).
This alloy had high strength-to weight ratios which can be comparable to those of other
materials used in the car bodies industry. However, the Bugatti Aerolithe was more expensive
as compared to the other cars. Accordingly, it is worth noting that “All-in-One” Mg materials
(lightweight, high strength and improved ductility) can be a main component for manufacturing
green vehicles. In this regard, a lot of works have been carried out to overcome these limits and
to reach the full potential of Mg Cerri et al. (2007), Fogagnolo et al. (2006) and Yazdian et al.
(2010).

However, recently the automotive and aerospace markets have given light metals powder
metallurgy a large boost, and also the Al and Mg PM part is expected to experience a large
growth in the next decade Burke et al. (2011). Although the market for Al and Mg products
continues to grow, many opportunities remain untapped because of the low stiffness and
strength of Al and Mg alloys in comparison with ferrous alloys and some other structural
materials. On the other hand, grain refinement is considered an effective way to increase the
strength of materials as expressed by the Hall-Petch relation Li et al. (2012). The powders
produced by PM techniques, such as mechanical grinding, atomization, and high-energy
milling, possess a very fine grain structure, which can result in superior mechanical properties

for the bulk alloys consolidated from fine-grained PM powders.

To address the aim of scientists’ looking for lightweight structural materials for reducing the
fuel consumption and avoiding the environmental problems, a wise composite material
improvement is crucial mechanism. From the literature study revealed that among all
reinforcements SiC was chemically compatible with aluminum alloy and forms an adequate
bond with the matrix without developing inter-metallic phase, have good mechanical properties
and other advantages such as excellent thermal conductivity and good workability Venkatesan.
et al. (2014). Materials, such as aluminium based matrix composite reinforced with ceramics,
which are difficult to process through casting because of their high melting point temperatures,
could be processed through the PM technique without difficulty Groover (2007).



The PM process greatly reduce the need to use metal removal processes. It is used to make
unique materials, impossible to get from melting in other ways. In this metallurgy, Al alloy
powder is blended with reinforcement particles to obtain a homogenous mixture. The
appropriate size ratio of alloy and reinforcement particles will help to obtain uniform
distribution in the composites. The cost of current MMCs compared to aluminium alloys was
inhibited production on a large industrial scale, for example, in the automotive industry
Alaneme et al. (2013). To overcome this, several research and development programs were
focused on Al-based matrix composites using low-cost suitable manufacturing technique for
investigation of mechanical behaviour of aluminium alloy reinforced by nano and micro hard
particles such as AI203 and SiC is an interesting area of research Sajjdi et al. (2012). Generally,
powder metallurgy has a number of benefits, one of that is any type of alloy and reinforcement
can be done for the fabrication of the composite, but it also has many defects, that is long mixing
time is required for the uniform distribution of the particles Velikokhatnyi et al. (2010). The
addition of ceramic particles in the Al, Mg and AlMg alloy increases the hardness of the
developed MMCs product and also the product has; light weight, low density, good strength
and stiffness, high wear and corrosion resistance Muni et al. (2016).

The aim of this research work is to investigate the effect of compaction pressure, sintering
temperature, sintering time and the various weight percentage (wt%) of silicon-carbide particle
reinforcement on the fabricated AIMg-Matrix and AIMg-SiC composite by PM method through
process parameters optimization to provide light weight material that have good mechanical
properties (such as; good strength and hardness), high wear resistance, less density and porosity.
In addition, the PM method is advantages to produce net- or near-net-shaped part, that reduces
or eliminates the capital and operating costs associated with intricate machining operations. The
present work also investigates the effect of normal loads, sliding speed and time on the
volumetric wear rate of AIMg-matrix and AIMg-SiC composites during dry sliding condition
on pin on disc apparatus and identifies the most effective control parameter from the reference

variables by using the Taguchi method.

1.2 Challenges associated in AIMg alloy matrix composite

The addition of ceramic particles in the AIMg alloy increases the hardness of the developed

composite. It is difficult to minimize the tool wear rate, during machining of AIMg-SiC



composite. One of the methods to prevent the machining process or to minimize the
machinability, the PM method is the most economical process for fabricating the net or near net
particulate reinforced MMC Han et al. (1995).

1.3 Statement of the problem

Aluminum- magnesium alloys possess many uses in the current scenario for universal use, due
to their light weight, high specific strength, stiffness, high recyclability; reduced prices for
primary AlMg-matrix are the vital reason for their versatility. Despite these merits, the
application of AlIMg alloys remains limited because of undesirable properties, such as
agglomeration or clustering, porosity and poor wear resistance. Due to the overwhelming uses
in automotive and aerospace industries; reviewing and compiling data for AIMg alloy type,
knowing the effect of addition of different reinforcement particles on AlIMg-matrix to fabricate
lightweight AlMg-based composite is the most beneficial. Although, stir-Casting is the most
widely used method for preparing AIMg-matrix reinforced with ceramics particle, it is difficult
to get good uniform distribution of reinforcement particles within the matrix and the AIMg-SiC
composite cast part may need machining process, that increases the cost of the cast part and
fabrication. To overcome this problem, PM technique is the most economical method for
fabricating the near net particulate reinforced composite. PM greatly reduce the need to use
metal removal processes and can be used to ease the formability problem in AIMg-matrix alloy
that reinforced with ceramics materials; which are difficult to process through casting because
of their high melting point. Therefore, in this study, the effect of different weight percentage of
SiCp reinforcement added on AlMg-matrix was investigated and the AIMg-SiC composite
materials possesses good mechanical property. Under this study, optimization of mechanical
properties correlated with process variables (compaction pressure, sintering temperature,
sintering time) have been investigated and identifies the most effective control parameter from
the reference variables using Taguchi method. In addition to that, the effect of normal loads,
sliding speed and time on the volumetric wear rate of AIMg-matrix and AIMg-SiC composites

during dry sliding condition on pin on disc apparatus was investigated.

1.4 Objectives of the study

In line the above justification, the study addresses the following general and specific objectives.



1.4.1 General Objective
Fabrication, characterization and testing of the mechanical properties of the light weight AIMg-
matrix and (AIMg/SiC) composite developed by PM process and optimization of its parameters

for vital use in automotive application.

1.4.2 Specific Objectives

e Developing light weight, high strength of AIMg matrix composite materials reinforced
with various wt% of silicon carbide.

¢ Investigation of microstructure of developed composite and distribution of reinforced
particles over the AIMg matrix and composites.

¢ Investigation of the mechanical and physical properties of the developed (AIMg/SiC)
composite materials.

e Optimization of the PM process parameters (compaction pressure, sintering
temperature and time) and various weight percentage (wt%) of SiC reinforced with
base matrix (AIMg) alloy.

e Investigation of the effect of normal loads, sliding speed and time on volumetric wear
rate of AIMg matrix and composites during dry sliding condition on pin on disc.

1.5 Significance of the study

This research work has both academicals and practical importance. From the academic aspect,
it adds more knowledge to the pre-existing researches on AlMg alloys and their specific
application on aerospace and automotive. In practical aspect, this study helps in determining the
suitability of light weight, high strength of magnesium composite materials especially for
aerospace applications. The research gives important to reduction of fuel consumption of
vehicles by reduce weight of automotive components. By learning and understanding how to
prevent porosity occurrence in the samples, the performance to enhance the mechanical and

physical properties in the developed materials can be improved to prolong its life.

1.6 Scope of the study

This research work mainly concentrates on the development of lightweight aluminum-
magnesium matrix (AIMg) and (AIMg/SiC) composite material through optimization of the



process parameters, mathematical modeling and enhancing the mechanical properties and

physical properties for the developed materials have been done.

1.7 Limitation of the work
The challenges which faced on work were:
o Lack of PM set up challenges to conduct production of the MMCs sample.
o The more challenging work was lack of vacuum furnace, (to minimize or prevent
formation of reaction) during sintering of the green compacted AIMg/SiC samples.

« Budget scarcity for all process and to conduct a greater number of experiments.

1.8 Output
At the end of the work, different experimental outputs are achieved such as:

e The light weight product (AIMg/SiC) which used for automotive components.

e The mechanical properties improved of the AIMg matrix and AIMg/SiC composite
product obtained through PM process parameters optimization.

e The weight percentage effect of SiC-reinforcement has been investigated on

improvement of the AIMg/SiC composite wear and mechanical properties.

1.9 Thesis organization
This thesis consists of five chapters and essence of each chapter is detailed below.

The 1t chapter is about the introduction and background of study, problem statement,
objectives, research significance and scope, limitation of the work, output of work and the
organization of the thesis. The 2" chapter is organized for the literature review of some other
researchers which have done about the mechanical and w testing on the developed reinforced
metal matrix composites, In addition microstructure characterization of metal matrix
composites. Literature gap of the present work also discussed. In the 3"9chapter, it is described
about materials and methodology of the work, mean that it explains about the AIMg-matrix and
weight percentage (wt.%) of SiC reinforcements used and the process of fabrication method that
used in this research to fabricate both the AIMg-matrix and AIMg/SiC composite. In the 4%
chapter, a detail discussion and analysis has been performed based on the experimental result
of mechanical and wear properties, OM and SEM morphology of the AIMg matrix and
AlMg/SiC composite. Finally, the 5! chapter presents the conclusion and recommendation of

the future works.



CHAPTER TWO
LITERATURE REVIEW

This chapter provides a review of the published literature on introduction to composite materials
manufacturing processes, reinforcement effects on mechanical properties, wear performance,
the microstructures characterization and optimization of process parameters of metal matrix
composites have been reviewed to place the research problem in perspective. From the summery
of this literature review, the gap areas are identified and also discussed for further investigations

and studies.

2.1 Introduction to composite materials

A composite material is a material system composed of a suitably mixture or combination of
two or more macro, micro or nano constituents with an interface separating them that differ in
form and chemical composition. Composite is a multiphase material that exhibits a significant
proportion of the properties of both the reinforcement (with discrete constituent) and matrix
(continuous phase) constituent phases such that a better combination of properties is realized.
The composite materials have high strength to weight ratio and modulus to weight ratio,
excellent fatigue properties, good wear and corrosion resistance behaviors.

The basic aim of developing new materials for automotive application is as mentioned in chapter
one to enhance vehicle efficiency and fuel economy by reducing the dead weight of the vehicle.
In order to conserve natural resources and economize energy, weight reduction has been the
main focus of automobile designers and manufacturers in the present scenario. Properties of
composites are strongly dependent on the properties of their constituent materials, their
distribution and the interaction among them. The composite properties may be the volume
fraction sum of the properties of the constituents or the constituents may interact in a synergistic
way resulting in improved or better properties. Apart from the nature of the constituent
materials, the geometry of the reinforcement (shape, size and particle distribution) influences
the properties of the composite to a great extent. The concentration distribution and orientation
of the reinforcement determines the contribution of a single constituent to the overall properties
of the composites. It is not only the single most important parameter influencing the properties
of the composites, but also an easily controllable manufacturing variable used to alter its

properties Chandramohan and Marimuthu (2011), Banga (2015).



2.2 Classification of composite materials

The main categories of composite materials can be classified;
« Based on chemical nature of the matrix phase (matrix material).

« Based on dispersed phase (geometry of reinforcements).

Based on the chemical nature of the matrix phase measurement, composite materials are
classified as metal matrix (MMC), polymer matrix (PMC) and ceramic matrix composites
(CMC), composite materials are also classified as particle reinforced composite, fiber reinforced
composite and structural composites, based on geometry of the reinforcements (dispersed
phase) Kalaa et al. (2014).

2.2.1 Metal matrix composites
MMC:s are interfusion of two or more materials, which expose properties that are hard to obtain

from a single material with high strength and stiffness with less density. MMCs are engineering
materials in which a strong ceramic reinforcement is incorporated into a metal matrix to improve
its properties. MMCs combine metallic properties of matrix alloys (ductility and toughness)
with ceramic properties of reinforcements (high strength and high modulus), leading to greater
strength in shear and compression and higher service temperature capabilities, Kok (2005).
MMCs are also advantages in some of physical attributes such as; no significance moisture
absorption properties, non-inflammability, high electrical and thermal conductivities, and
resistance to most radiations Russo (2006). Toptan et al. (2010) have been developed the
MMCs to respond to the demand for materials with superior mechanical properties, namely high
stiffness, wear resistance, greater shear and compressive strengths and better high temperature
capabilities. Aluminum and magnesium matrix alloy are used to produce the light weight MMCs
reinforced with ceramics that used in several industrial sectors due to their desirable properties
like high strength-to-weight ratio, high modulus, and low ductility, high wear resistance, high
thermal conductivity and low thermal expansion Chawla et al. (2006) and Hussain et al. (2017).

2.2.1.1 Aluminum based matrix composite

Aluminum based matrix composites have significant properties than other metal matrix
composites in terms of its high strength to weight ratio. Particulate ceramics such as; SiC, Al20s,
TiB2, TiC and B4C are used as reinforcement to produce, improve mechanical and wear



resistance properties of the Al based alloys, Suresh and Ravikumar (2018) and Bharath et al.
(2014).

2.3 Introduction of effectible variables on the metal matrix composite properties

The variable such as manufacturing methods, composition of matrix, distribution and weight
percentage of reinforcement particle were affect the mechanical properties (like; hardness, wear

resistance, compression and tensile strength) of the composite material, Singh.et al. (2015).

2.4 Manufacturing methods and processing of metal matrix composites

MMCs are manufactured by various techniques. Manufacturing process play a vital role in
determining the final properties of the MMCs. Selection of a suitable method depends on the
properties needed by MMC, the amount of production, the cost, alloy matrix, distribution
reinforcement members (particles or fibers) and the product areas of application. The processing
methods utilized to manufacture particulate reinforced MMCs can be grouped depending on the
temperature of the metallic matrix during processing. Accordingly, the processes can be
classified into three categories:

e Solid state processes

e Liquid state processes and

e In-situ (two phase; solid-liquid) processes.
Liquid state process includes; stir casting, squeeze casting, liquid infiltration, spray disposition.
Solid metallurgical process includes; the powder blending and consolidation, diffusion bonding

and physical vapour deposition.

2.4.1 Solid state processing technique.

Solid state fabrication of MMC is the process, in which MMCs are formed as a result of bonding
matrix metal and dispersed phase due to mutual diffusion occurring between them in solid states
at elevated temperature and under pressure. Many techniques were developed for producing
particulate reinforced MMCs, from those methods, PM route is one the most economical
process for fabricating the near net particulate reinforced MMCs. Powder metallurgy serves as
one of the best methods and to achieve the desired properties such as reduced porosity, more
uniform distribution of the reinforcement. It also offers versatility and flexibility in the selection

of process parameters such as compaction pressure, holding time, sintering temperature,



sintering time, heating rate, etc. Since powder metallurgy fabrication method offers more
uniformity in the distribution of the reinforcement material it eliminates clustering problem and
porosity to some extent thereby increasing the mechanical properties Kumar et al. (2016),
Kanthavel et al. (2016) and Nassar et al. (2017). The process parameters such as milling,
sintering parameters and heat treatment conditions contribute to the significant effect on
hardness, tensile and compressive properties of the composite and with low processing
temperatures of the matrix and reinforcement phases is prevented from interaction Wang et al.
(2011), Ghasali et al. (2015) and Mendoza et al. (2015).

Powder metallurgy is defined as mixing of different metal powders to form finished and semi-
finished components by compressing it. After compressing subsequent heating at elevated
temperature in the furnace, under a progressive atmosphere is done so as to obtain satisfactory
strength and density.

e Powder metallurgy utilizes metal or alloy powders as raw materials in order to obtain
finished parts of high precision and accuracy, at competitive costs.

e Considerable saving in raw material could be achieved in PM process, as very little after-
machining is required for the formed powder metal components.

e PM is a net-shape/near net-shape forming operation which is capable of producing
complex shapes with wide range of properties, in high volumes.

o Flexibility of material composition, coupled with tailor-made properties imparted to the
powder metal components due to wide range of microstructures are added advantages of
the process.

The MMCs reinforced with ceramics, which are difficult to process through casting because of
their high melting point temperatures, could be processed through the PM route without
difficulty Groover (2007). Because of the above reasons, PM technique is widely used to

produce aluminum-based composites.
2.5 Reinforcements used for developing the metal matrix composites

Reinforcement increases the strength, stiffness and the temperature resistance capacity and
lowers the density of MMC. Since most ceramics are available as particles, there is a wide range
of potential reinforcements for particle-reinforced composites. Particulates are the most

common and cheapest reinforcement materials. Ceramics such as; SiC, Al20s, TiB2, TiC,
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B4C...et are used as reinforcements to produce the MMCs that used in several industrial sectors
such as automotive, aerospace, electronics, marine, medical industries and in construction
equipment’s due to their combinations of high strength and stiffness at both room and elevated
temperatures, and also the have low ductility and high wear resistance Bozic et al. (2010) and
Hossain et al. (2018).

2.5.1 Silicon carbide

The silicon carbide is a compound of silicon and carbon known as carborundum. Silicon carbide
is produced by a solid-state reaction between sand (silicon dioxide) and petroleum coke (carbon)
at very high temperatures in an electric arc furnace. SiC is a prominent abrasive and
contemporary engraver due to endurance and low cost. SiC is hard, high wear and heat
resistance ceramic material. One of the most important properties of ceramics is that they are
very good insulator of heat which means they can hold very high temperature without any
failure. Silicon carbide particle grains can be constrained together by sintering to contour very
hard ceramics that are universally used in applications like car brake. Silicon carbide (SiC) has
received wide attention because of its excellent oxidation resistance, corrosion resistance and
even at high temperatures, Li et al. (2020). Other researchers Ding et al. (2009) and Huang et
al. (2011) showed that silicon carbide (SiC) is ideal reinforcement candidate for several matrix
materials, including aluminium, magnesium-based matrix and their alloys because of their
significant ability to enhance the strength, modulus, thermal stability, and abrasive wear

resistance of the matrix materials.

Recent researchers; Maleque et al. (2012) and Stojanovié et al. (2015) have shown that
aluminium matrix composite possesses desired potential properties such as high specific
strength and stiffness, required wear resistance to withstand abrasive properties compared to
monolithic materials which are demanded by automotive and aerospace industries for the
tribological application. Actually, particulates lead to a favorable effect on properties such as
hardness, wear resistance and compressive strength. The reinforcement of Silicon Carbide into
Al-MCs had proved that increase in strength, hardness and wear resistance, Sijo et al. (2016)
and Ravikumar et al. (2018).
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2.6 Researches developed on reinforced AIMg matrix composite

Aluminum-Magnesium (AIMg) alloys are an important vital engineering material for
mechanical applications due to its low density, high thermal conductivity and improved
machinability for automobile, aerospace, marine and mineral processing industries. Due to the
wear loss nature of the AIMg material, its application for automobile applications is limited. To
avoid the wear loss drawback, AlIMg matrix can be reinforced with ceramics particulate, the
composites are being explored for the automobile applications. Therefore, the mechanical
behavior investigation of the aluminum-based composite material is becoming increasingly
important. The incorporation of a hard ceramic phase to a relatively soft matrix alloy, commonly
aluminium based matrix alloy, improves the mechanical properties and wear resistance of the
alloy. Aluminium-magnesium matrix composites reinforced by ceramics particle is all along
one of the research hotspots of metal matrix composites. By reason that the wettability between
Al and Mg particles is poor at temperature below 900 °C. Salvo et al. (1994) consider that in
the case of oxidized Mg particles covered with a layer is of advantage to control the formation
of A14C3. Zhong et al. (1995) used an oxidation process that the Mg layer was formed at the
surfaces of SiCp particles, which played an important role in preventing the SiCp from being

attacked by Al matrix.

Therefore, one of the requirements for strong composite is a strong interfacial bond to permit
load to be transferred from matrix to particles or fibers. Luo et al. (2013) investigated the
microstructural evolution of brittle AIMg intermetallic compound (IMC) at the bond interface
of Al/Mg multilayer composite sheets during different sintering conditions, which demonstrated
that the growth rate of the IMC increased with the increasing sintering temperature, and no
observable IMC was observed at the sintering temperature of 200 °C or below. In this work, an
AlMg matrix composite reinforced by SiC particles, which has been fabricated by a powder
metallurgy process. As Scudino et al. (2009) had studied, the solid solubility extension of Mg
in Al was achieved for the binary Al-Mg system in the range of 10-40 at% of Mg by mechanical
milling of Al-Mg pre-alloyed ingots and by Mechanical alloying of elemental powder mixtures.
A hexagonal intermediate phase, the phase with approximate composition Al Mg> was formed,
during heating, at higher temperature. While at low temperatures, an increasing amount of Mg

is rejected from the solid solution with increasing temperature.
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2.7 Effects of reinforcements on improvement of mechanical properties of MMCs

The attractive physical and mechanical properties that can be obtained with metal matrix
composites such as high specific modulus, strength and thermal stability have been documented
extensively. Kumar et al. (2008) fabricated Al-7Si alloy composite reinforced with in situ TiB2
and investigated it’s mechanical and wear behaviour. The authors observed that the increase in
values of the hardness, ultimate tensile strength, the yield strength and the young modulus were
observed with increase in weight percentage of TiB2. Also, the coefficient of friction and war
rate decreased with addition of TiB2 compared to pure alloy. Ling et al. (2010) fabricated
Aluminium matrix composite reinforced with Al9 (Co, Ni) 2 particles. They observed that the
ultimate tensile strength and the yield strength of the composite increased with increase in
volume fraction of reinforcement. While the elongation fracture first increased and then

decreased with increase in reinforcement.

Wang et al. (2010) have fabricated the commercial Mg-MCs (8.94% Al, 0.70% Zn, 0.22% Mn,
0.02% Si, balance Mg) using a beta-SiCp reinforcement (0.1%, 0.3%, and 0.5% in mass
fraction) with the average diameter of 50 nm by ultrasonic method. The ultimate tensile strength
(UTS), yield strength (YS) and elongation of AZ91 alloy are only 174 Mpa, 104 Mpa and 3.6%,
respectively. The UTS, YS and elongation of the SiC/AZ91D composite with addition of 0.5%
SiC nanoparticles are 216 Mpa, 124Mpa and 6.6%, respectively. Compared with those of the
matrix alloy, the UTS, YS and elongation of the composite with addition of 0.5% SiC
nanoparticles were improved by 24%, 19% and 83%, respectively. Elsayed et al. (2011) have
fabricated the Mg-7Al-1Zn-1Ca—1.5La (in wt.%) and Mg—-6A1-0.26Mn-2.1Ca (wt.%) alloys
by PM techniques that improved the mechanical response compared to IM alloys corresponds
to the effect from spinning water atomization process (SWAP) of the alloy powder; SWAP
produces very high solidification rates of about 10°K/s and led to refine microstructures and
supersaturation of alloying elements. Kalaiselvan et al. (2011) produced Al (6061-T6)/B4C
composite and investigated its mechanical properties. They observed that the hardness and the
tensile strength of the composite are linearly increasing with increasing weight percentage of
the B4C particulate. Kumar et al. (2013) fabricated A359/ Al203 composite via electromagnetic
stir casting method. The author revealed that the hardness values increased to 72.8 HRC
compared to pure alloy (46HRC). Also, the tensile strength of the composite increased to

148.7N/mm? as compared to pure alloy (103.7N/mm.
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Shen et al. (2014) have employed semisolid stirring assisted ultrasonic vibration method to
fabricate magnesium matrix composites (AZ31B) reinforced with volume fraction (3, 5 and 10
vol.%) of submicron-SiC particles (0.5 Im). The grain size of matrix in the AZ31B/SiCp
composites was gradually decreased, with increasing the volume fraction of the submicron
SiCp. The yield strength and ultimate tensile strength of the 10 vol.% SiCp/AZ31B composites
were simultaneously improved. The studied interface in the SiCp/AZ31B composite suggested
that; the submicron SiCp bonded well with the matrix without interfacial activity; due to most
of the submicron SiC particles exhibited homogeneous distribution in the AZ31B/SiCp

composite.

Nie et al. (2015) were adopted to process SiC nanoparticles reinforced magnesium matrix
composite by multidirectional forging (MDF) under decreasing temperature conditions. The
results showed that grains of the nanocomposite were effectively refined while the quantity of
precipitated phases was significantly increased after MDF process. During tensile test at room
temperature, the microcrack could initiate within the SiC-nanoparticle dense zones, resulting in
decrease of the elongation. The vyield strength and ultimate tensile strength of the
nanocomposites were increased compared with that of as-cast nanocomposite. Karvanis et al.
(2016) produced Al/SiC metal matrix composite by varying volume percentage of silicon
carbide using centrifugal casting machine. The mechanical properties and macrostructure of the
composite investigated in order to determine the optimum percentage of silicon carbide in the
metal matrix composite. They concluded that the, hardness, compressive and tensile strength of
the composite increased due to increasing v.% of silicon carbide. Vijayakumar et al. (2016)
also studied the tensile strength and hardness of Al6061/SiC composite by varying the wt. %
SiC reinforcements 3-18%. The composite was manufactured by using stir casting of 600rpm,
5 minute stirring speed and stirring time respectively. The ultimate tensile strength and
Rockwell hardness results showed that the tensile strength and hardness of the developed metal

matrix more improved during increasing the wt. % of silicon carbide.

Guo et al. (2019) have improved the interface bonding in AZ61/ SiCp composites fabricated by
powder metallurgy then followed by hot extrusion, the electroless plating of Ni-P coating on
SiCp was also carried out. The relative density of the composite was increased from 97.9% to
98.4% compared with uncoated one and the hardness of the Ni-coated composite increased more

rapidly as the volume fraction of SiCp increases. The tensile strength result was increased from
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320 to 336 MPa when the volume friction of SiC particle is 9%. Vijayabhaskar et al. (2019)
have fabricated and characterized the magnesium matrix with nano SiC particles as
reinforcement within a wt % of (0, 0.5 and 1) by solidification combined with ultrasonic
cavitation process. The results obtained shows that, the increase in weight % of nano SiC
particles improve the mechanical properties such as density, micro hardness and the

microstructure of the composites were observed.

2.8 Wear performance of metal matrix composites

One third of our global energy consumption is consumed wastefully in friction. In addition to
this primary saving of energy, very significant additional economics can be made by the
reduction of the cost involved in the manufacture and replacement of prematurely worn-out
components. The dissipation of energy by wear impairs strongly the national economy and the
life style of most of people. So, the effective decrease and control of wear of metals are always
desired. The mechanical and wear properties of the MMCs have been extensively investigated
by various researchers; Sharma (2001), Hemath et al. (2010) and Toptan et al. (2012). The
results have shown that the wear performance of MMCs is higher than that of unreinforced

matrices.

Wear of metals depends on many variables; it is not an intrinsic material property but
characteristics of the engineering system which depend on load, speed, temperature, hardness,
presence of foreign material and the environmental condition. Yu et al. (1997) demonstrated the
effects of applied load and temperature on the dry sliding wear behavior of the Al6061 SiC
composites, and concluded that the wear rate decreases with increased applied load. Dwivedi et
al. (2010) statistically studied the dry reciprocating wear behavior of Al-Si-SiCpcomposite and
observed that composite with high silicon content shoed lower wear loses compared to that of
low silicon content composite. Sliding distance is the main factor which affects the wear
behavior of the composite followed by load, reciprocating velocity and weight percentage of
silicon. The interaction between load and sliding distance also had a pronounced effect on wear
behaviour. In case of friction behaviour load is the controlling factor followed by weight
percentage of silicon. Effect of matrix alloy and influence of SiC particle on the sliding wear
characteristics of high strength aluminium alloys AA7010, AA7009 and AA2024, composites

were examined by Rao and Das (2010) for varying applied pressure and a fixed sliding speed
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of 3.35 m/s. The results revealed that the wear resistance of the composite was noted to be
significantly higher than that of the alloy and is suppressed further due to addition of SiC

particles.

Isra (2013) have been studied the effect of addition of different weight percent from SiCp (2,
4, 6, 8) to Al4Cu alloy which have been fabricated by liquid metallurgy method on the dry
sliding wear behavior and mechanical properties. Wear characteristics of Al SiC composites
have been investigated under dry sliding conditions using pin-on-disk wear test and compared
with base alloy. It was found from the experimentation that the wear rate decreases linearly with
increasing weight percent of silicon carbide. The best results have been obtained at 8 % wt SiC.
It is also observed that the yield strength, tensile strength increases with increasing wt% of SiC,

but the ductility decreases.

Pawar and Utpat (2014) developed of aluminum-based silicon carbide particulate metal matrix
composite for spur gear by stir casting technique using Melting temperature 750°C. A composite
was developed by adding silicon carbide in Aluminum metal by mass ratio 2.5%, 5%, 7.5% and
10% to study hardness, microstructure tests. Experimental results showed that of increased
silicon carbide content, the hardness, and material toughness are enhanced and highest value is
obtained at 10% SiC content. Rana et al. (2015) developed and synthesized Al5083 alloy and
different weight % of Nano SiC (1, 2, 3 and 4 wt. %) of composite and wear Analysis of Al-
Nano SiC Composite Automotive Cam to substitute the steel cam. They concluded that the Al-
SiCp composites can be used as alternative material for the cam due to better mechanical

properties, lighter weight and similar wear resistance to the existing alloy steel cams.

Sijo et al. (2016) reviewed contemplates the need of simulation or numerical methods for the
prediction of mechanical characteristics of Al/SiC MMC manufactured by solid phase processes
such as powder metallurgy and diffusion bonding Recent works cleared that clustering of
reinforcement particles, wettability of reinforcement (SiC) in molten aluminum are the prime
concern in the production of composites through stir casting. There concluded that experimental
works to find out the optimum values are difficult and costly. Since stir casting process involves
very high temperature, experimentation is difficult and dangerous. Govindan and Viji (2017)

analyzed the behavior of the brake disc with aluminum metal matrix composite material and
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conventional grey cast iron material in finite element software ANSYS. Comparison of stress
distribution, displacement and temperature distribution for conventional and proposed material
indicated that AlI/SIC MMC with 10% SiC satisfies the requirement for disc brake application.
There was concluded that Al/SiC MMC with 10% SiC can be used in automotive to replace the

conventional material for improved vehicle performance.

2.9. The powder metallurgy processing parameters effect on mechanical properties and
microstructure features

2.9.1 Taguchi method

“Taguchi Method” was developed by Japanese Scientist Genichi Taguchi in the 1950s, using
statistics, he was aimed to improve the quality of manufactured goods. This method is based
on the principle of performing the minimum number of experiments to minimize costs Sirvanc
et al. (2011). The Taguchi method is tool for improving a most useful product performance,
process, design and system with a significant reduction in experimental time and cost Wiley and
Sons (2008). This method defines the lower-the-better, the larger-the better and the nominal-
the-better categories of quality characteristics in the analysis of signal-to-noise ratio Ghosh et
al. (2012). Taguchi’s robust design method was used to analyze the dry sliding wear problem
of the metal matrix composites Basavarajappa et al. (2007). The various factors controlling
the properties of particulate MMCs and the influence of the manufacturing route on the MMC
properties has also been reviewed. Light weight metals such as aluminum, magnesium and their
alloy have excellent engineering properties which makes them attractive for different industrial
applications, when their microstructure features, mechanical and wear morphology properties
have improved well. Liu et al. (1994) fabricated metal matrix-particulate composites (MMPCs)
using powder metallurgy (PM) as the fabricated composites possess a higher dislocation
density, a small sub-grain size and limited segregation of particles, which, when combined,
result in superior mechanical properties. The various PM-related processes currently in use in
the fabrication of MMPCs are reviewed, outlining the common problems encountered in each
of these fabrication processes. Muratoglu et al. (2006) investigated the joining characteristic of
SiC particulate reinforced aluminum metal matrix composites (MMCs) with pure aluminum by
diffusion bonding process. The experimental results indicate that the application of aging before

and after diffusion bonding decreases SiC particulate accumulation, and increases other
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elemental concentration at interface. The Mg-alloy PM products that successfully produced was
utilizing the industrially dominant process of mixed powder blending and the controlled
sintering atmosphere have been investigated by Burke et al. (2009); using uniaxial die
compaction and cold isostatic pressing to form the compacts. In the PM process, the optimal
processing conditions (powder size, compaction pressure, sintering temperature and time) were
found to maximize sintered density and mechanical properties.
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Figure 2.1 Percent theoretical density of
uniaxially die compacted ground Mg for
green samples and samples sintered at 500
°C for 30 minutes, Burke et al. (2009).

Figure 2.2 Sintering time effect on cold
isostatically pressed atomized Mg samples
on density and hardness. Sintering was
performed at 600 °C.

Li et al. (2008) and Velikokhatnyi et al. (2010); had studied the thermal stability of the
developed amorphous (Mg-Zn—Ca) phase using differential scanning calorimetry (DSC) and
isothermal heat treatment at different temperatures. Later on, Moni et al. (2011) have also
conducted the development and characterization of amorphous Mg-Zn—Ca based alloys of
nominal composition 60at. % Mg-35at. % Zn-5at. % Ca at room temperature using high energy
mechanical alloying (HEMA) technique. Yu-feng et al. (2010) were compressed a series of
AZ80 billets with 60% height reduction on hot process simulator at 250,300,350,400°C under
strain rates of 0.01, 0.1, 1 and 10s%. The results (due to the effects of temperature and strain rate
on it) show that the critical damage value is not a constant but changes in a range of 0.0218-
0.3780. The result shows, with the increase of strain rate, the critical damage value decreases at

a certain temperature. While under a certain strain rate with the increase of temperature, the
critical damage value has little change.
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Zhang et al. (2012) had produced an argon gas atomized to ZK60 Mg alloy powder (with
particle size of 10%-um in diameter); that was compacted up to the pressure of 360 Mpa at 200°C
and further extruded at varied temperature. With the precipitation of MgZn> finer precipitates,
the tensile properties were improved. Umasankar et al. (2014) have made an attempt to
understand the influence of processing parameters on the mechanical properties like sintered
density and micro hardness. It has been observed that the compacting pressure and
reinforcement percentage have higher impact than the sintering temperature on microhardness
and density. Further to evaluate the fracture resistance strength, sintered composites have been
subjected to static ball indentation. It has been observed that higher reinforcement and
compacting pressure enhance the failure load while sintering temperature and time exert
constrained influence. Marina et al. (2016) had milled a powder mixture of Mg-10wt%Zn in a
planetary mill under argon atmosphere using a stainless-steel container and balls; then that was
compacted under 400 MPa and sintered in a tube furnace at 350 °C in argon flow. The effect of
milling time results obtained shows that, the alloy milled at 10 hrs. of milling time provided the
highest properties in both density and microhardness which were 1.813 g/cm? and 88.72 HV,
respectively.

Gonzales et al. (2016) were revealed the different in microstructure features of extruded
conventional cast process (CP) and PM alloy (Mg- Ni-Y-CeMM). The processing route was
revealed that the fine precipitates of Mg24YS5 only formed in PM alloy, and homogeneously
dispersed in the Mg matrix. While, the second phase particles in cast alloy distributed in bands
along the extrusion direction. Candan et al. (2018) were evaluated a comparative study and the
influence of addition of Al on corrosion behaviors of Mg-Al-Zn alloys by immersion tests and
potentiodynamic polarization measurements in 3.5% NaCl solution. The addition of Al on
corrosion resistance was more pronounced up to 4% for AZ41. The higher Al contents, the
deterioration of the corrosion resistance of the Mg-alloys, was attributed to the amount and
morphology of f-Mg17Al12 intermetallics and the interruption of continuity of the oxide film
on the surface of the alloys owing to coarsened g intermetallics.

Amirnejad et al. (2018) have studied the effect of addition of Si on mechanical properties, bio-
corrosion behavior, the microstructure, and cytotoxicity of Mg—6Al —1Zn alloy. After hot
pressing, Although the grain sizes of both material systems increased, Si-containing system

(Mg—6Al-1Zn—18S1) displayed a smaller grain size, i1.e,63nm compared to 7lnm in
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Mg—6Al-1Zn system, after being exposed to 350°C for lhr. The nanocrystalline AZ91-Mg
alloy bulks (with an average grain sizes of ~15nm) were processed via the combined processing
of hydrogenation-disproportionation-desorption-recombination (HDDR), spark plasma
sintering (SPS) and hot extrusion. The influence of various holding times and sintering
temperatures on the sintering properties of Mg alloy were analyzed and the optimum SPS
sintering process parameters of nanocrystalline AZ91 powder were determined by Guo et al.
(2020). Li et al (2020) have studied the microstructure and sintering mechanism of the silicon
carbide (SiC) that was hot pressing sintered under 30 MPa pressure at 1300°C by using Mg
additive. The result of the hot-pressing sintered sample composed of both SiC and Mg alloy,
shows that no polytype transition has happened. Dislocations and stacking defaults are begin
from grain boundaries and move toward the interior. The stacking faults of Mg is located on the
SiC matrix as second phase particle.

2.10 Optimization of process parameters to improve the mechanical and wear properties

of the composite

A detailed survey was done for different optimization techniques to optimize the process
parameters in order to yield optimum performances. Pin-on-disk dry sliding wear tests at sliding
speeds ranging from 0.6 to 1.25 m/s and under loads ranging from 3.98 to 6.37MPa (50 80 N)
were conducted by Tang et al. (2008) for pin specimens of composites with Al-5083 matrices
reinforced with 5 and 10 wt.% B4C particles. The wear rate of the composite with 10 wt.% B4C
was approximately 40% lower than that of the composite with 5 wt.% B4C under the same test
condition. Taskesen and Kutukde (2014) evaluated the machining parameters and optimized
with grey relational analysis in drilling B4C reinforced metal matrix composites (MMCs)
produced by powder metallurgy. The drilling parameters such as feed rate, spindle speed, drill
material and wt.% of B4C particles were optimized based on multiple performance
characteristics including thrust force, torque and surface roughness. The experimental study
showed that increasing the weight fraction of the B4C resulted in a considerable increase in the
thrust force. ANOVA analysis indicated that the most effective factor on grey grade was found

to be weight fraction and followed by drill material, feed rate and spindle speed, respectively.

Sivapragash et al. (2016) were used the Taguchi-Genetic Algorithm (GA) method for
optimizing the Physical Vapor Deposition (PVD) process parameters (such as type of gas,
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chamber pressure and power input); to get higher micro hardness and lower wear rate. The GA
approach shows better optimal combination achieved (at GoCP1PIl, (G2=Nitrogen gas, CP1 =

0.001 bar, Pl2 = 200 W) for attaining higher coating performances.
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rate. surface, Sivapragash et al. (2016).

Emre et al. (2018) were produced the magnesium matrix composites reinforced with fullerene
by semi powder metallurgy processes. The results showed that, the hardness behavior of pure
magnesium was improved considerably with the addition of fullerene. According to the results,
ultimate strength and compression yield were improved significantly from compression test
results. The composite reinforced with fullerene (Mg/ fullerene) showed lower wear rate and
coefficient of friction than unreinforced magnesium. However, when fullerene incorporated into

the matrix, the corrosion rate was increased.

2.11 Summary of literature review

The following observations can be drawn from the literature review as the bases of this research.
The previous researchers developed and studied different types of composites. The primary
advantages of the MMCs materials are, their improved mechanical properties, particularly in
the areas of strength, hardness, stiffness and wear resistance. Of the MMCs, Aluminum matrix
composites have grown in prominence due to their low density, low melting point and low cost.
Aluminium alloy reinforced with SiC particles has distinct properties and the literature review
has established clear strategy for achieving high wear resistant. In addition, to extend the wide
applications of these composites in various engineering sectors especially in structural
members, it is desirable to have better mechanical properties, and wear performance. This can
be achieved by proper selection of processing parameters, testing factors, type, size and quantity
of reinforcement. The literature survey clearly indicated the need for selection of reinforcement,

21



its quantity, size and suitable process parameters for achieving desired results. The results
showed that matrix specific conditions are to be selected for desired results. VVarious research
works have been carried out with different types of reinforcement, various particle sizes of

reinforcement, different fabrication techniques and also various testing conditions.

2.12 Literature gaps

From the available literature;

e |t can be seen that the optimization and modeling of mechanical properties and wear
performance of the composites has not been investigated in detailed way yet.

e Therefore, it needs to investigate the mechanical and wear performance analysis of
Al-based matrix composite reinforced with-SiCp particle during hardness,
compression strength and wear testing.

¢ In aluminium metal matrix composites reinforced with SiCp fabricated through
powder metallurgy process, not much work has been reported so far.

e And also, there is a challenging task of machining the MMC materials mainly due to

the high abrasiveness of the reinforcing phases.

Therefore, in the present research work; investigation of the mechanical properties and wear
resistance of both the AIMg matrix and AIMg/SiC composite developed by powder metallurgy
route. The optimization of process parameters (like, compaction pressure, sintering temperature
and sintering time) with addition of different weight percentage of SiC reinforcement particles
have been investigated. To prevent or reduce the machining cost problem, one of the solutions
is preventing the machining process or reducing the material removal process is possible by
producing a near net part through powder metallurgy manufacturing technique. Because, the
next generation manufacturing technology will show interest on production of cost effective,

environmental-friendly and good performance products.
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CHAPTER THREE

MATERIALS AND METHODS

This chapter consists the materials used for the fabrication of aluminum based (AlMg) matrix
composite, fabrication approach and methods for samples preparation, experimental procedure
and set ups for testing activities, the instruments and equipment used and methodology of data

analysis.
3.1 Materials

3.1.1 Aluminium-Magnesium (AIMg) pre-alloyed matrix
In this study, the AIMg pre-alloyed powder has been selected for developing AIMg-matrix and

AlMg/SiC Composite. As mentioned in chapter one, the present determined attempt to achieve
reduction of the fuel consumption and for avoiding the exhaust emissions to the environment,
fabricating a lightweight structural material that show high performance during both processing
and application is required. As a result, Al and Mg alloys have received considerable attention
over the past decades as a potential material of choice to achieve significant weight savings.
Among the various metal candidates, Mg is the most promising to achieve this target, where it
Is ~33, 60, and 75% lighter than Al, Ti and steel, respectively Miller et al. (2016). Conversely,
Mg alloys have poor mechanical properties (such as low ductility and strength), inferior wear
and poor corrosion resistance and these facts limits them for being utilized from a wider range
of applications Luo et al. (2016); unless they reinforced with wear and corrosion resistance
materials like, ceramics, aluminium.. .etc.

The reason to be the AIMg pre-alloyed powder selected is, it has better strength to weight ratio,
good ductility and hence finds many appropriate applications in structural and mechanical
components like in automotive and aerospace industries. The AlIMg pre-alloyed malleable,
odorless powder was purchased from (Chengdu Huarui Industrial Co., Ltd. A-1203, Guanghua
centre, gngyang district,610015, P. R China) with an average particle size of (50-150um),
density 2.68 g/cm® at 25 °C, and 99% purity) used as matrix. Properties and chemical
composition of the AIMg pre-alloyed powder is listed as shown in table 3.1(a) and table 3.1(b)

respectively.
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Table 3.1(b). Chemical composition of
AlMg alloy powders (wt.%).
Table 3.1(a). The aluminum-magnesium

(AIMg) alloy properties. Si | Fe | CuMn ZriM ) Al
g
Properties AlMg matrix 012 02 [0.0 00| 0. |12 | Balan
alloy value 5 % | 316 |5 ce
Form Powder Table 3.2. Properties of Silicon Carbide
Particle average grain- 50-150pm Properties properties’ value
size .
Poisson's Ratio 0.29 Form SIC powder
Density 2.68 glcm3 Particle average grain- 50-150um
Yield tensile Strength 130 to 180 size
MPa - - °
Ultimate tensile Strength | 230 to 280 Melting point 2730°C
MPa Purity 97 %
Specific heat 1040 (J/kg. . 3
K) Density 3.21 g/cm
Gas thermal conductivity 125 Hardness 2800 Kg/mm?
(W/m-K)
Young's Modulus 410GPa

3.1.2 Silicon carbide (SiC) Reinforcement particles.

Silicon carbide is non-oxide ceramic material made up of silicon and carbon atoms. It is rarely
found in natural as mineral, but it has been produced in powder form. From the literature study
revealed that among all reinforcements SiC was chemically compatible with aluminum alloy
and forms an adequate bond with the matrix without developing inter-metallic phase, have good
mechanical properties (such as high hardness and strength,) and other advantages such as
chemical and thermal stability, improving oxidation, wear and corrosion resistance to lead
longer life of the developed composites Venkatesan. et al. (2014).

Materials, such as aluminium based matrix composite reinforced with ceramics, which are
difficult to process through casting because of their high melting point temperatures, could be
processed through the PM technique without difficulty Groover (2007). Because of having the
above exclusive properties, silicon carbide powder is chosen as a reinforcement material. The

malleable, odorless and black powder of SiC particles was purchased from (Chengdu Huarui
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Industrial Co., Ltd. A-1203, Guanghua centre, gngyang district,610015, P. R China). Properties

of silicon carbide particle is shown in table 3.2.

Selection of matrix and reinforcement materials

Reinforcement weight composition determination
and
Estimating mass of matrix and reinforcements required

“ Samples fabrication through PM process \\

Powder mixing and size reduction

Compaction (cold pressing)

Sintering

Sample preparation for tests

Experimental procedures and tests

) ] )
‘ Result and Discussion ii

Conclusion and

Recommendation

Density_ and Hardness Compression OM and SEM Wear
porosity strength study
measurement

Figure 3.1. General procedure for fabrication and characterization of the AIMg-matrix and

AlMg/SiC composite.
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3.2 Methods
3.2.1 Matrix and reinforcement material selection

As it is much more than dispersing glue in MMC, the matrix alloy should be chosen only after
giving careful consideration to its chemical compatibility with the reinforcement, and its own
characteristics properties and processing behaviour. As a rule of alloying element addition, the
added element should not form intermetallic compounds with the matrix elements and should
not form highly stable compounds with the reinforcements. The best properties can be obtained
in a composite system when the reinforcement particulates and matrix are physically and

chemically compatible as possible.

In order to conserve natural resources and economize energy, weight reduction has been the
main focus of automobile designers and manufacturers in the present scenario. AS mentioned
in chapter two (literature review) to enhance vehicle efficiency and fuel economy, reducing the
dead weight of the vehicle is required. The primary advantages of the MMCs materials are, their
improved mechanical properties, particularly in the areas of strength, hardness, stiffness, wear
resistance. also advantages in some of physical attributes such as, high electrical and thermal
conductivities and resistance to most radiations Russo (2006). Of the MMCs, Aluminum matrix
composites have grown in prominence due to their low density and excellent mechanical
properties, good corrosion resistance, processing flexibility, low melting point and low cost.
Therefore, among aluminium based matrix materials, AlMg-matrix alloy has received
considerable attention as a potential material of choice to achieve significant weight savings,
due to their lesser density of Al and Mg (1.72 and 2.72 g/cm? respectively).

Among various ceramics candidates, Silicon carbide has received wide attention because of its
excellent oxidation and corrosion resistance and even at high temperatures without any failure,
Li et al. (2020). The SiC-particulate-reinforced aluminum matrix composites have a good
potential and a favorable effect on properties such as hardness, compressive strength and wear
resistance. The silicon carbide reinforcement into Al-based matrix composites had proved that
increase in strength, hardness and wear resistance, Sijo et al. (2016) and Ravikumar et al.
(2018). From the literature study revealed that among all reinforcements SiC was chemically

compatible with aluminum alloy and forms an adequate bond with the matrix without
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developing inter-metallic phase, have good mechanical properties and other advantages such as

excellent thermal conductivity and good workability Venkatesan. et al. (2014).

3.2.2 Specification of weight percentage composition

The mechanical and wear properties of the developed composite materials are highly depending
up on the weight percentage (wt%) of the reinforcements. Therefore, the weight percentage
composition of SiC used in this research work have taken based on the literature review and the
following researchers’ studies are considered for taking the wt% composition of reinforcement
in each of the sample. Govindan and Viji (2017) analyzed the behavior of the brake disc with
aluminum metal matrix composite material reinforced silicon carbide. They concluded that, the
Al/SiC MMC reinforced with 10% of SiC can be used in automotive to replace the conventional
material for improved vehicle performance. Pawar and Utpat (2014) developed the aluminum-
based metal matrix composite reinforced with addition of silicon carbide in Aluminum metal
by mass ratio 2.5%, 5%, 7.5% and 10% to study hardness and microstructure tests. Experimental
results showed that of increased silicon carbide content, the hardness, and material toughness
are enhanced and highest value is obtained at 10% SiC content. Isra (2013) have been studied
the effect of addition of different weight percent from SiCp (2, 4, 6, 8) to Al4Cu alloy. It was
found from the experimentation that the wear rate decreases linearly with increasing weight
percentage of silicon carbide. The best results have been obtained at 8 % wt SiC. It is also
observed that the yield strength, tensile strength increases with increasing wt% of SiC, but the
ductility decreases.

The above researchers have studied effects of different wt% addition of SiCp reinforcement into
Al-based matrix composite with less magnesium content that increases the samples weight. But,
in this research work, as tabulated in table 3.1, ten weight percentage (10%) of Mg is present in
the AlMg alloy for fabricating the lightweight AIMg composite. So even if the wt% composition
of reinforcement addition is possible till 30%, as studied by Ramanathan et al. (2019), to
minimize the porosity formation in the composite, for better uniformly distribution of
reinforcement and good densification of the composite fabricated by Powder metallurgy
method, five and ten weight percentage (5% and 10%) composition of SiCp have been taken.
However, in aluminium metal matrix composites reinforced with SiCp fabricated through

powder metallurgy process, not much work has been reported so far. From the available
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literature, it can be seen that the optimization and modeling of mechanical and wear

performance of the AIMg composites has not been investigated in detailed way yet.

3.2.3 Weight (in mass) estimation for matrix and reinforcement inquires

The total weight mass of matrix and reinforcement required for AIMg/SiC composite samples
production, is found from the total specimens require for hardness, microstructure, compression
and wear tests, based on the die and punch pre-designed dimensions. The pre-designed die and
punch have the following dimensions. The inner diameter and length/height of the die is 20mm
and 50mm respectively, whereas the punch diameter is 20mm with small clearance to insert it
into the die during compaction of the powder by hydraulic pressing machine. Based up on the
above dimensions, Cylindrical specimen for AIMg-matrix and

AlMg/SiC composite were fabricated with a size of length (L) and diameter (d) as shown in
figure 3.2. The produced specimens’ dimensions are limited to produce cylindrical specimen

with short-length due to the capacity of the hydraulic pressing machine.

L

v

Figure 3.2. Dimension for all samples

The pre-designed die and punch were used to manufacture the required number of specimens
based on the following types of tests to be conducted;
e The Hardness and microstructural test specimen length is 6 mm with 18mm diameter.
e The compression test specimen has 18mm length and 6mm diameter.
e The wear test specimen length is 12mm and 6mm diameter.
e The amount of material removes by hand saw, file/rasp and grinding (machining and

grinding allowance) 2mm is considered.
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The volume of cylindrical specimen is calculated using Eq (3.1);
V=m X D2 X LI =T X LX P2 e e, (3.1)
Where, V is volume of specimen in mm?, L is length = 8mm and d is diameter = 20mm
V=rnxLxr? =t x 8mm x (10mm) 2= 2,512mm? = 2.512cm?
The required amount of matrix (AIMg) and SiC reinforcement in each specimen are estimated
as follows based on the weight composition set in table 3.5. The weight of AIMg matrix and
SiC reinforcement in each specimen for the given compositions are estimated using Eq (3.2).
My = Viotal X px X Y (3.2)

Where, my is weight, x is matrix/reinforcement and y is wt% of matrix/reinforcement x.

Table 3.3. The total mass of AIMg and SiC powder required for samples production.

No. Samples Required AlMg-alloyed Required SiC
powder in gram (g) powder in gram
(9)
1 | AlMg-matrix samples (S1, S2 and S3) 20.2 0
2 AlMg/5wt%SiC composite samples 19.187 1.21
(S4, S5 and S6)
3 | AlMg/10wt%SiC composite samples 18.177 2.419
(S7, S8 and S9)
Total weight required 57.564 3.629

3.3. Taguchi method

Taguchi method is a tool that used for improving a most useful product performance, process,
design and system with a significant reduction in experimental time and cost Wiley and Sons
(2008). The performance characteristic of each product or process needs to have a nominal value
or target value. The goal is to reduce the variability around this target value. Optimum working
conditions determined at the end of the experimental study should always give the same or very
close performance value to each other in different operating environments or at different times.
For this reason, the optimization criterion should control the minimization of the variability in
the performance value. According to the Taguchi method, such an optimization criterion is a

performance statistic.
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The optimum condition is determined by studying the main effects of each factor, and these
main effects show the general tendencies of the effects of the factors. When it is known that
either a high or a low value gives the desired result, it becomes possible to estimate the levels
of the factors expected to yield the best results.
Analysis of variance (ANOVA) is a common statistical process applied mostly to experimental
results to determine the percentage effect of each factor. The ANOVA table given for an
analysis helps to determine which factors need to be controlled. Since the quality of any product
Is measured with a single criterion, or the combination of multiple criteria, regardless of the
quality of the measurement, the performed measurement will belong to one of the following
three characteristics Canakci et al. (2013) and Das et al. (2020).

A. The bigger, the better;

B. The smaller, the better;

C. Nominal values are better
Performance statistics formulas of the above three characteristics for determination of the
optimum levels of the parameters are as follows.
A. For the characteristic of “the larger, the better”: In this case, the target value of y is infinite

and the signal-to-noise ratio is defined as:
SNs = —10log [~35_, y~2 (3.3)

B. For the characteristic of “the smaller, the better”:
In such problems, the target value of quality variable y is zero. In this case, the signal-to noise

ratio is defined as:

SNs = —10log |~ 3_, y? | (3.4)
C. For the characteristic of “nominal values are better”: In such problems, a certain target
value is given for Y. In this case, the following equation is used.

SN, = —10log | £ | (3.5)

In all three problems, the goal is to maximize the SNs ratio. According to the Taguchi method,
maximizing the SN ratios increases the signal on the one hand, and reduces the variance on the
other hand. In the above equations, n is the number of repeated experimental tests, y is the
performance value (it can be density, porosity, hardness or compression strength in this study).

If the purpose of a process is to reach the maximum value, the parameter levels maximizing the
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SNs value are optimum. If the goal is to reach the minimum value, in this case, the parameter

levels maximizing the SNs are optimal.

3.3.1 Selection of Orthogonal array

In this paper, the Taguchi’s L9 Orthogonal array has been used for the experimental trial run as
it is the basis for the analysis of Taguchi method. Taguchi orthogonal arrays provide that all
controlled variables are equally considered in experiments. The minimum number of trial run
must be more than or equal to the total degrees of freedom. Each row of orthogonal array

represents different combination of level parameters.

3.3.2. Taguchi design of experiment

The four powder metallurgy process parameters such as the weight percentage of SiC
reinforcement, with different compaction pressure (40, 50 and 60MPa), sintering temperature
(350, 450 and 550°C) and sintering time (30, 60 and 90 minute) were selected, based on the size
of the sample to be fabricated, the required compaction pressure should enough for compressing
the sample. And the sintering temperature range should less by 70% to 90% than the matrix
melting temperature point. In this study experiment with four factors and three levels are
conducted and hence orthogonal array L9 with nine rows and three columns was chosen. The
three levels of the four control variables used in the production of AIMg-matrix and composite
are shown in table 3.4. In the run order obtained from Taguchi model L9 experiments were
performed and the objective of this model is to obtain higher hardness, compression strength
and good wear resistance composite with lower density and porosity.

Table 3.4. Parameters used in the production of Mg-Al/SiC composite and their levels

No. Controlled Levels
variables/parameters 1 2 3
1 SiC particle (wt%) (A) 0 5 10
2 Compaction pressure (Mpa) 40 50 60
(B)
3 Sintering Temp.(°C) (C) 350 450 550
4 Sintering Time(min.) (D) 30 60 90
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Table 3.5. L9(3"4) Orthogonal factorial Taguchi experimental design for preparation of

AlMg-matrix and AIMg/SiC composite Samples

Samples (S) | Pressure Sintering Sintering SiC(wt%) AlMg

No. (MPa) Temp.(oC) | Time(min.) Alloy(wt%)
S1 40 350 30 0

S2 50 450 60 0 100
Ss 60 550 90 0

Sa 40 450 90 5

Ss 50 550 30 5 95
Se 60 350 60 5

Sy 40 550 60 10

Ss 50 350 90 10 90
So 60 450 30 10

3.4 Equipment’s and tools used to fabricate and prepare the matrix and composite

samples

The basic tools and equipments used in this thesis work are mentioned in table 3.6 and in table

3.7 respectively with their functions. The usage of each tools and equipments used in this

thesis are described in detail in the fabrication and specimen preparation methods.

Table 3.6. Tools used to prepare the specimens for different tests

No. Tools Function/task
1 Hack Saw | Used for sectioning the fabricated small size samples
2 File/rasp For filing/rasping the sectioned sample for further grinding and
polishing processes
3 Caliper To measure the test specimen’s dimensions
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Table 3.7. Equipments required for the thesis work

No

Equipments

Function/usage

High energy ball milling

For mixing and powder size reduction of the AIMg-alloy

and SiCp reinforcement

2. | Hydraulic pressing machine | To compact the mixed AIMg-SiC powder
3 | Furnace For sintering the green-compacted samples at a given
temperature for further samples strength increment
4 | Argon gas with cylinder An argon gas was inserted through copper tube into the
furnace during sintering process for atmospheric air control
to prevent reaction of the AlIMg-samples.
5 | Grinder/Polisher To obtain a flat mirror like surface free from excessive
deformation
6 | Chemical (Killer’s etchant) | To avoid any particles, dust, debris.... etc, from the
solution. prepared specimen for micro structural characterization
7 | Optical microscope (OM) For examining the structural characteristics of the AIMg-
matrix and AIMg/SiCp composite specimens
8 | Scanning Electron For morphological characterization of the wear surfaces
Microscope (SEM) the AIMg matrix and AIMg/SiC composite.
9 | Vickers hardness machine | To test hardness of the matrix and composite
10 | Universal testing machine | To test the compressive strength or capacity of the AIMg-
(UTN) matrix and AIMg/SiCp composite material to withstand
loads tending to reduce size.
11 | Pin-on-disc For wear and friction test, to know the wear resistance
performance of the AlIMg-alloy and AIMg/SiC materials.
12 | Electronic weighting To measure the weight loss of the specimens during the

machine

wear test.

33




3.5 Fabrication of the AIMg-matrix and AIMg/SiC composite samples
In this study, all the AIMg-matrix and AIMg/SiC Composite samples were fabricated using

powder metallurgy method.

3.5.1 Powder metallurgy process

Many techniques were developed for producing particulate reinforced MMCs, from those
methods, PM route is one the most economical process for fabricating the near net particulate
reinforced MMCs and thereby allowing greater flexibility, a significant reduction in
manufacturing costs due to minimizing machining process and minimized scrap losses. Since
powder metallurgy fabrication method offers more uniformity in the distribution of the
reinforcement material and it eliminates clustering problem to some extent thereby increasing
the mechanical properties as studied by Kumar et al. (2016), Kanthavel et al. (2016) and Nassar
et al. (2017). In this research work, the same procedure is adopted to fabricate the entire
specimens of matrix and composite shown above in table 3.5 using Powder metallurgy (PM)
process. The steps of powder metallurgy technigue are shown as follows (Hussain et al. (2016)
Hussain et al. (2017). The basic steps in powder metallurgy (PM) processes are powder mixing,

powder compaction, and sintering process.

3.5.1.1 Powder mixing

Mixing refers to the uniform mixing of powders of different kind. In order to give the desired
performance of the powders selected in the composite production, it is extremely important to
distribute them homogeneously in the matrix. For this purpose, high energy ball milling
machine were used. The metal alloy powders are ball-milled in a high-speed chamber using
tungsten balls. This process results in production of mechanically alloyed intermetallics. High
energy ball milling is also used for producing fine particles from alloy powders that ensure
physical and structural homogeneity of the finished part. The measured weight percentage of
SiCp was added into the ready pre-alloyed of AIMg-matrix powder for mixing, and also used
for size reduction purpose. One weight percentage of n-butanol was added into the composite
powder mixture in order to prevent the distribution disturbance, for the matrix powders not to
pour out from the graphite molds, and to minimize the frictions between the mold and powder.
After the mixing process was completed, the mixture was kept in storage vacuum tube in order

prevent oxidation by contact with the air. In this study, the 5% and 10% weight percentage
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(wt%) of SiC particles and Al-Mg based alloy powders were mixed and grinded using a high
energy milling machine as shown in figure 3.3(a) having steel ball to powder weight ratio of
2:1. This mixture have been done at setting of 300rpm and 120 milling time (constant for all
powder mixtures run), Hussain et al. (2018).

Figure 3.3 (a). High energy ball milling machine for powder mixing process and (b) the final

milled powder mixture of the AIMg-SiC composites.

3.5.1.2 Powder compaction

Powder compaction is the process of compressing or compacting of the mixed AIMg/SiC
powder in a die through the application of hydraulic pressing machine. Typically, the tools are
held in the vertical orientation with the punch tool forming the bottom of the cavity, as shown

in figure 3.4.

Figure 3.4. Experimental set up for powder compaction by hydraulic pressing machine.
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The mixed powders had weighed (6.5gram) for each sample of matrix and composite powder
mixture had filled into in the die and punch set-up was placed on a 25-tons of hydraulic press
machine. And then, the cold die compaction was done at a pressure of 40, 50 and 60MPa for 30
minutes of holding time to make a green compacted sample having 20mm diameter and various
height (the green compacted sample height depends on the applied compaction pressure and
compressibility of the matrix and composite powders). Compressibility of powders gives an
indication of the extent to which the mixed powder can be compacted and densified by the
application of a certain pressure. Larger compressibility means larger pressure is required for
compacting a given mixed powder. The green-compacted sample shape, is then ejected from
the die cavity. The density of the compacted powder is directly proportional to the amount of
pressure applied. A homogeneous and uniform mixture of powder particle will promote uniform
density of compacts. The softer matrix powders promote higher green density. Similarly, the
higher compaction pressure leads to higher density of the compact. The high carbon chromium
steel made of die and punch material were used. The pre-designed dimension of the die and

punch tools are given in table 3.8.

Table 3.8. The die and punch dimensions.

S. No. Parameters of die and punch Dimension, mm
1. Outer diameter of die 50
2 Inner diameter of die 20
3 Length of the die 50
4 Diameter of the punch 20-clearance
5 Length of the punch 50

3.5.1.3 Sintering
Green compacts do not have sufficient strength and they may collapse even under small loads,

because the particles are loosely bonded with each other. They may also contain porosity
between the particles. In order to eliminate porosity and to establish metallurgical bond between
powder particles, sintering is carried out after compaction. Sintering can be considered to
proceed in three stages. During the first, neck growth proceeds rapidly but powder particles

remain discrete. During the second, most densification occurs, the structure recrystallizes and
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particles diffuse into each other. During the third, isolated pores tend to become spheroidal and
densification continues at a much lower rate. Solid state sintering is the process in which the
green compact is heated to a temperature 70-to-90 percent below the melting point of the base
matrix for a specified period of sintering time in order to achieve chemical bonding between the
porous aggregate particles by the process of interparticle diffusion, plastic deformation, grain

formation and grain growth and once cooled the powder has bonded to form a solid piece.

During sintering bonding takes place between the aggregate powder particles. The word solid
state in solid state sintering simply refer to the state in which the material is when it bonds, solid
meaning the material was not turned molten to bond together while sintering. If the sintering
temperature is higher than the melting temperature of one of the metallic components of the
compact, then liquid phase sintering occurs. Liquid phase sintering enhances the density of the
compact. Sintering is to be performed in controlled atmosphere in order to prevent oxidation of
the surface of the compacts. Gases such as argon, helium, nitrogen and nitrogen-hydrogen gas

mixture are used as sintering atmosphere.

In this study, the green compacted of the AlMg-matrix samples (S1, S2 and Sz) and the
SiCp/AlMg composite samples (S4-to-Sg) were subjected to sintering process. The compacted
samples were heated to varying sintering temperatures (350 °C, 450 °C and 550°C) at a heating
rate of 15°C/min in the furnace (with insertion of an argon gas for atmospheric air control) and
the holding time were 30,60 and 90 minutes, based on the Taguchi experimental run design, as
shown in table 3.5. The sintered samples of the matrix and composite samples (Si-to Sg) product

are shown in figure.3.6.

Figure 3.5. Experimental set up for sintering the green compacted samples in the furnace.
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b 5y .

Figure 3.6. The AIMg-matrix (S, Sz, Sz) and AIMg/SiC composite samples (Ss-to-So).

3.6. Specimens preparation for different tests

The matrix and composite samples were successfully fabricating through powder metallurgy
process. To perform the hardness test, compression test, wear test and microstructural
characterization for the developed products, the required shape and size of specimens’
preparation was done based on the ASTM standard by using hand saw and file/rasp, as shown
in figure 3.7.

3.6.1 Specimen preparation for microstructure studies

The main steps of specimen preparation for light microscopy include; sectioning, mounting,
grinding (course grinding and fine grinding), polishing and etching and then microscopic

examination.

3.6.1.1 Sectioning

Sectioning serves two purposes: generating a cross-section of the specimen to be examined; and
reducing the size of a specimen to be placed on a stage of light microscope. In this study, the
samples sectioning was done using hand-saw and file/rasp, as shown in figure 3.7.

e

Figure 3.7. Specimen preparation for different tests

38



3.6.1.2 Mounting
Mounting refers to embedding specimens in mounting materials (commonly thermosetting

polymers) to give them a regular shape for further processing. Mounting is not necessary in this
study, because the specimens were enough to handle. It is required for specimens that are too
small or oddly shaped to be handled.

3.6.1.3 Grinding and polishing processes

The AlMg-matrix and AlMg/SiCp composite sintered samples were ground using emery paper
of gradually increasing fineness and then polished on polishing machine for hardness test and
microstructural analysis. The objective of grinding and polishing is to obtain a flat mirror like
surface free from excessive deformation. This is achieved in the three steps; rough grinding,
fine grinding, and polishing. Grinding is the process of making AlMg-matrix and AIMg/SiCp
composite sample clear surface from scratches using the sand paper of gradually increasing
scale 120, 400, 800, 1200, and 2000 grits, that is shown in figure 3.8. Polishing is the process
of creating a smooth and shiny surface by rubbing the sample using a diamond suspension with
gradually reduction of the pressure and the sand wheel rotation speed using RB 204 Metpol-II

Model polishing process, as shown in figure 3.9.

Figure 3.8. Grinding process Figure 3.9. Polishing process
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3.6.1.4 Etching

The polished samples of both the matrix and composites were etched with recommended mixed
etchants solution (25ml-methanol, 25ml-hdrochloric acid, 25ml-nitric acid and 1-drop of
hydrofluoric acid) and simply performed by immersion the samples into the prepared etchant
solution for 20 seconds and washed with distilled water before the microstructural
characterization of the specimens.

3.7 Experimental test procedures

The experimental test procedures were conducted to measure the density and porosity value, to
know the mechanical properties (hardness and compression strength), wear performance and

microstructural characterization of the AIMg-matrix and AIMg/SiC composite materials.

3.7.1 Mathematical determination for density and porosity measurement

The AIMg-matrix and composite theoretical-density (pw) is determined with the summation of
the constituents in the volume of the sample with matrix and composite powder mixing
regulation by equation (3.6) Premnath et al. (2014).

Ptheo = (Pmat XVmat.) + (Prein1X Vrein1) (3.6)
Where, Vmat and Vrein1 represents fraction of the volume, pmat is the matrix density, prein1 is the

reinforcement density, respectively.

A. The actual or experimental density for the AIMg-matrix and AIMg/SiC composite can be
calculated as stated by Archimedes-principles. First of all, the sintered specimens were weighed
in the air (Wair), and then weighted in the distilled water (Wwater) by suspended the sample in it.
The actual or experimental density of the sintered composite sample was calculated according

to Eq. (3.7) Wang et al. (2004) and Wang et al. (2018).
w
Pac = — X Pw (3.7)

TOW,-W,
Where p,. is actual density of samples, W,;,. is weight of samples in the air, W, is weight of

samples in the distilled water and p,, is the distilled water density (1g/cm?).
B. Porosity of the all samples were determined by equation (4) Alaneme et al. (2019).

Porosity = 1 — Pac (3.8

Pth
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Where, Es = porosity (%), pac is the actual density (in g/cm?®), pw is theoretically calculated
density (in g/cm?®).
C. The relative-density of the samples were calculated by equation (3).

pr = 22 % 100 (3.9)

Pth

Where, p: is relative density (%) and pa is theoretically calculated density (in g/cm?).

3.7.2 Hardness test

The main purpose of Hardness test is to evaluate the acceptance of a composite material for a
particular engineering application (specially in wear resistant applications, the composite
hardness is important). The Vickers hardness tester machine that consists of a right pyramid
shape diamond indenter with a square base angle of 136° between opposite faces was used to
measure the hardness of both the AlMg-matrix alloy and AIMg/SiC composite. All the
specimens for hardness and microstructural tests were prepared in cylindrical shape having
18mm in diameter and 7mm of height and polished by using sand grinding papers having 120
to 800 grits. The load is applied smoothly, without impact, forcing the indenter into the test
piece, as shown in figure 3.10 (a). The indenter is held in place for 5 seconds with 10kgf
indenting load. The test was repeated at different positions of the samples to get the average

hardness value.

square based —
pyramidal indentar

. . (]1 . "7_,_:.
_bo d2 ‘ / -

Impression

sample —
(a) Vickers indentation (b} measurement of impression
diagonals

Figure 3.10. The pyramid shape diamond indenter and Vickers hardness machine.

- 136
Constant x test force ~ 0.102x2F (sin——)

surface area of indentation d?

HV=P= (3.10)

Where, Vickers hardness (HV), P is pressure, F is the force of the indentation(kgf) and d is an

average distance between both opposite corners of the indentation (d1 and d2 (mm)).
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3.7.3 Microstructure examination test

Microstructure is a very small-scale structure of a material, defined as the structure of a prepared
surface of material as revealed by an optical (light) microscope. Metallurgical optical
microscope was used for examination of the AlMg-matrix and AIMg/SiCp composite
specimens, as shown in figure 3.11. The absolute necessity for examination arises from the fact
that many microscopically observed structural characteristics of a metal such as grain size,
segregation, distribution of different phases and mode of occurrence of component phases and
nonmetallic inclusions such as slag, sulfides etc. As mentioned during specimen’s preparation,
the polished specimens of the matrix and composites were etched with recommended mixed
etchants solution (25ml-methanol, 25ml-hydrochloric acid, 25ml-nitric acid and 1-drop of
hydrofluoric acid) and simply performed by immersion the specimens into the prepared etchant
solution for 20 seconds, washed with distilled water and dried with pressure before the
microstructure studies. A number of optical micrographs of samples have been taken for

microstructural characterization.

Figure 3.11. The microstructural and Figure 3.12. Research metallurgical optical
hardness test specimens. microscope.
3.7.4 Compression test

Compression strength is the capacity of a material or structure to withstand loads tending to
reduce size. By definition, the ultimate compressive strength of a material is that value of

uniaxial compressive stress reached when the material fails completely.
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The compressive strength is usually obtained experimentally by means of a compressive test,
with applying of a uniaxial compressive load. The cylindrical specimens for compression test
were prepared based on ASTM E-9 standard with length-to-diameter ratio of 3 (L= 18mm with
6mm diameter), and then the test was performed using universal testing machine (UTM) of
50KN load capacity as shown in figure 3.13. The load was applied till fracture of the specimens

occur.

Figure 3.13. Universal testing machine (UTM)

3.7.5 Wear test

Wear is the progressive loss of material from a contact surface during relative motion between
a surface and the contacting substance or substances. A process of interaction in the surfaces or
a face of bonded solid which is working to loss parts from dimensions solid during working in
its environment can be defined as a wear without or with losing of material. In the results in the
wear standard tests, the removing of part from weight of the test sample can be used to
expression the ear formals of the wear test. In this paper, the dry sliding wear behavior of the
samples fabricated form AlMg-matrix and AIMg/SiC composite was investigated using pin-on-
disc (DUCOM TR-20 MICRO) equipment with the sample size of 6mm diameter and 12mm
height pins dimension and then polished metallographically for the wear test based on the
ASTM G99-05 standard, as shown in figure 3.14.
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Figure 3.14. Pin-on-disc (DUCOM TR-20 MICRO) equipment and testing

The test was conducted at room temperature (25°C) under the applied load of 10, 30, and 50N
with a sliding speed of 250 rpm on a wear track diameter of 25mm. The friction coefficient and
wear rate are considered as the main response functions for evaluating the wear performance of
the composites. The wear mass loss of each specimen was calculated by measuring the weight
difference between the specimens before and after conducting the wear test. The weight or mass
loss of each specimens were used to calculate the wear rate (W.R). The wear rate (W.R) of the
specimen by weight technique is calculated using equation (3.11). This way can be giving result
of wear more accurate from weight techniques, as stated by Modi et al. (1992), Prasad (2002)

and Rao et al. (2009).

WL
nxdxnxt

W.R =

(3.11)

Where, W.R is wear rate, d is diameter of wear track of the disc, n is revolution per minute, t is
time, WL is weight (or mass) loss (Weight before wear (Wy) — weight after wear (Wa)).

The percentage improvement in the wear resistance of composites (IWRca) with respect to an
alloy could be calculated from the measured wear rate values using the following equation
(3.12), Mondal and Das (2006).

wa _wc

IWR, (%) = == X 100% (3.12)

Where, IWRca is the percentage improvement in the wear resistance of the composite with

respect to an alloy, Wi is the wear rate of an alloy, and Wt is the wear rate of the composite.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4. Analysis of density and porosity measurement

The AIMg-matrix and composite theoretical-density (pm) was determined with the summation
of the constituents in the volume of the sample with matrix and composite powder mixing
regulation using equation (3.6) and the actual or experimental density of the sintered matrix and
composite sample was calculated by Archimedes-principles, as described in chapter three, Eq.
(3.7). Whereas, Porosity of the AIMg-matrix and AIMg/SiC composite samples were
determined using Eq. (3.8). The product-quality can be determined by one-criterion, with
consideration of the measurement-quality, researchers accomplished that the measurement will
belong one of the following statistics quality indicative formulas by Canakci et al. (2013) and
Das et al. (2020). These qualifications are; “the smaller, the better”, “nominal value the better”

or/and “the larger is the better”.

To measure and characterize the porosity and actual density performance quality of the matrix
and composite, the statistics formula of “the smaller, the better” have been used, because less
value of experimental density and porosity is desired for experimentally investigated data are
transformed into SNs-ratio, it is interpreted as enhancement of light-weight good strength
material. In the case of “smaller is the better”, the ratio of signal noise can be given by equation
(3.4; to find or approach to the minima or lowest value of porosity and actual density, then the
response variable levels are maximizing optimally the S/Ns ratio in this considered case. For
both the porosity and actual density of the AIMg matrix and AIMg-SiC composite samples (S1-
So) developed by powder metallurgy (PM) processes based on L9 Taguchi experimental design
as tabulated in chapter three (table 3.5), the measured and experimentally obtained signal-to-

noise (S/Ns) ratio results are shown in table 4.1.
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Table 4.1. The measured and experimentally obtained results for the actual density and
porosity using the L9 Taguchi design method.

Experimental The parameters response S/Ns ratios

run samples Actual- Porosity (in Actual- Porosity (in %)

number density(g/cm®) %) density(g/cm?®)
S1 2.500 291 -7.95880 -9.2779
S2 2.517 2.25 -8.01766 -7.0437
S3 2.520 2.13 -8.02801 -6.5676
S 2.509 3.27 -7.99001 -10.2910
Ss 2.519 2.89 -8.02456 -9.2180
Se 2.517 2.97 -8.01766 -9.4551
S7 2.548 3.15 -8.12399 -9.9662
Ss 2.537 3.57 -8.08641 -11.0534
Se 2.544 3.31 -8.11034 -10.3966

From table 4.1, the lowest measured actual-density and porosity of the AIMg matrix samples
are (2.5g/cm? of sample one, S1) and (2.13% of sample three, S3) respectively. The lowest
porosity value for the AlIMg-matrix sample (Ss) was obtained due to the high sintering
temperature (550°C), compaction pressure (60MPa) and sintering time (60min) performance.
The actual density and porosity for both the AIMg-matrix and composites has been decreased
with increasing of the compaction pressure, sintering temperature, and time, whereas, when the
wit% addition of SiC increases in the matrix, the actual-density and porosity of the composites

were slightly increased

4.1. Optimization of the PM process parameters for density and porosity responses

The presence of optimum conditions was investigated by including all of the performance
statistical values, and the optimum conditions were determined by studying the main effects of
each factor; that shows the general tendencies of the effects of the factors using “MINITAB 18”

software.
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4.1.1 The variables influence on the actual density

The signal-to-noise (S/Ns) ratio helps for knowing the variables that have an effect on the
acquired result. The S/Ns ratio designed rank for each factor leverage accordance with their

significances, as shown in table 4.2.

Table 4.2. The signal-to-noise ratios responses for actual-density(g/cm?®) versus SiC, process

variables with S/Ns “smaller is better” product qualification.

Sintering  Sintering
Level SiC(wt%) Pressure (MPa) temp.(°C) time (Min)

1 -8.001 -8.024 -8.021 -8.031
2 -8.011 -8.043 -8.039 -8.053
3 -8.107 -8.052 -8.059 -8.035
Delta 0.105 0.028 0.038 0.022
Rank 1 3 2 4

From table 4.2, the S/Ns ratio rank of the actual density response result shows that the SiC
weight percentage is the greatest significant factor on the composite actual-density following to
it, the sintering temperature, compaction pressure and sintering time have less effect on the

density increment of the composites.

4.1.2 The optimal prediction conditions

The optimum prediction condition for the S/Ns ratio in which, the less actual-density of the
matrix (2.5g/cm?) obtain with the terms setting in table 4.3 was —7.95880. As shown in table
4.3, the significant effect on actual-density of the AIMg-matrix sample was occurred at level

one (A1B1C1Dy) (i.e., shown in table 3.4) of setting parameters.

Table 4.3. The actual density attained at the following optimum prediction-conditions.

Compaction Sintering Sintering
SiC(wt%) pressure (MPa) temperature(°C) time (Min)
0 40 350 30

The predicted-values
S/Ns Ratio Mean
-7.95880 2.58
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4.1.3 The signal to noise ratio appraisal performance model coefficient

Table 4.4. The processing variables significant on actual-density.

Terms. Effects COEF SE COEF T-Values P-Values
Constant. 2.4624 0.0289 85.33 0.000
SiC(wt%) 0.006133 0.003067 0.000809 3.79 0.019
Compaction-pressure in MPa  0.000800 0.000400 0.000404 0.99 0.379
Sintering-temperature in °C ~ 0.000110 0.000055 0.000040 1.36 0.245
Time of sintering in minute ~ 0.000033 0.000017 0.000135 0.12 0.908

4.1.4 The actual density model summary

The actual-density model of summary discloses that the statistics-data is excellently agreed with
an investigate inquiry. The coefficient and correlation-coefficient model expected of the S/Ns
ratio for actual-density is shown in table 4.4 and table 4.5. The R-square value for actual-density
is 99.81%.

The ANOVA result for actual density is used to demonstrate the variable that have significant
statistics at the confidence level of 95-percentage with the approval of P-values. When the P
value is < 0.05, it is showing the higher significance level.

Table 4.5. The actual-density correlation-coefficient.

S R-sq R-sg(adj) R-sq(pred)
0.0099065 99.81%  98.81% 98.83%

Table 4.6. Analysis of variance (factorial regression) for actual density.

F- P- (PC)%
Sources DoF Adj.S.S Adj. M.S values values
Models 4 0.002078 0.000519 4.30 0.093
Linear. 4 0.002078 0.000519 4.30 0.093
SiC(wt%) 1 0.001411 0.001411 14.37 0.019 67.77%
Comp.pressure (MPa) 1 0.000096 0.000096 0.98 0.379 4.61%
Sintering temp.(°C) 1 0.000182 0.000182 1.85 0.245 8.74%
Sintering time (Min) 1 0.000001 0.000001 0.02 0.908 0.05%
Error 4 0.000393 0.000098
Total 8 0.002082
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ANOVA table 4.6 for actual density is showing the silicon carbide (SiC) has the highest
percentage contribution (i. e 67.77%). Since, the P-value of SiC (0.019) is < 0.05), SiC has the
highest significance level, following to it, the sintering temperature (8.74%), compaction
pressure (4.61%) and sintering time (0.05%) has less significance respectively.

SiC(wt%) Pressure(MPa) Sintering Temp eratur(°C) | Sintering T ime(Min)

-8.00
-8.02
-8.06
-8.08

-8.10

-8.12

Mean of SN ratios

0 5] 10 40 50 60 350 450 550 30 60 90

Signal-to-noise: Smaller is better

Figure 4.1. Plot for a) actual density for SiC (wt %), compression-pressure (MPa), sintering-
temp.(°C), and duration of sintering (min).
From figure 4.1, when addition of silicon carbide weight percentage (wt%) into the matrix is
increased, the mean of signal-to-noise ratios for actual-density is decreased with the smaller is
better product-qualification. The reason for actual-density increment in the AIMg/SIiC

composite is, density of silicon carbide is higher in 16.51% than the AIMg-matrix.

The residual-plot of the actual-density is shown in figure 4.2, and as well as figure 4.3, and
figure 4.4, are showing the surface and contour plot for the actual density with respect to (w.r.t)

SiC-wt%, versus compression pressure, sintering temp. and duration respectively.
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Figure 4.2. The residual-plotting of the SNs ratio for actual-density.
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Figure 4.3. The surface-plotting for actual-density w.r.t SiC, compaction pressure (a), and
w.r.t sintering temperature and sintering duration (b).
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Figure 4.4 (a). The contour-plotting for the actual-density w.r.t SiC, compaction pressure and
(b) w.r.t sintering temperature and sintering duration.

As shown in contour-plotting figure 4.4 (a) and (b), actual-density of both the AIMg-matrix and
composite has been decreased with increasing of the compaction pressure, sintering temperature

and time, but actual-density of the composite sample is slightly increased with increasing of the
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addition of silicon carbide wt%, this is because of the SiC density is higher than that of the

AlMg matrix.

4.1.5 The variables influence on the porosity

As shown in table 4.7, the signal to noise ratio helps to know the variables that has more effect
on the acquired result. The ranks designated each factor leverage accordance with their
significances. Following to the highest significant SiC factor, the sintering temperature, as well
as the compaction pressure and sintering time are the significant variables in the porosity value
determination.

Table 4.7. The signal to noise (S/Ns) ratio responses for porosity (in %) versus SiC, PM
process variables with S/Ns “Smaller is better”.

Sintering Sintering
Level SiC(wt%) Comp.pressure (in MPa) temp.(°C) time (in min)

1 -7.630 -9.845 -9.929 -9.631
2 -9.655 -9.105 -9.244 -8.822
3 -10.472 -8.806 -8.584 -9.304
Delta 2.842 1.039 1.345 0.809
Rank 1 3 2 4

4.1.6 The optimum prediction conditions

The optimum prediction-condition for the signal-to-noise ratio in which, the less porosity
(2.13%) of the matrix obtained with the terms setting in table 4.8, is -6.5676. As shown in table
4.8, the significant effect on porosity of the AlIMg-matrix sample was occurred at level

A1B3C3D> (shown in table 3.4) of parameters setting.

Table 4.8. The porosity attained at the following optimum prediction-conditions.

Sintering  Sintering
SiC(wt%) Compaction pressure (MPa) temperature(°C) time (min.)

0 60 550 60
The predicted-values

S/Ns Ratio Mean
-6.5676 2.1633
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4.1.7 The porosity model summary

The porosity model summary reveals the statistics-data is excellently agreed with an

investigated inquiry. The correlation-coefficient and coefficient model expected of the S/Ns

ratio for porosity is shown in table 4.9 and table 4.10. The R-square value for porosity is 99.93%.
Table 4.9. The porosity correlation-coefficient.

S R-square R-square(adj.) R-square (predicted)
0.196610 99.93%  98.92% 98.84%

Table 4.10. The processing variables significant on porosity.

Terms. Effects COEF. S.ECOEF. T~values. P~values.
Constant. 4.256 0.573 7.43 0.002
SiC(wt%) 0.1827 0.0913 0.0161 5.69 0.005
Pressure (MPa) -0.03067 -0.01533 0.00803 -1.91 0.129
Sintering temperature(°C) -0.004267 -0.002133 0.000803 -2.66 0.057
Sintering time (Min) -0.00156 -0.00078 0.00268 -0.29 0.786

The following ANOVA table 4.11, is showing the variables contribution percentage (PC %) for
porosity, following to the highest significant level of SiC (68.63% contribution), the sintering
temperature (14.98%), compaction pressure (7.74%) and sintering time (0.18%) has less
significance contribution. The ANOVA result is also used to demonstrate the variable that have
significant statistics at the confidence level of 95-percentage with the approval of P~values.
When the P value is < 0.05, it is showing the higher significance level. Therefore, the silicon
carbide P-value is 0.005, which is less than 0.05, so SiC has the highest significant effect for
the occurrence of porosity composite.

From figure 4.5, the graphical interpretation is showing, the sintering temperature and
compaction pressure play a great-role to minimize the AIMg-matrix and AIMg/SiC materials
porosity. The composite porosity decreased and increasing slightly from 30min to 60min and

from 60min to 90min of sintering time respectively. The signal-to-noise ratio of the sample’s
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porosity decreased as the wit% of silicon carbide increases. But porosity slightly increase after

5% of SiC reinforcement.

Table 4.11. The analysis of variance (factorial regression) for porosity.

Sources DoF. Adj.S.S Adj.M.S T-values P-values PC*
Model. 4 166867 0.41717 10.79 0.020
Linear. 4 1.66867  0.41717 10.79 0.020
SiC(wt%) 1 1.25127  1.25127 32.37 0.005 68.63%
Compression-pressure (in MPa) 1 0.14107  0.14107 3.65 0.129 7.74%
Sintering-temp. (in °C) 1 0.27307 0.27307 7.06 0.057 14.98%
Sintering-duration (in min) 1 0.00327 0.00327 0.08 0.786  0.18%
Error 4 0.15462  0.03866
Total 8 1.82329
i SiC wi% Pressure(MPa)
-8.025 \\ —
-8050 ] —
£ -80754
£ 8100
Z, T T T T
2 0 5 10 40 50 60
% 80004 Sintering Temp( °C)) Sintering Time(min)
# 805 e — B
-8.050 — —
-8075
-8.100 {
350 450 550 30 60 %

Figure 4.5. Plot for mean of S/Ns ratio of porosity for SiC, compaction pressure, sintering
temperature and time.

From figure 4.6 (a) and (b), porosity of both the AIMg-matrix and composite has been decreased

with increasing of the compaction pressure, sintering temperature and time, but porosity of the

composite sample is increased with increasing of the addition of silicon carbide wt%. The basic

control variables in the PM route (such as, compaction pressure, sintering temperature, and

sintering time have a great-roles to minimize porosity of both the matrix and the composites.
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Figure 4.6. The contour-plotting for the porosity (in %) w.r.t SiC Vs compaction pressure
(MPa) (a), and w.r.t sintering temperature (°C) Vs sintering time(min) (b).
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Figure 4.8. The surface-plotting for porosity w.r.t SiC, compaction pressure (a), and w.r.t
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4.2. Hardness test

The Vickers hardness test was used to measure hardness of the AlMg-matrix alloy and
AlMg/SiC composite. The load was applied smoothly, without impact, forcing the indenter into

the test piece, as shown in chapter three, figure 3.10.

4.2.1 Taguchi analysis of signal to noise (S/NL) ratios for hardness test

Hardness of the matrix and composite material was investigated based on the L9 Taguchi
experimental design, that is shown in chapter three (table 3.4). Upon the three signal-to-noise
ratios “the bigger, the better”, characteristics was chosen to reach the maximum value of
products hardness using Eg. (3.3), Since, high hardness value is required (example in wear
resistance application areas). For each sample three readings were taken at different locations

(shown at Appendix table A-1) and the experimental average results of the matrix and composite

hardness-response with its corresponding (S/NL) ratio is shown in table 4.12.
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Figure 4.9. Vickers hardness value trial-1, for AIMg-SiC composite.
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Table 4.12. The vickers hardness experimental results and their corresponding (S/NL) ratio

based on L9 Taguchi design.

Experiments | Experimental result Predicted S/NL

Samples No | Hardness average value (Hy) | "atio result
S1 60.467 35.6303
S2 64.367 36.1732
Ss 67.533 36.5904
Sa 77.467 37.7823
Ss 90.167 39.1009
Se 94.5 39.5086
S7 109.733 41.6193
Sg 104.933 40.4183
S 106.633 40.5579

4.2.2 Optimization of the PM process variables’ influence on hardness value
The signal-to-noise (S/NL) ratio helps for knowing the variables that have an effect on the
acquired result. The S/N. ratio designed rank for each factor leverage accordance with their

significances, as shown in table 4.13.

Table 4.13. The signal-to-noise ratios responses for hardness test (HV) versus SiC and

processing variables with S/NL “bigger is better” product qualification.

Sintering Sintering
Level SiC(wt%) Compaction pressure (MPa) temperature (°C) time (min)
1 36.13 38.07 38.52 38.43
2 38.80 38.56 38.17 38.83
3 40.59 38.89 38.83 38.26
Delta 4.46 0.81 0.66 0.57
Rank 1 2 3 4

From table 4.13, the S/N_ ratio rank of the hardness response result shows that the SiC weight
percentage is the greatest significant factor on the composite hardness following to it, the
compaction pressure, sintering temperature and sintering time have effect on the composite

hardness increment.
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4.2.3 The optimal prediction conditions for hardness test

The optimum prediction condition for the S/N. ratio in which, the higher hardness result of the
composite obtain with the terms setting in table 4.14 was 41.6193. As shown in table 4.14, the
significant effect on hardness of the AIMg composite sample was achieved at level-A3B1C3D»,

at the parameter settings in chapter three, table 3.5.

Table 4.14. The optimum conditions for hardness result prediction-settings

Sintering  Sintering
SiC(wt%) Compaction pressure (MPa) temp.(°C) time (Min)
10 40 550 60

The predicted-values

S/Nsratio  Mean
41.6193 116.733

4.2.4 The S/NL ratio appraisal performance model coefficient for hardness test

Table 4.15. The processing variables significant on hardness test.

Term Effect COEF SE COEF T-Value P-Value
Constant 44.0 15.1 2.91 0.044
SiC(wt%) 8596 4298 0.424 10.13 0.001
Compaction pressure (MPa) 0.700  0.350  0.212 1.65 0.174
Sintering Temp. (°C) 0.0251 0.0126 0.0212 0.59 0.586
Sintering time (Min) -0.0815 -0.0407 0.0707 -0.58 0.595

4.2.5 The hardness test model summary

The hardness test model of summary discloses that the statistics-data is excellently agreed with
an investigate inquiry. The coefficient and correlation-coefficient model expected of the S/N.
ratio for hardness test is shown in table 4.16 and table 4.17. The R-square value for hardness
test is 96.37%.
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Table 4.16. The hardness test correlation-coefficient.

S R-sq R-sq(adj) R-sq(pred)
519519 96.37% 92.73%  81.76%

Table 4.17. Analysis of variance of factorial regression for hardness test.

Source DF AdjSS AdjMS F-Value P-Value PC (%)
Model 4  2862.56 715.64 26.51 0.004
Linear 4 286256 715.64 26.51 0.004
SiC(wt%) 1 2770.63 2770.63 102.65 0.001 93.27 %
Compaction pressure (MPa) 1  73.50 73.50 2.72 0.174 2.47 %
Sintering Temp. (°C) 1 946 9.46 0.35 0586  0.32%
Sintering time (Min) 1 896 8.96 0.33 0.595 0.3%
Error 4 10796 26.99
Total 8 2970.52

The last column of the ANOVA table shown in table 4.17, it indicates the percentage
contribution (PC) in which SiC wt% has the highest level of contribution (93.27%), since the
P-value of SiC is 0.001< 0.05. Following to the SiC, the compaction pressure (2.47%), sintering
temperature (0.32%) and sintering time (0.3%) has less level of contribution.

From figure 4.10, it is observed that with an increase in weight percentage (wt%) of silicon
carbide addition into the matrix, the (a) mean of signal to noise S/N. ratio and (b) mean of mean
for hardness test is increased. One reason for the increment of hardness with increasing in
weight percentage of silicon carbide is because the density of silicon carbide is 16.51% greater
than density of AIMg matrix alloy. The higher hardness value (109.733HV) of the AIMg/SiC
composite was obtained based on the L9 Taguchi experimental design as shown in chapter three
(table 3.5) for sample7 (S7); the optimal condition is pledge to a level of AsB1CsD;. But, based
on figure 4.10 of the (a)mean of signal to noise ratio and (b) mean of mean for hardness test; to
attain the highest hardness value (132.63HV) of AIMg/SiC composite; the optimum condition
for hardness test is pledge to A3B2C3zD- level.
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Figure 4.10. Plot for a) mean of signal to noise (S/NL) ratios and b) mean of mean for

hardness test with respect to SiC, Compaction Pressure, Sintering Temperature and time.
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Figure 4.11. Hardness average value (HV) for both AIMg-matrix and AIMg/SiC composite.

From figure 4.11, the average hardness value of AIMg-matrix alloy is observed to be 60.47HV
to 67.53HV. When 5wt% of SiC is added to the AIMg-matrix alloy the hardness is increased in
21.9-28.5% (i.e., 77.47-94.5HV) and addition of 10wt% of SiC is increased the hardness by
38.5-42.4% (i.e., 104.93-132.63Hv). The silicon carbide reinforcement into Al-based matrix
composites had proved that increase in strength, hardness and wear resistance, Sijo et al. (2016)
and Ravikumar et al. (2018).
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Figure 4.12. Residual plots of the S/NL ratios for hardness test (Hv).
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Figure 4.14 (a). Contour plots for hardness value (Hv) with respect to SiC wt% and
compaction pressure, (b) with respect to sintering temperature and sintering time.

Figure 4.13 (a). Surface plots for hardness (Hv) with respect to weight % of SiC, compaction

pressure) and (b) hardness value (Hv) with respect to sintering temperature and time.
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Figure 4.12, figure 4.13 and figure 4.14 are showing the residual, surface and contour plots of
hardness test with respect to weight percentage of SiC, and compaction pressure, sintering

temperature and sintering time respectively.

From figure 4.14 (a) and (b), hardness value of the matrix and composite materials are
increased, with addition of SiC reinforcement is added to the AIMg-alloy matrix. The basic
powder metallurgy process parameters (compaction pressure, sintering temperature and
sintering time), also have a great contribution in the increment of the matrix and composite’s

hardness.

4.3 Compression test

The compression test was done using universal testing machine for knowing the capacity of
the AIMg-matrix and AIMg-SiC composite to withstand loads tending to reduce size or fracture

of the specimens occur with applied load of ten kilonewton force (LOKNf).

4.3.1 Taguchi analysis of signal to noise ratios for compression test

Compression strength of the matrix and composite material was investigated based on the L9
Taguchi experimental run design, that shown in chapter three (table 3.5). Upon the three signal-
to-noise ratios “the bigger, the better” characteristics was chosen to determine compression
strength of the products, since high compression strength value is required (example in
structural application areas). The experimental results for compression strength of the AIMg-
matrix samples (Si, S2, Ss) and AIMg/SiC composites (S4, Ss, Se, S7, Ss, Seo) with their

corresponding signal to noise (S/NL) ratio are shown in table 4.18.
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Table 4.18. The compression strength experimental results and their corresponding (S/NL)

ratio based on L9 Taguchi design.

Experiments Experimental result Predicted S/NL ratio result

Samples No | Compression strength value (MPa)
S1 299.59 49.5305
S2 304.41 49.6692
S3 313.32 49.9198
S4 323.15 50.1881
Ss 327.26 50.2979
Se 332.14 50.4264
S7 350.37 50.8905
Ss 345.42 50.7669
So 339.96 50.6286

4.3.2 Optimization of the PM process parameters effect for compression strength

The signal-to-noise (S/NL) ratio helps for knowing the variables that have an effect on the
acquired result. The S/N ratio designed rank for each factor leverage accordance with their

significances, as shown in table 4.19.

Table 4.19. The signal-to-noise ratios responses for compression test versus processing

variables with S/NL “larger is better” product qualification.

Sintering Sintering
Level SiC(wt%) Compaction pressure (MPa) temperature (°C) time (min)
1 49.71 50.20 50.24 50.15
2 50.30 50.24 50.16 50.33
3 50.76 50.32 50.37 50.29
Delta 1.06 0.12 0.21 0.18
Rank 1 4 2 3
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Table 4.20. The mean of mean responses for compression test versus processing variables

with S/NL “larger is better” product qualification.

Sintering Sintering
Level SiC(wt%) Comp. pressure (MPa) temperature (°C) time (min)
1 305.8 324.4 325.7 322.3
2 327.5 325.7 322.5 329.0
3 345.3 328.5 330.3 327.3
Delta 39.5 4.1 7.8 6.7
Rank 1 4 2 3

From both table 4.19 and table 4.20, the S/NL ratio and mean rank of the compression strength
response result shows that the SiC weight percentage is the greatest significant factor on the
composite strength increment following to it, the sintering temperature, sintering time and

compaction pressure, have contribution for strengthening the AIMg composite materials.

4.3.3 The optimal prediction conditions for compression test

The optimum prediction condition of the predicted-values for the S/N. ratio and mean of mean
in which, the higher compression strength result of the composite obtain with the terms setting
in table 4.21 is 50.8905 and 352.783 respectively, the significant effect on compression
strength of the AIMg composite sample was achieved at level (A3BsCsDz), at the parameter

settings in table 5.21.

Table 4.21. The optimum conditions for compression strength result prediction-settings

Sintering  Sintering
SiC(wt%) Compaction pressure (MPa) temp.(°C) time (Min)
10 60 550 60

The predicted-values

S/Ns Ratio Mean
50.8905 352.783

63



4.3.4 The S/NL ratio appraisal model coefficient for compression test

Table 4.22. The processing variables significant on compression test.

Term Effect COEF SE COEF T-Value P-Value
Constant 326.18 1.71 191.06  0.000
SiC(wt%) 39.48 19.74 2.09 9.44 0.001
Compaction pressure (MPa) 4.10  2.05 2.09 0.98 0.382
Sintering Temp. (°C) 460 2.30 2.09 1.10 0.333
Sintering time (Min) 503 251 2.09 1.20 0.296

4.3.5 The compression test model summary

The compression test model of summary discloses that the statistics-data is excellently agreed

with an investigate inquiry. The coefficient and correlation-coefficient model expected of the

S/NL ratio for compression test is shown in table 4.23 and table 4.24. The R-square value for

compression test is 95.86%.

Table 4.23. The hardness test correlation-coefficient.

S R-sq R-sq(adj) R-sq(pred)

5.12161 95.86% 91.73%

80.39%

T Table 4.24. Analysis of variance (ANOVA) of factorial regression for compression test.

Source DF AdjSS AdjMS F-Value P-Value PC (%)
Model 4 243251 608.13 23.18 0.005
Linear 4 243251 608.13 23.18 0.005
SiC(wt%) 1 2337.61 2337.61 89.12 0.001 92.13 %
Compaction pressure (MPa) 1  25.26 25.26 0.96 0.382 1%
Sintering Temp. (°C) 1 3174 31.74 1.21 0.333 1.25%
Sintering time (Min) 1 37.90 37.90 1.44 0.296 1.5%
Error 4 10492 26.23
Total 8 253743
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The last column of the ANOVA table shown in table 4.24, it indicates the percentage
contribution (PC) in which SiC wt% has the highest level of contribution (92.13%), since the
P-value of SiC is 0.001< 0.05. Following to the SiC, the sintering time (1.5%), sintering
temperature (1.25%) and compaction pressure (1%) has less level of contribution on

compression strength value.
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Figure 4.15. Plot for a) mean of signal to noise (S/NL) ratios and b) mean of mean for

compression strength test with respect to SiC, Compaction pressure, sintering temp. and time.
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Figure 4.16. Compression strength value (MPa) for both AIMg-matrix (S1, S2.S3) and
AlMg/SiC composite (S4-S9).
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From figure 4.15, it is observed that with an increase in weight percentage (wt%) of silicon
carbide addition into the AIMg-matrix, the (a) mean of signal to noise (S/N.) ratios and (b)
mean of mean for compression strength test is increased. The compression strength of the
composite is increased, when the hardness of the composite materials increasing. Due to these
reasons, the capacity of the AIMg/SiC composite material is greater than that of AIMg-matrix
material to withstand compressive loads tending to reduce size. The higher compression
strength value (350.37MPa) of the AIMg/SiC composite was obtained at the optimal condition
iIs pledge to A3B3CsD: level, as shown in chapter three (table 3.5).

From figure 4.16, the compression strength value (MPa) of AIMg-matrix alloy is observed to
be 299.59MPa to 313.32MPa. When 5wt% of SiC is added to the AIMg-matrix alloy the
compression strength is increased from 299.59 to 332.14MPa and the addition of 10wt% of
SiC to AlMg-matrix, the composite compression strength is increased from 299.59 to
350.37MPa.

The following figure 4.17, figure 4.18, and figure 4.19, are showing the residual, surface and
contour plots of compression test with respect to weight percentage of SiC, and compaction
pressure, sintering temperature and sintering time respectively. Figure 4.17 (a) and (b), shows
that, the compression strength value of the matrix and composite materials are increased, with
addition of SiC reinforcement is added to the AlIMg-alloy matrix, as shown with green color.
The basic powder metallurgy process parameters (compaction pressure, sintering temperature
and sintering time), also have a great contribution in the increment of strength of the matrix

and composite materials, as shown more clearly in figure 4.16.
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Figure 4.17. Contour plots for compression strength value (MPa); (a) with respect to SiC

wt% and compaction pressure, and (b) with respect to sintering temperature and time.
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Figure 4.18. Residual plots of the S/NL ratios for compression test.
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4.4 The experimental results verification

After an optimum combination of process parameters and addition of SiC wt% had obtained,
the predicted result and experimental result was confirmed. The results of validation
experiment mean and S/N obtained from the experiment were compared with the predicted
mean and S/N results as shown in table 4.25 for actual density and porosity with “small is the
better” characteristics, to obtain less porosity and density values. And, for hardness and
compression test “the larger is the better” characteristics was chosen to get the hardened and

high strength composite with addition of SiC reinforcement in the AIMg-alloy matrix.

Table 4.25. Comparison between predicted and experimental confirmation

Response Level Predicted value Experimental
variables combination value

S/N ratio Mean

Actual-density | A1B1C1D1 | -7.9588 2.58 2.5
(g/cm?3) (sample 1)

Porosity (%) | A3B3C3D3 | -6.5676 2.1633 2.13
(sample 3)

Vickers A3B1C3D2 | 41.6193 116.733 109.733
hardness (HV) | (sample 7)

Compression A3B1C3D3 | 50.8905 352.782 350.37
strength (MPa) (Sample 7)

From table 4.25, the difference between experimental results and the predicted results are very
small. The values of predicted by using Taguchi approach is approximately near to the value
which is experimentally obtained for actual density and porosity compared to the measured
value using Archimedes principle, as mentioned in chapter three. And also, the experimental
results of both hardness and compression strength are highly correlated with the predicted

results, even there is small increment on the experimental results.
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4.5. Microstructure test

The microstructures for both the AIMg-matrix and AIMg/SiCp composites have taken using
optical microscope (OM) and scanning electron microscope (SEM). The absolute necessity for
examination of specimen arises from the fact that many microscopically observed structural
characteristics of a metal such as grain size, segregation, distribution of different phases
(example; reinforcement distribution) and mode of occurrence of component phases can be
analyzed. As shown in figure 4.20, the uniform distribution of SiC reinforcement into the

AlMg-matrix have been observed in the developed AIMg-SiC composite specimen by SEM.

H|gh’vac(‘ SED Pc"gta. (15 kv) 'f )1*%7/12/2020
S7 N y LAdS {, ). . 3

Figure 4.20. The AIMg/SiC composite specimen observed by SEM.

4.5.1 Microstructural image analysis
The microstructural image analysis has done by determination of the grain size area for scaled
dimension of each grain particle using “imagej” software. To find the average grain size area,

all the particles found in the scaled dimension of specimen area are counted.
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Figure 4.22. The optical micrographs of AIMg/SiC composite (a) before microstructural

analysis and (b) after microstructural analysis.

The average grain size area of the microstructural analyzed composite for counted grain size
particles and the volume fraction area of the grains size results obtained are shown in table
4.26.

Table 4.26. The grain size area of the counted particles

Sample | Total counted | Total grain size | Average grain | volume fraction area
No. particles area (Um?) size area (um?) | of the grains size (%)
Sz 364 2539.325 6.976 26.780

From the microstructural analysis, there are two phases indicated by color of red and white, as

shown in figure 4.22 (b). The red color indicates that the phase area of the grain size which is
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26.780% and the average grain size area of grain particles obtained is 6.976um?. This result is
better than the previous studies of Huskins et al. (2010) for Al-Mg alloys, using the linear
intercept method by drawn the measurement lines perpendicular to the sub-grain regions.

The microstructure images have been acquired by metallurgical optical microscope (EC
Epiplan-NEOFLUAR objective lens of 20X, 50X, and 100X were used with an eyepiece of
10X) for AIMg-matrix samples (S1, S2, S3), AIMg/SiC composite samples having 5% of SiC
weight contents (S4, S5, S6) and 10% of SiC weight contents (S7, S8, S9) respectively.

The microscopically observed structural characteristics of the composite samples shows the
SiC reinforcement distribution phases with the AIMg-matrix, as shown in figure 4.24, figure
4.25 of OM images. Since the residual mechanical behavior of several Al-Mg alloys is
sensitive at high temperature, the initial dislocation cell structure may transform to the
subgrains region, so the component occurrences mode of the grain size and lamellar boundary
found in the examined microstructure images have not seen perfectly. Less number of irregular
shape of pores having smaller in size are found in the specimens’ microstructure images,
especially in comparison to the number of pores present at the end edge of the specimen.
Narayan and Rajeshkannan (2016) have reported similar findings.
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Figure 4.25. AIMg- 1OS|C samples (S7, S8 and 89) Optical mlcrographs
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4.6. Wear test

In the wear statistical analysis, the wear rate and friction coefficient are considered as the main
response functions for evaluating the wear performance of the AlIMg-matrix and AIMg-SiC

composites.

4.6.1 Wear behavior of AIMg alloy matrix and AIMg-SiC composite

In this research work, the wear behavior of AIMg-matrix and AIMg/SiC composite materials
were investigated using (DUCOM TR-20 MICRO) pin-on-disc equipment. The test was
conducted at room temperature under dry sliding condition with the effect of 10, 30, and 50N
normal applied load and a sliding speed of 250 rpm on 25mm-wear track diameter for 5-minute
running duration. The weight (or mass) loss of each specimens was calculated by measuring
the weight difference between the specimens before and after conducting the wear test. The
weight loss of each specimens was used to calculate the wear rate using equation (3.11), as
mentioned in chapter three). This way can be giving result of wear more accurate from weight

techniques Alaneme et al. (2019) and Das et al. (2020). The specimens weight loss and wear
rate results altogether are tabulated in appendix table A-2. But, the results of mass loss (in

gram) and Wear rate (x108Kg.m™) Versus the applied loads (N) are shown in table 4.27 and
table 4.28 respectively.

Table 4.27. Mass loss (loss in weight) Vs load.

Mass loss (g)
Load(N) | AlMg alloy AlMg-5SiC(wt%) AlMg-10SiC(wt%)
S1 S2 S3 S4 S5 S6 S7 S8 S9
10 0.0019 | 0.0015 | 0.0015 | 0.0012 | 0.0011 |0.001 | 0.0004 | 0.0007 | 0.0005
30 0.0025 | 0.0023 | 0.002 | 0.0018 | 0.0016 | 0.0014 | 0.0005 | 0.0009 | 0.0007
50 0.0039 | 0.0037 | 0.0032 | 0.0028 | 0.0023 |0.002 |0.001 |0.0014 |0.0014
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Figure 4.26. Mass loss(g) Vs load(N) for the AIMg-matrix and AIMg/SiC composite; a) in
line, b) in bar and c) 3D graph using Origin 18 software.

During dry sliding wear test, the SiC particles strengthen the aluminium-magnesium matrix
and also protect the softer matrix. From figure 4.26, high mass loss is observed in AlIMg-base

alloy (samples; S1, S2 and S3) and minimum mass loss is noticed when the weight percentage

of silicon carbide content increases in the composite samples (S4 to S9). The mass loss

increases with increasing the applied load in all load conditions, due to increasing temperature

at the contact surfaces of the sample pin and disc at higher loads as shown clearly in figure

4.26 (a) and (c) 3D graph using ‘Origin 18’ software and the minimum weight loss have been

seen for 10wt.% of SiC composites at the applied load of 10N for three samples (S7, S8 and
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S9). This is similar to the previous work of Lim et al. (2003), who claimed that the wear
resistance of composites had slight improvement at the lower load. Alpas et al. (1992) also
reported that the wear rate of the SiCp/A356 Al matrix composite was lower than that of the

alloy at lower load.

Table 4.28. Wear rate Vs load.

Wear rate (x108Kg.m?)
Load(N) ["AIMg alloy AIMg-5SiC(wt%) AlMg-10SiC(wt%)
s1 S2 S3 sS4 S5 S6 S7 |8 S9
10 1036 | 1528 | 1528 |1.223 |1.121 |1.019 |0.408 |0.713 | 051
30 2548 | 2344 |2031 |1.834 |1631 |1.427 |051 |0917 |0.713
50 3974 | 3771 |3261 |2.853 |2.344 |2038 |1.019 |1.427 | 1426

T T T T T T T
S 82 53 S 85 56 s = S0

Samples with different wt%oof SiC content

-\;r.m")

Wear ry o et

Figure 4.27 (a). Wear rate (x10-8Kg.m-1) Vs load(N) for the AIMg and AIMg/SiC; (b) Wear
rate (x10-8Kg.m-1) Vs effect of weight percentage of SiC and (c) Wear rate (x10-8Kg.m-1)
Vs load(N) in 3D graph using ‘Origin 18’ software.
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The wear rate (W.R) variation for different wt % of SiC is presented in table 4.28. The wear
rate of AIMg/SiC composite is lower compared to the AIMg -matrix wear rate. As shown in
table 4.28 and in figure 4.27 (a and b), the 10wt % of SiC content composite samples (AIMg-
10SiC; S7, S8 and S9) have the lowest wear rate value compared to both the 5wt % of SiC
content composite samples (AIMg-5SiC; S4, S5, S6) and AlIMg-matrix samples (S1, S2 and
S3) at various load applied conditions (10, 30 and 50N) within 250 sliding speed for 300
seconds. The wear rate of the composite is much lower than that of the matrix alloy at the
applied load of 10 N, and the wear rate value of the composite is increased slightly, but rapidly
increment of wear rate for the AIMg matrix have seen at the applied loads of 30 N and 50 N.
But, as shown in figure 4.27, there is an excellent improvement of wear rate with the addition
of SiC for all load conditions; which is similar with previous work of Ying Yu et al. (1997),
they demonstrated the effects of applied load and temperature on the dry sliding wear behavior
of the Al6061/SiC composites, and they concluded that the addition of SiCp could promote the
wear resistance of the composite at the lower load.

An unreinforced AIMg matrix was softer than the SiC reinforced composites and due to this
reason, the AIMg alloy-matrix undergoes losing of material on the surface which causes the
high wear rate of the AIMg matrix samples (S1, S2 and S3), as shown in figure 4.27 (c). The
increase in the resistance of wear is expected because SiC is harder in nature and when it
reinforced it makes the matrix also harder and restricts to wear. When there is an increase in
percentage of SiC, the percentage of particle distribution in the matrix and in the surface also
increases thereby, the wear resistance also increases. From table 4.28, Addition of 5wt.% of
SiC to the matrix (AIMg/SiC) composite samples (S4, S5 and S6) had less wear rate value
(there is a range of 44 to 48.7% decrease in wear rate) when compared with the matrix for all
load conditions, but it increases the wear resistance. The wear rate value of AIMg-10%SiC
composite samples (S7, S8 and S9) were the lowest (there is a range of 64.12 to 73.7 %

decrease in wear rate) compared to the AIMg-matrix samples for all load conditions.

Generally, the wear resistance of the AIMg-5SiC composites were improved with a range of
26.3 to 47.4% for all load conditions, whereas the wear resistance of the AIMg-10SiC

composites were improved by the range 47.4 to 78.9% compared to the AIMg matrix alloy. In
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general, increasing the reinforcement content enhances the wear resistance of composite
materials. This is mainly due to the fact that the mechanical properties such as hardness and
strength of MMCs increase with increase in the volume fraction of the reinforcements Das et
al. (2008), while the wear rate of the MMCs decreases, and then the wear resistance of MMCs
linearly increased. This reveals that the volume fraction of the reinforcement is proportional to

the wear resistance of the composite.

4.6.2 Friction coefficient behavior of AIMg-matrix and AIMg/SiC composite

The friction coefficient of the AIMg matrix alloy and AIMg/SiC composite result was recorded
during experiment by data procurement system, as shown in figure 4.28, (the COF Vs time
recorded results for all the matrix and composite specimens are shown in appendix figures B1-
to-B3. The coefficient of friction recorded result during wear test for all applied load condition

is shown in table 4.29.

Table 4.29. Coefficient of friction (COF) Vs load.

Coefficient of friction (COF)
Applied AlMg alloy AlMg-5SiC(wt%) AlMg-10SiC(wt%)
Loads (N) | S1 S2 | S3 S4 S5 S6 S7 S8 S9
10 044 |04 |0.39 0.36 032 |03 0.19 |0.25 0.22
30 052 | 044 1043 0.4 037 036 |0.25 |0.33 0.32
50 0.71 | 0.52 | 049 0.44 043 (042 |033 |04 0.4
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Figure 4.28. Coefficient of friction (COF) Vs time for AIMg-10%SiC composite.

T T T T 0.8 : T T T
07 -
b)
0.7+ ]
06 - 0.6
i 05 ] -
05 -
™ [ [ — [ 1—
o B u
° Suiq | = M T
04 - i ] ] |
034 )
03 o 0.1+
0.14
0z -
ADMg (51,52,83) AMg/5SiC ($4,55,56) AlMg/108C (57,58.59)
T T T T T T T T T 0.0 T T T
s1 52 53 54 s 6 57 s8 59 10 k) 50
Samples with different wt% of SiC Load (V)

Figure 4.29 (a). Coefficient of friction (COF) Vs effect of wt% of SiC, (b) COF Vs Load(N);
for the AIMg-matrix and AIMg/SiC composite

From figure 4.29 (a) and (b), the friction coefficient of the AIMg matrix alloy and AIMg/SiC
composites increased with increment of the normal load, that was carried in dry sliding
condition of pin-on-disc materials contact. As the applied load increases, there is gradual

increase in wear rates and COF for both AIMg matrix and AIMg/SiC composites. The above
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result was occurred because of the following reason; (a) With increase in load, the contact
between sliding surface of specimen and rotating disc surface becomes intimate as time
increases resulting in higher wear rates. (b) With increase in load, the temperature at specimen
interface increases and leads to softening the materials and plastic flow of materials. However,
the wear rate is lower for AIMg/SiC composite compared with AIMg matrix alloy, because of
some particles of silicon carbide break into small pieces and crushed the disk rotates and act
as abrasive medium. These powdered silicon carbide particles along with AIMg small particles
made a layer. These layers prevent the plastic flow and reduce the wear rates compared with
AlMg matrix alloy, although plastic flow of composites occurs at later stage. The other reason
for the lower wear rate value of AIMg/SiC composites were, they have higher hardness value

compared to the AIMg-matrix resulting in lower real area of contact.

4.6.3 Morphological characterization of the wear surfaces

The wear surfaces of the AIMg matrix and AIMg/SiC composite specimens are analyzed under
scanning electron microscope (SEM) with different magnifcation as shown in the folloeing
scanning electron micrographs. From the wear surface analyses, different damage mechanisms
are observed on the worn surfaces. From figure 4.30, 4.31 and 4.32 of the SEM images, it can
be observed and concluded that the wear occurs mainly due to abrasive wear, delamination,
oxidation and fatigue wear mechanisms. In these wear mechanisms, as shown below in the
SEM images, damages such as wear debris, surface scratches, plastic deformation, worn

surface, surface crack and such damages are observed.
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Figure 4.30. Scanning electron micrograph of worn surfaces of AIMg alloy samples (S1, S2
and S3) with different magnification using SEM.
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Figure 4.31. Scanning electron micrograph of worn surfaces of AIMg-5% SiC composite
samples (S4, S5 and S6) with different magnification using SEM.
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Figure 4.32. Scanning electron micrograph of worn surfaces of AIMg-10% SiC composite
samples (S7, S8 and S9) with different magnification using SEM.
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An unreinforced AIMg matrix alloy was softer than the SiC reinforced composites and due to
this the AIMg-matrix alloy undergoes losing of material on the surface which causes the high
wear rate of matrix samples (S1, S2 and S3), shown in figure 4.30. As sliding continues, wear
is developing, considerable wear debris may enter into the materials pin—disc contact. The
presence of debris between the contact surfaces somewhat enhances the surface roughness; this
result was occurred due to the grain particles tend to pull-out from the specimen pin-on-disc
contact surfaces during dry sliding condition. As the sliding continues further, for all load
increment conditions, the pin temperature at specimen interface increases and leads to
softening the materials, plastic flow of materials and phase transformation may occur and
results plastically deformation of the pin-specimen due to the applied load during the dry
sliding condition within the disc rotation duration, all of which are influence the friction
behavior of the matrix and composites. From the SEM images, an oxide layer and fine granular
debris were formed, that is may due to the increment of SiC, which reveals that formation of
transfer layer increases as the wt% of SiC increase in the AIMg-SiC composites, this transfer
layer improves the wear resistance of the composite materials, this is similar with the Yang et
al. (2015) studies, they concluded that, the wear-loss decreases with increase in weight
percentage of SiC reinforcement in the MMCs. Van et al. (1999) reported that the Al-Mg alloy
exposed up to 400°C in an air circulation furnace formed surface oxide layer. The main
problems related to the properties of Al that is high thermal conductivity, high chemical
reactivity with oxygen at high temperature as studied by Beck et al. (1967). An oxidation
features were formed due to the temperature increment during dry sliding wear test condition

and reactive properties of Al and Mg metals at high temperature.
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CONCLUSIONS AND RECOMENDATION

5.1 Conclusion

The experimental study reveals the following conclusions:

Porosity of the AlMg-matrix and composites has been decreased with increasing of the
compaction pressure, sintering temperature, and sintering time, whereas, when the wt%
addition of SiC increases in the AIMg-matrix, the actual-density and porosity of the composites
were slightly increased, but hardness and compression strength of the composites were
increased. The higher hardness (132.63HV) and compression strength (350.37MPa) value for
the composite was obtained, with addition of 10% of SiC into the matrix. While, the composite
hardness increasing, the wear resistance of the composite also increased. The wear rate
increases linearly with the increase in normal load. However, the AIMg/SiC composites have
a lower wear rate as compared to that observed in the AlIMg-matrix, under dry sliding
conditions. The reason for lower wear rate of the AIMg/SiC composites were due to their high
hardness as compared to the AIMg-matrix result. The wear resistance of the AIMg-5SiC
composites were improved with a range of 26.3 to 47.4% for all load conditions, whereas the
wear resistance of the AIMg-10SiC composites were improved by the range 47.4 to 78.9%
compared to the AIMg matrix alloy. The SEM studies showed that the silicon carbides

distribution in the AIMg-matrix were homogeneous.

5.2 Recommendation

The use of powder metallurgy technique is increasingly applied in preparing AlMg
components with the correct variables especially in compaction and sintering process. The
brilliant result associated with near net shape production of these processes that is of most
interest, which could lead to the wider acceptance of the PM AlMg alloy and ceramics
reinforced composite components; due to the significant improvement in hardness, strength
and wear resistance performances of these PM AlMg composite components. But, the addition
of silicon carbide caused the formation of pores. So, to reduce or prevent such porosity and for
further increment of the mechanical and wear properties of the PM AIMg composite
components; it is recommended for the future researchers to perform forging or extrusion

operation depending up on the application area requirement of these component.
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APPENDIX

Table A-1. Hardness value (HV) for each sample with three readings and calculated average

value.
Hardness (HV)

Sample No. Trial-1 Trial-2 Trial-3 Av. Value (HV)
S1 54.9 51 75.5 60.467
S2 67.8 65.9 59.4 64.367
S3 62 73 67.6 67.533
S4 80.5 75.7 76.2 77.467
S5 87.9 89.7 92.9 90.167
S6 95.9 98.4 89.2 94.5
S7 105 102.8 1214 109.733
S8 99.2 103.3 112.3 104.933
S9 109.5 102.8 107.6 106.633

S10 128 132 137.9 132.633

Table A-2. Mass of specimens before and after experimental wear at all load applied

conditions with ware rate value.

Sample Mass Load Mass Wear Load Mass Wear Load Mass Wear
No. before(g) 10(N)  loss(g) rate(x10%kgmY  30(N) loss(g) rate(x10®%kgm?)  50(N) loss(g) rate(x108kgm?)
S1 0.7809 0.779 0.0019 1.936 0.7765  0.0025 2.548 0.7726  0.0039 3.974
S2 0.7813 0.7798  0.0015 1.528 0.7775 0.0023 2.344 0.7738 0.0037 3.771
S3 0.7817 0.7802  0.0015 1.528 0.7782 0.002 2.031 0.775  0.0032 3.261
S4 0.8166 0.8154 0.0012 1.223 0.8136  0.0018 1.834 0.8108 0.0028 2.853
S5 0.8177 0.8166 0.0011 1121 0.815 0.0016 1.631 0.8127 0.0023 2.344
S6 0.8163 0.8153  0.001 1.019 0.8139 0.0014 1.427 0.8119  0.002 2.038
S7 0.8201 0.8197 0.0004 0.408 0.8192  0.0005 0.51 0.8183  0.001 1.019
S8 0.8187 0.818 0.0007 0.713 0.8171  0.0009 0.917 0.8157 0.0014 1.427
S9 0.8196 0.8191  0.0005 0.51 0.8184  0.0007 0.713 0.8172 0.0014 1.426
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Figure A-3. Vickers hardness value for AIMg-SiC composite samples (S7, S8 and S9).
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Figure B-1. (COF) Vs time for AIMg-matrix samples (S1, S2 and S3).
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Figure B-2. (COF) Vs time for AIMg-5%SiC composite samples (S4, S5 and S6).
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Figure B-3. (COF) Vs time for AIMg-10%SiC composite samples (S7, S8 and S9).

100



	APPROVAL SHEET
	DECLARATION
	ACKNOWLEDGMENT
	ABSTRACT
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	INTRODUCTION
	1.1 Background of the Study
	1.2 Challenges associated in AlMg alloy matrix composite
	1.3 Statement of the problem
	1.4 Objectives of the study
	1.4.1 General Objective
	1.4.2 Specific Objectives

	1.5 Significance of the study
	1.7 Limitation of the work
	1.8 Output
	1.9 Thesis organization

	CHAPTER TWO
	LITERATURE REVIEW
	2.1 Introduction to composite materials
	2.2 Classification of composite materials
	2.2.1 Metal matrix composites
	2.2.1.1 Aluminum based matrix composite


	2.3 Introduction of effectible variables on the metal matrix composite properties
	2.4 Manufacturing methods and processing of metal matrix composites
	2.4.1 Solid state processing technique.

	2.5 Reinforcements used for developing the metal matrix composites
	2.5.1 Silicon carbide

	2.6 Researches developed on reinforced AlMg matrix composite
	2.7 Effects of reinforcements on improvement of mechanical properties of MMCs
	2.8 Wear performance of metal matrix composites
	2.9. The powder metallurgy processing parameters effect on mechanical properties and microstructure features
	2.9.1 Taguchi method

	2.10 Optimization of process parameters to improve the mechanical and wear properties of the composite
	2.11 Summary of literature review
	2.12 Literature gaps

	CHAPTER THREE
	MATERIALS AND METHODS
	3.1 Materials
	3.1.1 Aluminium-Magnesium (AlMg) pre-alloyed matrix
	3.1.2 Silicon carbide (SiC) Reinforcement particles.

	3.2 Methods
	3.2.1 Matrix and reinforcement material selection
	3.2.2 Specification of weight percentage composition
	3.2.3 Weight (in mass) estimation for matrix and reinforcement inquires

	3.3. Taguchi method
	3.3.1 Selection of Orthogonal array
	3.3.2. Taguchi design of experiment

	3.4 Equipment’s and tools used to fabricate and prepare the matrix and composite samples
	3.5 Fabrication of the AlMg-matrix and AlMg/SiC composite samples
	3.5.1 Powder metallurgy process
	3.5.1.1 Powder mixing
	3.5.1.2 Powder compaction
	3.5.1.3 Sintering


	3.6. Specimens preparation for different tests
	3.6.1 Specimen preparation for microstructure studies
	3.6.1.1 Sectioning
	3.6.1.2 Mounting
	3.6.1.3 Grinding and polishing processes
	3.6.1.4 Etching


	3.7 Experimental test procedures
	3.7.1 Mathematical determination for density and porosity measurement
	3.7.2 Hardness test
	3.7.3 Microstructure examination test
	3.7.4 Compression test
	3.7.5 Wear test


	CHAPTER FOUR
	RESULTS AND DISCUSSION
	4. Analysis of density and porosity measurement
	4.1. Optimization of the PM process parameters for density and porosity responses
	4.1.1 The variables influence on the actual density
	4.1.2 The optimal prediction conditions
	4.1.3 The signal to noise ratio appraisal performance model coefficient
	4.1.4 The actual density model summary
	4.1.5 The variables influence on the porosity
	4.1.6 The optimum prediction conditions
	4.1.7 The porosity model summary

	4.2. Hardness test
	4.2.1 Taguchi analysis of signal to noise (S/NL) ratios for hardness test
	4.2.2 Optimization of the PM process variables’ influence on hardness value
	4.2.3 The optimal prediction conditions for hardness test
	4.2.4 The S/NL ratio appraisal performance model coefficient for hardness test
	4.2.5 The hardness test model summary

	4.3 Compression test
	4.3.1 Taguchi analysis of signal to noise ratios for compression test
	4.3.2 Optimization of the PM process parameters effect for compression strength
	4.3.3 The optimal prediction conditions for compression test
	4.3.4 The S/NL ratio appraisal model coefficient for compression test
	4.3.5 The compression test model summary
	4.4 The experimental results verification

	4.5. Microstructure test
	4.5.1 Microstructural image analysis

	4.6. Wear test
	4.6.1 Wear behavior of AlMg alloy matrix and AlMg-SiC composite
	4.6.2 Friction coefficient behavior of AlMg-matrix and AlMg/SiC composite
	4.6.3 Morphological characterization of the wear surfaces


	CONCLUSIONS AND RECOMENDATION
	5.1 Conclusion
	5.2 Recommendation

	References
	APPENDIX

