STUDY OF MECHANICAL AND TRIBOLOGICAL BEHAVIOUR OF
AL BASED HYBRID MMCS FABRICATED BY STIR CASTING
PROCESS

A thesis submitted to Delhi Technological University, Delhi for award of the
Degree of

DOCTOR OF PHILOSOPHY
In
Mechanical Engineering
by
Ashish Kumar
(2K18/PHDME/26)
Under the guidance of

Dr. R.C Singh Dr. Rajiv Chaudhary
(Professor) (Professor)
Department of Mechanical Engineering Department of Mechanical Engineering
Delhi Technological University, Delhi Technological University,
Delhi, 110042 Delhi, 110042

' :a
l‘""‘
\ DELTECH

S ==

CHnvor. oGICH

DEPARTMENT OF MECHANICAL ENGINEERING
DELHI TECHNOLOGICAL UNIVERSITY,
DELHI, 110042



In heartfelt dedication to my beloved father,
Shri Jai Prakash Yadavendu



DECLARATION

I declare that,

a.

The work contained in the thesis entitled “Study of Mechanical And Tribological
Behaviour of Al Based Hybrid MMCs Fabricated By Stir Casting Process” is
original and has been done by myself under the supervision of Dr. R. C. Singh and
Dr. Rajiv Chaudhary, Professor, Department of Mechanical Engineering, Delhi
Technological University, Delhi.

The work has not been submitted to any other Institute for award of any degree or
diploma.

I have followed the guidelines provided by the Delhi Technological University,
Delhi, in writing the thesis.

I have conformed to the norms and guidelines given in the Ethical Code of Conduct
of Delhi Technological University, Delhi.

Whenever I have used materials (data, theoretical analysis, and text) from other
sources, | have given due credit to them by citing them in the text of the thesis and
giving their details in the references.

Whenever [ have quoted written materials from other sources, I have put them under
quotation marks and given due credit to the sources by citing them and giving the

required details in the references.

Signature of the student
Ashish Kumar
Roll No. - 2K18/PHDME/26



CERTIFICATE

This is to certify that the work embodied in the thesis entitled “Study of Mechanical

And Tribological Behaviour of Al Based Hybrid MMCs Fabricated By Stir Casting

Process” by Ashish Kumar, (Roll No.-2K18/PhDME/26), in partial fulfilment of

requirements for the award of Degree of DOCTOR OF PHILOSOPHY in Mechanical

Engineering, is an authentic record of student’s own work carried by his under our

supervision.

This is also certified that this work has not been submitted to any other University or

Institute for the award of any other diploma or degree.

Dr. R.C Singh
(Professor)
Department of Mechanical Engineering
Delhi Technological University,
Delhi, 110042

Dr. Rajiv Chaudhary
(Professor)
Department of Mechanical Engineering
Delhi Technological University,
Delhi, 110042

11



ACKNOWLEDGMENTS

[ would like to express my deep gratitude, sincere thanks and appreciation to my
supervisors Prof. R. C. Singh and Prof. Rajiv Chaudhary for their valuable guidance during
this Ph.D. work. I am thankful from my heart for all the help, encouragement, and support
you generously extended to me.

I would like to express, a sincere gratitude to Prof. R.S. Mishra, Chairman, DRC, Prof.
Vijay Gautam, Member secretary, DRC, Mechanical Engineering Department and Prof. S
K Garg, Head of the Department, Mechanical Engineering, Delhi Technological University,
for their valuable help, motivation and extending all the necessary processing and
experimental facilities during my research work.

I would also like to express, a sincere gratitude to Prof. R.K. Pandey, Prof. Sujit Angra,
Prof. Ranganathan M. S. and Prof. Nao Kant Dev for serving my SRC committee members
and many critical helps without which I would not be able to complete my thesis in time.

[ am also grateful to Prof. Ranganathan M. S. (DTU) and Dr. N. Yuvaraj (DTU) for all the
motivation and their teachings, without that I would not be able to finish my thesis work.

I gratefully acknowledge Institute Instrumentation Centre, IIT Kharagpur and CSIR —
National Metallurgical Laboratory, Jamshedpur for the characterization facility.

[ intend to accord my sincere appreciation to my friend and colleagues for their constant
encouragement, help and cheer, especially Dr. Virendra Pratap Singh, Dr. Sudipta
Mohapatra, Mr. Dhruv Singh, Dr. Biraj Kumar Sahoo, Dr. Akhileswar Nirala, Dr. Ashok
Devangan, Dr. Gajendra Gaurav and Mr. Ranjit Prashad.

My sincere thanks to all the faculty and staff members of Department of Mechanical
Engineering (DTU), who supported me during my entire course work and research work. |
am grateful to Mr. Rajesh Bohra, and Mr. Manmohan for their technical and experimental
support.

I am grateful to the management of at Galgotias College of Engineering and Technology,
Greater Noida, particularly Mr. Sunil Galgotia, Founder Chairman, Dr. Dhruv Galgotia,
CEO, Galgotias Educational Institute, Dr. Asim Qadri, Director and Dr. Pawan Kumar
Arora, Head, Department of Mechanical Engineering, Galgotias College of Engineering
and Technology, Greater Noida, for the timely help and support in every possible way to

finish this work.

11



I am also grateful to the expert examiners for improving the overall quality of the thesis.

I am deeply indebted to my parents for teaching me the dedication and importance of
education. I want to express my reverence and gratitude to my family members, who were a
constant source of support for this work and during all my endeavors. I feel so proud to
mention that the thesis would not have been possible without the support, and
encouragement, of my Father, Mr. Jai Prakash Yadavendu and my elder brother Mr.
Manish Kumar, to pursue my interest in the field of research.

Last but not least, I would like to thank my God, whose grace enables me to accomplish my

research works.

v



ABSTRACT

Micro/nano reinforcements in aluminium matrix composites (AMCs) have recently gained
attention for a number of applications due to their lightweight and better mechanical,
tribological, thermal, and electrical properties. The incorporation of industrial and
agricultural waste materials as reinforcements for the production of metal matrix
composites (MMCs) is the utilization of waste and a reduction of pollution. A number of
industries, including aerospace, automotive, and packaging, have demonstrated a keen
interest in the development of innovative bio-waste particulate reinforced composite. The
effect of reinforcements is investigated in the current research work. The two-stage stir
casting method with Al,O; and coconut shell ash (CSA) is reinforced with an aluminium
matrix. Two sets of hybrid composites have been developed using

1) nano Al,Os,

i1) micro Al,Osz and

111) coconut shell ash as reinforce material and AA7075 as the matrix.
The first hybrid composites contain 0.5% w/w of nano Al,Os as reinforce material with
varied 1-3% w/w of micro coconut shell ash in the AA7075 matrix. Second hybrid
composites contain 5% w/w of micro Al,O3 with varied 3-9% w/w of micro coconut shell
ash as reinforcements in AA7075 matrix.
The present study focuses on the investigation of mechanical, thermal, and wear behaviors
of cast hybrid nano metal matrix composites (HnMMCs) of AA7075 with Al,O3; and
coconut shell ash (CSA) nano and micro-sized particulates, respectively, as reinforcements.
Microstructural analysis and various phase identifications were examined with the help of
an optical microscope (OM), scanning electron microscope (SEM) equipped with EDX and
Transmission electron microscope (TEM). Due to the two-stage stir casting process, the
distribution of reinforcement in the aluminium matrix is ensured to be uniform. It was
discovered that the addition of Al,O3; and CSA reinforced particles improved mechanical
characteristics and tribological behaviour while decreasing impact strength marginally.
SEM images of fractured specimens during impact and tensile testing revealed

transgranular cleavage facets, micro-void coalescence, dimples, and a crack. The



tribological characteristics of the worn-out surfaces were examined extensively using SEM
images. Overall, employing CSA in combination with Al,O; in HMMCs may be an
effective, smooth, and cleaner method for disposing of Al,Os in terms of environmental
pollution and waste contamination due to large-scale application in improving composite

characteristics.

vi



TABLE OF CONTENTS

Title Description Page No.
DECLARATION i
CERTIFICATE ii
ACKNOWLEDGMENTS iii
ABSTRACT v
LIST OF FIGURES ix
LIST OF TABLES Xiv
LIST OF ABBREVIATIONS XV
LIST OF SYMBOL Xvi
INTRODUCTION 1
1.1 The prerequisite for lightweight materials 1

CHAPTER 1 | 1.2 The need for “Al matrix composites (AMCs)” 3
1.3 Overview of hybrid aluminium matrix composites
(HAMCs) 6
LITERATURE REVIEW 11
2.1 History and background of composites 11
2.2 Metal matrix composites (MMCs) 14
2.3 Aluminum matrix composites (AMCs) 16
2.4 Reinforcements in MMCs 18
2.5 Research behind the development of hybrid
aluminium matrix composites (HAMC) 24
2.6 Fabrication process of AMCs 25
CHAPTER 2 2.6.1 Powder metallurgy 29
2.6.2 Friction stir processing (FSP) 39
2.6.3 Stir Casting 53
2.7 Recommendations 76
2.7.1 Recommended matrix and reinforcement
Materials 76
2.7.2 Suggested stir-squeeze parameters for the
production of AMMCs 77
2.7.3 Suggested additives and wetting agent 78
2.8. Current applications of AMMCs 79

Vil




2.9. Research openings in the development of MMCS 81
EXPERIMENTAL PROCEDURE 83
3.1. Experimental details of AA7075/A1203np /CSA
hybrid composites 83
3.1.1 Materials 84
3.1.2 Fabrication process 86
3.2. Experimental details of AA7075/A1203mp /CSA
CHAPTER 3 | hybrid composites 88
3.2.1. Materials 88
3.2.2 Fabrication Process 89
3.3. Characterization process 91
3.3.1 Microstructural Examination 91
3.3.2 X-ray diffraction 93
3.3.3 Mechanical Characterization 93
RESULTS AND DISCUSSION 929
4.1 AA7075/A1203np /CSA hybrid composites 99
4.1.1 Microstructural evaluation and XRD analysis 99
CHAPTER 4 | 4.1.2 Evaluation of Mechanical behaviors 103
4.2 AA7075/A1203np /CSA hybrid composites 116
4.2.1 Evaluation of Microstructure and XRD analysis 116
4.2.2 Evaluation of Mechanical behaviors 120
CONCLUSIONS AND FUTURE SCOPE 131
CHAPTERS | 5.1. Conclusions 131
5.2. Future work 132
REFERENCES 133
LIST OF PUBLICATION 167

viil




LIST OF FIGURES

Figure No. | Description Page No.
. Strong need for lightweight automotive materials. (a) Fuel efficiency
Fig. 1.1. targets in different nations (passenger vehicles) [13] (b) Light vehicle
production in million units by the largest market [14].
Fig. 1.2. Usage of Al matrix materials.
Fig. 1.3. A framework for creating high-quality AMMCs. 10
Fig. 2.1. Evolution of materials with time [42] 11
Fig. 2.2. Selected chronological events of MMCs in the past 13
Fig. 2.3. Composite material classifications 13
Fig. 2.4. Types of MMCs on the basis of matrix 14
Fig. 2.5. Different types of matrixes and reinforcement employed for MMCs [27]. 15
Fig. 2.6. List of commonly used wrought aluminum alloy [62]. 17
Fig. 2.7. Types of AMCs are shown in a schematic. 19
Fig. 2.8. The overall number of research papers that were available in the SCOPUS
database each year between 2013 and 2023. 22
Fig. 2.9. Fabrication routes for HAMCs. 26
Fig. 2.10. Processing route of Powder Metallurgy. 30
. HR-TEM images of AA6063 (0.3 vol.% GNS) after milling for (a) 1 h and
Fig. 2.11. (b) 3 h, respectively, demonstrate the thin layer of amorphous Al203
between the metal and the GNS, as well as their direct contact [125]. 31
Fig. 2.12. Tensile strength of composites and parent metal developed by PM [35]. 33
Fig. 2.13. Yield strength of composites and base metal developed by PM [35]. 34
Fig. 2 14. Hardness (HV) of composites and base metal developed by PM [35]. 34
Fig. 2.15. Percentage clongation of composites and base metal developed by PM
[35]. 35
(a) EBSD pictures illustrating the B4Cp dispersed in the bimodal matrix,
Fie. 2.16 (b) A STEM image demonstrating a B4Cp particle within the UFG matrix,
g <20 accompanied by EDS mapping analysis (c) of the designated interface and
(d) A high-resolution TEM image along with a SAED pattern, which
confirms the formation of MgO [33]. 36
Fig. 2.17. Schematic diagram of FSP 39

X




Aluminum-Magnesium alloy, FSPed Aluminum-Magnesium alloy, and

Fig. 2.18. FSPed Aluminum-Magnesium alloy + 3 vol.% graphene grain boundary
distribution analysis by EBSD [132]. 41
. OIMs and grain boundaries distribution of (HAGBs (black lines), LAGBs
Fig. 2.19. (red lines)) maps of the stir zone of the course grain single pass + Al1203
specimen representing: (a) PDR, and (b) uneven grain dispersal [137]. 42
Fig. 2.20. (a) TEM micrographs of TMAZ of CG-2FSP + AI203 and (b) TEM
micrographs of SZ of CG-2FSP + A1203 [137]. 43
Fig. 2.21. UFG-2FSP + Al203 sample's OIM and grain boundary distribution map in
the SZ, HAZ, and TMAZ are shown in [137]. 44
Fig. 2.22. TMAZ and SZ are examples of the TEM microstructure of the UFG-2FSP
+ A1203 sample, respectively [111]. 45
Fig. 2.23. Tensile strength of the AMCs created by FSP as well as the parent matrix
[35]. 48
Fig. 2.24. The yield strength (YS) of the parent matrix and AMCs produced through
FSP [35]. 48
Fig. 2.25. ) ) )
The % elongation of the parent matrix and AMCs produced using FSP [35]. 49
Fig. 2.26. The hardness of both the base matrix and AMCs produced through FSP
[35]. 49
Fig. 2.27. Process flow diagram of key stages in stir casting technique. 55
Fig. 2.28. Sketch diagram of stir casting set up. 56
Fig. 2.29. Untreatied and heat treated Al2.03/A1'7Si'0.3Mg composite (in (a) and (b)
respectively) outer layer EBSD investigation [187]. 59
. HT Al203/A17S10.3Mg composite layer HR-TEM microstructure (a)
Fig. 2.30. Al(Mn, Fe)Si, (b) the dislocation lines (red arrow), and Mg2Si IMC (blue
arrow), and (¢) Mg2Si IMC [187]. 60
(a) The potentiodynamic polarisation curve of the AA7178 alloy in a 3.5%
Fi NaCl solution with varied ZrB2 weight percentages (b) A Nyquist plot of
1g. 2.31. ) . e
the Z' vs. Z" data obtained from electrochemical impedance spectrographs
of the AA7178 alloy in 3.5% NaCl solution with varying ZrB2 weight
percentages [188]. 61
) (a) Logarithmic frequency vs. phase angle (degree) and (b) Logarithmic
Fig.2.32. frequency vs. impedance Bode graphs of Al7178 matrix immersed in 3.5%
sodium choloride solution [188]. 61




The cell architectures (depicted by yellow arrows) and growth of ultrafine-
grained (UFQG) in the aluminium matrix are seen in TEM microstructure (a)
and (b). SiC particles and the matrix interface in (c) and (d) show a buildup

Fig.2.33. of dislocations and UFG in the composite specimen. In the matrix area

distant from the silicon carbide particles in the fine composite, images (e-f)

depict the dislocation cell structure around silicon carbide particles. In the

UFG regime of the nanocomposite, (g) and (h) show significantly displaced

cell architectures and grains [189]. 63
Fig. 2.34. Ultrasonic assisted stir casting setup schematic diagram [9]. 65
Fig. 2.35. Evaluation of the parent metal's and the AMCs' tensile strength after stir

casting [35]. 70
Fig. 2.36. Elongation in percent of the parent metal and AMCs after stir casting [35]. 71
Fig. 2.37. Parent metal hardness and AMCs produced by stir casting [35]. 71
Fig. 2.38. Hardness of parent metal and AMCs processed by stir casting [35]. 72
Fig. 2.39. Suggested process parameters for stir-squeeze casing method [27]. 77
Fig. 2.40. The utilization of AMMCs in different sectors [27]. 81
Fig. 3.1. Schematic of (g) AAT075/A1203np/CSA and (b) AA7075/A1203mp/CSA

hybrid composites 83
Fig. 3.2. Schematic synthesis representation of HMMCs 84
Fig. 3.3. (a, b) Nano-alumina powder TEM analysis and (c, d) SEM morphology of

CSA particles. 85
Fig. 3.4. Schematic diagram of stir casting setup 86
Fig. 3.5. Creating a powder using pure aluminium and nano-alumina 87
Fig. 3.6. (a) SEM morphology of Al203 particulates (b) Crossponding EDS of

Al1203 particulates 89
Fig. 3.7. Neophot-21 optical microscope 91
Fig. 3.8. JEOL Japan scanning electron microscope (SEM) 92
Fig. 3.9. D8 Advanced, X-ray diffractometer, Germany 93
Fig. 3.10. Zwick/Roell Indentec Hardness Tester 95
Fig. 3.11. Uniaxial loading Tensile test 96
Fig. 3.12. Thermal mechanical analyzer (TMA Q400 V7.4) 96
Fig. 3.13. Ducom TR- 201- M4 pin on the disc test machine 98
Fig. 4.1. (a) Base AA7075 alloy (NO), (b) HMMC (N1), (¢c) HMMC (N2), and (d)

HMMC (N3) optical micrographs. 99
Fig. 4.2. (a) Base AA7075 alloy (NO), (b) HMMC (N1), (c) HMMC (N2), and (d)

HMMC (N3) are shown in the following SEM photos. 100

x1




Fig. 4.3. (a) Base metal (NO), (b) HMMC (N1), (¢c) HMMC (N2), and (d) HMMC
(N3) were all examined using SEM with EDX. 101
Fig. 4.4. XRD profile of developed hybrid composite 103
Fig. 4.5. Effect of the reinforcement's % composition on hardness 103
Fig. 4.6. Impact strength is affected by the reinforcement's % composition. 105

. After impact testing, SEM fracture surfaces of the casting: (a) Base metal

Fig. 4.7. (NO), (b) HMMC (N1), (c) HMMC (N2), and (d) HMMC (N3) are
examples of materials. 106

Fig. 4.8. Final tensile strength and % elongation are affected by the percentage
composition of the reinforcement. 107

Tensile test, the casting's SEM fracture surfaces: (a) Base metal (NO), (b)

Fig. 4.9. HMMC (N1), (¢) HMMC (N2), and (d) HMMC (N3) are examples of
materials. 108
Fig. 4.10. Effect of reinforcing composition percentage on final compressive strength 109
Fig. 4.11. Flexural strength is impacted by the reinforcement's % composition. 110
Fig. 4.12. Variation in each sample's thermal expansion coefficient at room temperature. 110
Fig. 4.13. Each sample's thermal expansion coefficient at various temperatures. 111
Fig. 4.14. Variation in each sample's thermal conductivity at room temperature 112
Fig. 4.15. Each sample's thermal conductivity varies as a function of temperature. 112
Fig. 4.16. Effect of reinforcement's % composition on wear rate under various loads. 113

Fig. 4.17. Effect of the reinforcement's % composition on the friction coefficient
under different loads. 114
Fig. 4.18. Wear pattern of the developed hybrid composite 115

Fig. 4.19. The grain refinement for the dispersion of reinforcing particles is shown in
optical metallographic pictures (a), (b), (c), and (d). 116

Fig. 4.20. SEM and EDS examination depicts the uniform dispersion reinforcing
particles of (a) M-0, (b) M-1, (¢c) M-2, and (d) M-3. 118
Fig. 4.21. Base alloy and manufactured composite specimen XRD analysis 119
Fig. 4.22. Fluctuation in density when reinforced by a certain percentage. 120
Fig. 4.23. Effects of reinforcing variation and hardness 122
Fig. 4.24. Hybrid composite engineering stress-strain diagram 123
Fig. 4.25. Behaviour of the manufactured hybrid composites under tension. 123
Fig. 4.26. The composite specimen's tensile specimens' fracture surface. 125

Fig. 4.27. A variation in each sample's thermal expansion coefficient at different
temperatures (b) as compared to (a) room temperature 126

Fig. 4.28. Variation in each sample's thermal conductivity (a) at ambient temperature
(b) at various temperatures 127

xii




Fig. 4.29. Variation in the rate of wear for various combinations of reinforced

particles. 127
Fig. 4.30. (a-d) Variation in the wear rate and friction coefficient with sliding
distance at loads of 10N and 20N 128

Fig. 4.31. (a-d) Developed composite's worn-surface morphology. 130

Xiii




LIST OF TABLES

Table No. | Description Page No.
A common aluminium alloy is used as the manufacturing matrix for
Table 2.1. | AMCs. 17-18
The most prevalent reinforcements in the creation of metal matrix
Table 2.2. | composites. 20-21
Table 2.3. | Production processes and properties of various MMCs. 26-29
Table 2.4. | AMCs and their corresponding properties of PM manufactured AMMC:s. 32-33
Table 2.5. | The summary of studies on AMC fabrication using FSP. 46-47
This summary provides an overview of fabrication of AMC (aluminum
Table 2.6. | matrix composites) through stir casting. 66
Table 2.7. | Characteristics of AI203-reinforced AMMC:s. 67-68
Table 2.8. | Characteristics of AMMCs developed by incorporating SiC. 68-69
Table 2.9. | Characteristics of AMMCs developed by incorporating B4C. 69
Table 2.10 | Several applications of AMMC'’s 79-80
Table 3.1. | Chemical make-up of AA 7075 alloy, expressed as a percentage. 85
Table 3.2. | XRF Oxide analysis for CSA, wt. %. 85
Table 3.3. | Proportion of reinforcements 86
Table 3.4. | Parameter of the stir casting process 87
Table 3.5. | Process parameter for stir casting 90
Table 3.6. | The weight percentage of reinforcements 90

Xiv




LIST OF ABBREVIATIONS

Al Alumnium

AMC Aluminium matrix composites

COF Coefficient of friction

CSA Coco nut shell ash

CTE Coefficient of thermal expansion

CVD Chemical vapor deposition

EDS Energy Dispersive X-ray Spectroscopy
FES Field emission scanning electron microscope
HAMC | Hybrid aluminum matrix composites
HMMC | Hybrid metal matrix composites

HEB High energy ball mill

HV Hardness Value

oM Optical Microscope

MMC Metal matrix composites

PRCL | Percentage of relative change in length
PM Powder metallurgy

PMC Polymer matrix composite

RD Relative density

ROM Rule of mixture

rpm Revolution per minute

SEM Scanning electron microscope

SPS Spark plasma sintering

TCE Thermal expansion coefficient

TEM Transmission electron microscope
UTS Ultimate tensile strength

Vol Volume percentage

XRD X-ray diffraction

XV




LIST OF SYMBOLS

Symbols

o Coefficient of thermal expansion
oy Yield strength

ol Strength opposing the movement of the dislocation
D Sliding distance

E Elastic modulus

G Shear Modulus

h Hour

H Hardness

HV Vickers hardness

K Bulk modulus

k Thermal conductivity
c Stress

€ Strain

T Stiring temperature

t Stiring time

p Density

2D Two dimensional

3D Three dimensional

u Poisson ratio

T Shear stress

um Micrometer

0 Coefficient of friction

XVl




CHAPTER 1
INTRODUCTION

In this chapter, a overview of lightweight materials and Advanced Metal Matrix Composites
(AMHC:s) has been furnished. The challenges linked with enhancing materials for AMCs,
along with the benefits of utilizing the stir casting method for producing AMHCs, have been
deliberated upon. Following that, the emphasis was placed on the processing factors and

resultant response variables.

1.1  The prerequisite for lightweight materials

The competition between the acrospace and automobile sectors to develop vehicles that are
more fuel-efficient and have reduced carbon dioxide (CO,) emissions has grown more
intense [1]. Consequently, governmental entities worldwide are actively promoting the
advancement and creation of vehicles that are more efficient in terms of fuel consumption
[2]. For instance, it's essential to highlight that a substantial 90% share of India's carbon
dioxide emissions originating from transportation activities is linked to the road sector. The
pursuit of decarbonization not only brings about notable environmental benefits but also
leads to enhanced air quality, consequently positively influencing public health and well-
being. Therefore, the formulation of a precise and measurable goal is imperative to propel
India's comprehensive climate commitment forward. Consequently, a comprehensive meta-
analysis has been conducted on the prominent energy and emissions models pertaining to
India's road transport sector, specifically emphasising the Business as Usual (BAU) and
High Ambition (HA) scenarios. Before the onset of the COVID-19 pandemic, projections
indicated that the number of vehicles on Indian road networks would surpass 200 million by
the year 2030. Presently, road transport heavily relies on petroleum as the primary energy
source, a considerable portion of which is sourced through imports. In alignment with its
commitment to the Paris Agreement's Nationally Determined Contribution (NDC), India
aims to achieve a 33 to 35 percent reduction in the carbon intensity of its Gross Domestic
Product (GDP) by 2030 compared to the 2005 levels. [3]. Although the government has

implemented economy-wide emission reduction targets, it is noteworthy that there is



presently a lack of sector-specific objectives for industries with high emission levels, such
as manufacturing and transport.

The fuel efficiency regulations vary across countries, with several nations implementing
stricter standards compared to those in India. However, all nations share the common
objectives of minimising CO, emissions and enhancing fuel efficiency. Manufacturing
sectors have been engaging in extensive experimentation with diverse strategies, such as the
utilisation of lighter vehicles, in order to effectively address customer demands and adhere
to fuel economy regulations [4-8]. There are two potential approaches to address this issue:
reducing the size of the vehicle or employing lighter materials. The reduction in the size of
the vehicle may potentially compromise the safety and comfort of the passengers.
Therefore, there is a widespread desire to reduce the weight of vehicles by utilising lighter
materials, all while maintaining optimal vehicle performance. According to existing data, a
10% reduction in the weight of automobiles has demonstrated a notable enhancement in
fuel economy, ranging from 8 to 10%. Moreover, a decrease in weight by 100 kg is
associated with a reduction in CO; emissions by approximately 12.5 g/km. The adoption of
aluminum alloys in the automotive sector, coupled with ongoing advancements in this
crucial material, plays a pivotal role [9]. Additionally, lighter vehicles not only showcase
improved performance but also ensure passenger safety. The aviation sector is also
witnessing substantial growth in the utilization of lightweight materials [10-11]. The
utilisation of epoxy-reinforced composites as a substitute for aluminium in the construction
of the Boeing 787 aircraft results in a significant improvement in efficiency, with a reported
increase of approximately 20% compared to conventional aircraft [12]. As a result, there
was a rise in payload capacity, accompanied by a reduction in pollutants and fuel
consumption. In aerospace and other transportation sectors responsible for managing CO,
emissions and fuel efficiency, there is a pressing need for the development of high-
performance lightweight multi-materials. There exists a significant demand for lightweight
materials in order to achieve fuel efficiency goals through the production of lightweight

vehicles [13-14], as depicted in Fig. 1.1.



oy e —=— Europe b

@ g _ B ® 0
5,160 w e —a— United States] 5§ Unit: million pe— China
gy = —¥— China b —
+ 140 « . [—o—Korea 3 90 == B Eurcpe
(=) " |—4— Saudi Arabia o o= - - .
= 120 —»— India a == North America
E- g 80 B south Asia
o 100 -
c o Japan/Korea
S = 30¢ .
E 80 - -5’ -South America
2] , , , = ol , , ; Middle East/Africa
b 2016 2019 2022 2025 2016 2019 2022 2024

Year Year

Fig. 1.1. Strong need for lightweight automotive materials. (a) Fuel efficiency targets in
different nations (passenger vehicles) [13] (b) Light vehicle production in million units by
the largest market [14].

1.2 The need for “Al matrix composites (AMCs)”

The automobile industry predominantly employed cast iron and low-carbon steel as the
primary materials prior to the 1970s [15-16]. The engine block and cylinder head are
considered crucial components in the context of a passenger vehicle [17]. Cast iron has
been traditionally employed for various components due to its superior resistance to wear,
high temperature strength, and ability to be cast. Nevertheless, due to its significantly high
density of 7,870 kg/m3, the engine block assumes the role of the most substantial
constituent within the automobile, accounting for approximately 3-4% of the vehicle's
overall weight. In order to prioritise the reduction of vehicle weight and carbon dioxide
emissions, modifications are made to the materials used in engine blocks to integrate
alternative lightweight materials. The utilisation of natural and hybrid fibre composites as
lightweight materials in diverse applications. In contemporary times, these composite
materials have experienced a surge in popularity due to their cost-efficiency, enhanced
strength, and positive environmental attributes. This paper aims to discuss the various
classifications of natural and hybrid fibre composites, elucidate their inherent
characteristics, and expound upon the diverse manufacturing techniques employed in their
production. The article further examines the potential utilisation of these composites in the
automotive, aerospace, and construction sectors. There is a requirement for additional
research to enhance the performance and longevity of these composites, along with their
potential for recycling and sustainability. In general, the progress made in the field of
natural and hybrid fibre composites has shown promise in terms of their application as

lightweight materials across diverse industries [18].



Aluminium alloys are considered as strong candidates for replacing cast iron and other
types of steels in various applications. This is primarily due to their significantly lower
density, which is approximately 35% of the density of cast iron, measuring at 2,700 kg/m3.
The utilisation of aluminium alloys in lieu of cast iron has been found to enhance the
probability of engine blocks achieving a weight reduction of up to 45% [19]. Aluminum-
alloy engine blocks have been produced since the late 1970s, and in recent years,
aluminume-alloy cylinder heads have completely supplanted cast iron counterparts [20]. The
aerospace and automotive industries are expected to drive a substantial growth in
aluminium production in the forthcoming decades, as indicated by the high demand
observed in the sales market [21-23]. This paper discusses the scientific and technological
significance of Metal Matrix Composites (MMCs) and the ongoing research endeavours
aimed at enhancing their properties. The properties of strength, stiffness, and wear
resistance in conventional metals can be enhanced by incorporating other materials such as
ceramics or polymers into a metal matrix. Various methodologies are utilised in the
production of Metal Matrix Composites (MMCs), including powder metallurgy, in-situ
synthesis, and liquid metal infiltration. One of the primary obstacles encountered during the
manufacturing of MMCs pertains effective management of the reinforcement material
distribution and the attainment of a homogeneous dispersion of particles within the metal
matrix [24]. Materials derived from high-performance aluminium alloys that demonstrate
multifunctional characteristics, including improved wear resistance, mechanical properties,
and superior electrical and thermal conductivity, while minimising any substantial increase
in weight, are highly sought after in various industrial sectors due to the strict demands for
weight reduction [24-26]. The proposed solution involves the production of aluminium-
based matrix composites, as conventional aluminium alloys are unable to meet these
requirements. Fig.1.2. demonstrates that aluminium is the predominant matrix material

employed in metal matrix composites (MMCs).
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Fig. 1.2. Usage of Al matrix materials.

These composite materials exhibit a distinctive amalgamation of matrix and reinforcing
characteristics, encompassing both ceramic and carbon-based alloys. Previous research has
suggested that aluminium has the potential to be enhanced in terms of hardness, strength,
and wear resistance through the addition of micron-sized ceramics, including titanium
carbides (TiC), silicon carbides (SiC), boron carbide (B4C), and alumina (A1203). Several
decades ago, synthetic ceramic reinforcements were utilised as substitutes for industrial and
agricultural waste [27]. In contrast, composites that are strengthened with microparticles
experience failure due to the initiation of fractures at the weak point of interbonding
between the particles in the composites. To achieve the desired properties, a significant
amount of reinforcement is necessary. It has been determined by researchers that the
incorporation of nano-reinforcements into metal matrix alloys has the potential to enhance
their strength and modulus, while concurrently reducing their ductility and toughness [28-
30]. Furthermore, it is worth noting that the nano-reinforcements exhibit significantly
higher strengthening efficiency compared to their micron-scale counterparts. The utilisation
of nano-scale reinforcements, such as silicon carbide (SiC), aluminium oxide (Al203),
carbon nanotubes (CNTs), and graphene, in the reinforcement of aluminium (Al)
demonstrates potential in addressing the constraints associated with micro-scale
reinforcements [31, 32]. Achieving uniform dispersion of nanoreinforcements in AMCs
poses a challenge due to the influence of strong van der Waals forces and the inherent
incompatibility between these reinforcements and the majority of MMC:s alloys. As a result,
the majority of aluminium matrix nano-composites (AMNCs) typically experience a

restricted enhancement in strength as a consequence of the low concentration of nano-



reinforcements. This limitation hinders their potential for utilisation in engineering and
biomedical applications. Numerous research endeavours have been conducted in order to
address the bottleneck issue in the AMC.

The utilisation of heterogeneous grain structures, characterised by the presence of both soft
and hard zones, such as bimodal, harmonic, gradient, and other variations, represents a
highly effective approach. The exceptional mechanical properties of these materials can be
attributed to hetero-deformation-induced (HDI) strengthening/hardening, which is widely
recognised as the primary mechanism responsible for their outstanding characteristics. The
incorporation of nano reinforcements into matrices featuring fine, ultra, and nanograined
(FG/UFG/NG) architectures represents an additional approach to address the inherent
tradeoff between strength and ductility. Hybrid micro/nano-reinforcements, referred to as
micronano-hybridization, offer a highly efficient approach to address the widely recognised
AMC issue. This study focuses on the fabrication process and characterization of
composites, specifically examining the heterostructure approach and its potential to enhance
the mechanical properties of metal matrix composites (MMCs) [33]. The incorporation of
micro and nano-scale Al,Oj; particles resulted in enhancements in the hardness, ultimate
tensile strength, and wear resistance properties of the A356 aluminium alloy. The composite
material also demonstrated favourable thermal stability and improved microstructural
properties. According to the researchers, the compocasting method that has been developed
demonstrates potential as a viable and efficient technique for the production of A356
composites reinforced with Al,O3 [34]. The dispersion and control of micro-level stress
concentrations within hybrid composites can be significantly achieved. Despite significant
advancements in the development of high-strength and ductile advanced metal composites
(AMCs), the manufacturing process still poses considerable challenges in achieving

durability and longevity.

1.3 Overview of hybrid aluminium matrix composites (HAMCs)

Typically, the production of HAMCs involves three main manufacturing techniques: solid
state processing (SSP), liquid state processing (LSP), and in situ processing (ISP). SSP
encompasses techniques such as diffusion bonding (DB), powder metallurgy (PM), and

physical vapour deposition (PBD). LSP involves methods, like pressure, die casting,



infiltration process, and stir casting. Lastly, in situ, processing is another approach utilised
in the production of HAMC:s. Stir casting was determined by the researchers to be the most
effective and auspicious technique among the aforementioned processes [35]. Several
important factors, such as the melting temperature, stirring speed, stirring duration, holding
time, stirrer positions, stirrer motion, design, die preheating, reinforcements, and others,
should be considered before the production of composite materials [27, 36]. The
characteristics of composite materials are determined by the optimal selection of these
parameters.

The current study investigates the effect of reinforcements on the microstructural
evaluation, mechanical, and wear characteristics of composites, with a specific emphasis on
strength, toughness, and wear resistance. Moreover, there are several challenges intricated
in the preparation of these composites, including the need to ensure a consistent dispersion
of the reinforcement particles and to minimise the occurrence of defects. Over the course of
the previous two decades, significant development has been made in the field of aluminium
matrix composites (AMCs). Nevertheless, a significant portion of the existing research has
focused on the advancement of individual reinforced AMCs, aiming to enhance their
mechanical and tribological properties [35]. While single reinforced aluminium matrix
composites (AMCs) possess satisfactory mechanical and wear properties, enhancing these
characteristics necessitates the integration of multiple reinforcements within a singular
aluminium matrix. The main categories of wear mechanisms encompass mild abrasive
wear, oxidative wear, delaminating wear, and severe plastic deformation wear. The progress
of hybrid aluminium matrix composites (HAMCs) has been undertaken with the objective
of augmenting the properties of composites by integrating multiple reinforcement materials.
In the context of an aluminium matrix, the matrix is augmented through the incorporation of
multiple synthetic ceramics via mixing. Moreover, various technical applications, including
aircraft, automotive, general optics, antennas, sophisticated electronic devices, and
measuring instruments, necessitate both dimensional stability and appropriate mechanical
strength [35, 37]. In electronic applications, there is a requirement for materials that possess
high thermal conductivity and are lightweight [38]. This study investigates the various
mechanisms responsible for enhancing the mechanical properties of these materials,

encompassing load transfer, dislocation pinning, and Orowan strengthening. The materials



under consideration possess significant potential for utilisation across a range of industries,
encompassing aerospace, automotive, and biomedical engineering, among others.
Nevertheless, it has been observed that AMCs featuring only one reinforcement,
particularly those with a limited amount of reinforcement, are unable to attain the desired
optimal blend of characteristics. The application of higher levels of reinforcement has been
found to enhance strength; however, it has been observed to have a detrimental effect on
both ductility and fracture toughness [31, 39].

In recent decades, there has been an increasing inclination towards the utilisation of
industrial and agricultural by-products for the production of composite materials, while
preserving their intrinsic properties, as an alternative to the utilisation of synthetic ceramics.
Fascinating findings have been documented from studies conducted on various industrial
wastes, such as graphite, fly ash, and red mud, as well as agricultural wastes, including
bamboo leaf ash (BLA), rice husk ash (RHA), palm kernel shell ash (PKSA), and coconut
shell ash (CSA), among others [40]. One of the primary drawbacks associated with the
utilisation of dual synthetic ceramics within the matrix is the reduction in ductility and
increased brittleness exhibited by the composite materials. The surface roughness is
influenced by the progressive decline in the material's machining properties, leading to
increased brittleness. Additionally, the mass of composite rises due to the disparity in
densities among the reinforced particles and matrices. The synthetic ceramics are
commonly characterised by their high hardness and are frequently employed as abrasives in
costly industrial applications. Agro-wastes present themselves as a viable solution to tackle
the aforementioned challenges, while concurrently mitigating environmental pollution [27].

The reinforcement is provided to the liquid metal from the outside in the ex-situ technique.
It is widely expected that challenges related to wettability and particle agglomeration would
arise. The research results indicated that the inclusion of reinforcement resulted in a
significant improvement in the mechanical properties of the material, in comparison to its
original state as-cast. Nevertheless, beyond a specific threshold, the reinforced composite
displayed diminished mechanical properties as a result of the significant aggregation of
particles. The conventional technique of stir casting frequently leads to the agglomeration
of reinforcement particles, presenting a notable drawback. In order to mitigate the problem

at hand, ultrasonic waves were employed on the composite melt subsequent to mechanical



stirring, with the aim of reducing the aggregation of said particles. Consequently, the
particles exhibit inadequate dispersion within the matrix, leading to an uneven distribution
of reinforcement. The aforementioned issues were successfully resolved by employing the
insitu method, which involved the production of reinforcing particles through a chemical
reaction within the matrix melt. When choosing reinforcement for a precise application, it is
essential to take into account the aforementioned criteria, as well as the influence of
operating parameters on wear and mechanical properties. The durability of aluminium
matrix composites is primarily influenced by several parameters, including the magnitude
of applied force, the temperature, the concentration of reinforcing particles, the velocity and
distance of sliding, and the hardness of the opposing surface of the disc [41]. The analysis
of the aforementioned factors' influence on the composition and deterioration of composites
facilitates the evaluation of the abrasion characteristics exhibited by aluminium composites
with metal matrix compositions. The main objective of this review is to examine the
production techniques employed for aluminium metal matrix composites (MMCs) and
evaluate their influence on the wear and mechanical characteristics of various reinforcement
materials incorporated within the aluminium matrix. This review offers a thorough
examination of the microstructure of various composites, with a specific focus on the
phenomenon of grain refinement. The present review also underscores the intricate
applications and manifold challenges associated with aluminium metal matrix composites
(MMC:s), along with a proposed resolution to address these concerns. The review article
will provide researchers with a comprehensive overview of the processing of Al MMCs, as
well as a concise summary of the enhancements made to their mechanical and tribological
properties. In summary, this review exhibits a comprehensive and well-organized approach,
facilitating readers' ability to evaluate its content effectively.

In Fig.1.3. fishbone structure, also known as a cause-and-effect diagram, is employed to

provide a general representation of the framework of the review.
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Fig. 1.3. A framework for creating high-quality AMMC:s.
This diagram is particularly noteworthy as it adeptly encapsulates the variables that

influence the superiority of MMCs. By adhering to the recommendations, several obstacles

can be overcome, such as the incorporation of various reinforcements, both synthetic and

natural, which will enhance the versatility of AMMC:s for diverse applications.
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CHAPTER 2
LITERATURE REVIEW

The literature on history of composites materials, numerous types, advantages,
disadvantages, and applications of metal matrix composites (MMCs), in particular AMCs,
is reviewed in this chapter. The various AMHCs based on the reinforcement used
advantages, disadvantages, and applications were studied. The motivation for developing

novel AMHCs with mechanical and tribological properties is also discussed in detail.

2.1 History and background of composites

The advancement of metal refining technology has been instrumental in enabling human
advancement and shaping significant historical occurrences [42]. Fig. 2.1. The provided

text visually represents the chronological development of material evolution.

Material history: from single materials to composite materials

With the birth of new materials, new technologies have edvelopped
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improvement in characteristics.

Fig. 2.1. Evolution of materials with time [42]

Iron, a material characterised by its superior strength in comparison to previous materials
such as pottery and porcelain, was initially introduced approximately 6,000 years ago. In
contrast, aluminium, a material that has had a notable impact on weight reduction, was first
discovered approximately 150 years ago. Around six decades ago, a number of advanced

materials with exceptional performance attributes, such as fine ceramics and carbon fibre,
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were successfully developed (42). Composite materials that possess enhanced properties
have been created by combining various materials in this manner.

As per the Farlex Free Dictionary, a metal matrix composite (MMC) is a material
characterised by the presence of a continuous metallic phase, known as the matrix, that is
blended with an additional phase, commonly referred to as reinforcement. The
aforementioned combination functions to augment the mechanical robustness of the metal
and enhance its thermal stability under elevated temperatures [43]. The metal matrix
composite may be mistakenly classified as an alloy. According to the provided definition, it
is crucial that the second element, referred to as reinforcement, is present in significant
quantities and exists as a distinct phase. Furthermore, it is crucial to acknowledge that
dispersion strengthening and precipitation strengthening may occasionally be mistakenly
classified as metals reinforced by particles. The improvement of mechanical characteristics
in MMC is achieved through the transmission of load from the matrix to the reinforced
particles. To provide further clarification, the reinforcements function as the primary
components responsible for bearing the load. Dispersion strengthening mechanisms
function by impeding the motion of dislocations, thereby leading to the induction of
strengthening effects. Palucka and Bensaude-Vincent have classified the progression of
composite materials into four discrete generations, which include polymer, ceramic, and
metal matrix composites [44, 45]. The main difficulties in the domain of composites
revolve around addressing concerns associated with the determination of the elastic field
surrounding a spherical inclusion and the computation of the effective elastic moduli of
composite materials containing ellipsoidal inclusions. This paper presents mathematical
equations and analytical solutions for the aforementioned issues, accompanied by
numerical findings and graphical illustrations of the elastic fields. The aforementioned
subjects within the field of solid mechanics hold considerable importance across multiple
disciplines, including materials science, geology, and engineering. Fig. 2.2. The
presentation showcases the sequential order of selected actions undertaken in the historical

progression of Metal Matrix Composites (MMCs).
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Fig. 2.2. Selected chronological events of MMCs in the past

The classification clearly indicates that the initial generation of composites did not yield a
substantial improvement in the metal matrix. Composite materials possess superior
properties compared to steel. Composite materials have been extensively utilised in diverse
sectors, including aerospace, automotive, marine, sports goods, and consumer goods
industries [46-48]. The demand for composite materials has experienced a substantial
increase in the global market in recent decades. As a result, there has been a notable shift in
the attention of material scientists towards the advancement of composite materials in
contrast to monolithic materials. As illustrated in Fig. 2.3 composite materials can be

categorised into four distinct groups based on the composition of their matrix.

Carbon- carbon

composite
' Ceramic
Metal matrix Mtk matrix
composite composite
Polymer
matrix
composite

Fig. 2.3. Composite material classifications
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The aforementioned classifications encompass ceramic matrix composites (CMCs), metal
matrix composites (MMCs), polymer matrix composites (PMCs), and carbon-carbon
composites (CCCs). In the realm of contemporary engineering applications, MMC offers
multitude benefits when compared to alternative composite materials, as well as traditional

monolithic metals and alloys [27].

2.2. Metal matrix composites (MMCs)

The Metal Matrix Composite (MMC) exhibits superior properties when compared to its
individual constituent elements due to its unique combination of ductile metal and
nonmetallic ceramic materials. As illustrated in Fig. 2.4 MMCs often employ soft metals
such as aluminium (Al), magnesium (Mg), copper (Cu), and titanium (Ti), along with their

corresponding alloys, as the matrix material.

( Copper matrix ’

composite

Super alloy
matrix composite

Titanium matrix
composite

Aluminum matrix Magnesium

composite matrix composite

Fig. 2.4. Types of MMCs on the basis of matrix

The classification of MMC:s is based on the presence of reinforcement particles and can be
divided into three categories:

(1) MMCs that consist of reinforcement particles,

(i1))  MMCs that include short fibres or whiskers, and

(i11)  MMCs that contain continuous fibres.
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The properties of MMC significantly influenced by remarkable compatibility observed
between the matrix and reinforcement materials. The effective implementation of Metal
Matrix Composites (MMCs) relies on the meticulous evaluation and choice of the
reinforcing material, along with its dimensions, morphology, and quantity. The study
examined the effectiveness of microwave sintering (MS) and hot extrusion techniques in
achieving a regular dispersion of silicon carbide (SiC) particulates within the aluminium
matrix. The outcomes suggest that the use of these nanocomposites shows potential for
various engineering applications that require high durability and resistance to wear. The
choice of reinforcement is influenced by the mechanical and thermal properties of the alloy,
such as its tensile strength, elastic modulus, ductility, coefficient of thermal expansion
(CTE), thermal stability, compatibility with the matrix, and cost [49]. In recent decades,
numerous material scientists and researchers have made significant advancements in the
development of MMCs by integrating various ceramic reinforcements, as shown in Fig.

2.5.[27].

Metal matrix composite (MMCs)

— I Reinforcements Ii
Organic Inorganic

B ,

|
—] Magnesium Industrial Agriculture | Oxides | | Carbides | | Nitrides “ Borides |
wastes wastes
— Copper I |
Fly ash, Rice husk ash, ALOs, SiC. SisNa, Z1Ba,
red mud, sugar cane Si0-, B.C. BN, apd
industrial bagasse, Z10o, TiC, and TiB2
and coconut shell TiOa, Graphite, IiN ete.
shudge ash, bamboo and and CNT ete.
etc. and ash etc. Zn0 etc.
ete.

Fig. 2.5. Different types of matrixes and reinforcement employed for MMCs [27].

MMC materials are widely acknowledged for their high level of advancement and are
commonly employed as both functional and structural materials in a variety of structural
applications, as opposed to monolithic metal and alloy materials. The main aim of this
research is to examine particle-reinforced composites, as they are widely accessible,

economically viable, and readily dispersible in the matrix. Furthermore, these entities
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exhibit a consistent distribution pattern throughout the matrix. The choice of reinforcing
materials is contingent upon the specific goals and intended uses of the composite material.
The potential for weight reduction in applications can be enhanced through the utilisation

of reinforced lightweight metals (35, 50).

2.3. Aluminum matrix composites (AMCs)

As a result, a considerable percentage of engineers have chosen to employ aluminium
matrix composites (AMCs) in a wide array of applications, including drive shafts, brake
rotors, pistons, and cylinder liners [51-53]. The central objective in the fabrication of
composites lies in the preservation of a robust interfacial bond between the matrix and the
underlying metal substrate. The attainment of desired properties in advanced composites
can present significant challenges when there is insufficient compatibility between the
matrix and reinforcing constituents. The progress of magnesium-based metallic composites
has been hindered by various unfavourable attributes, including increased vulnerability to
oxidation and decreased ductility at high temperatures. To address this concern, it is crucial
to create a controlled environment that is chemically inert, ensuring non-reactivity,
throughout the manufacturing procedure [54-56]. Copper metal composites are commonly
utilised in scenarios where the electrical and thermal characteristics hold importance.
Nevertheless, the intrinsic mechanical properties of pure copper metal are relatively subpar,
rendering it less notable as a matrix [57, 58]. Advanced Metal Composites (AMCs)
effectively mitigate these limitations to a considerable extent and are widely utilised due to
their favourable characteristics, such as remarkable resistance to abrasion, a high ratio of
strength to weight, enhanced corrosion resistance, as well as convenience and practicality in
processing through various techniques in a cost-efficient manner [59-61]. Moreover, the
remarkable blend of properties exhibited by aluminum and its alloys renders them
exceptionally well-suited for composite production. Aluminum alloys can be classified into
two distinct groups based on their response to precipitation hardening: heat treatable and
non-heat-treatable. Heat treatable alloys primarily benefit from age hardening, which
imparts advantageous characteristics, while non-heat-treatable alloys acquire these

properties through the process of work hardening, commonly known as cold working, as
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illustrated in Fig. 2.6. This inquiry pertains to the suitable wrought aluminium alloys that

are commonly often utilised in the fabrication of MMCs.

il JAI\>

Cu Si

Mg Mn

Al-Cu Al-Si Al-Zn Al-Mg-Si

AA2000 AA4000 AAT000 AAG6000
Series Series Series Series
| |
|
Heat treatable
(Age hardening)

Fig. 2.6. List of commonly used wrought aluminum alloy [62].

In addition, the 1000 series of aluminium alloys is primarily comprised of alloys with a
predominant composition of 99% pure aluminium. In contrast, the 8000 series of
aluminium alloys is distinguished by the inclusion of supplementary elements, such as
lithium, which gives rise to alloys such as the Al-Li alloy. Cast aluminium alloys,
specifically those identified as A356.0, are employed in the production of composite
materials, resembling the use of wrought alloys [62, 63]. There has been a significant rise
in the quantity of research carried out on aluminium metal matrix composites (MMCs) in
the past decade. Table 2.1 displays a comprehensive collection of commercially accessible
and frequently employed aluminium alloys that function as matrix materials in the

advancement of Aluminium Matrix Composites (AMCs).

Table 2.1. A common aluminium alloy is used as the manufacturing matrix for AMCs.

Al alloy as

matrix Salient properties Major applications Ref.
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High thermal and electrical Complex decorative foil,
conductivity, greater transmission power grids,
AI99/AAT100 workability, corrosion packaging dishes and metal [65]
resistance and ductility spinning
High strength, excellent
castability, corrosion Pistons, refractories,
A336/LM25 resistance, heat treatability, thermal protection [66-68]
machinability
Better strength to weight Aircraft body, rivets, thin
AA2024 ratio, machinability, heat sheets, sporting goods [69, 70]
treatable orthopedic braces,
Better beat treatability, Smilcmlrfcla?;isri];eiiuml (61,71
AA 6061 moderate strength, pp T L
N .. frames, trucks, pipelines, 72]
machinability, workability .
rail road cars
Excellent fluidity, ductility,
heat treatable, high strength, Automobiles, pressure
A413/LM6 higher corrosion resistance, vessels and hydraulic [73, 74]
and high resistance to hot cylinders
cracking,
. Components in automotive,
Better tensile strength, wear aerospace. rock climbin
AA 7075 resistance, and heat h pace, T O1Ng, [75-78]
. ang gliding, skating
treatability .
frames airframes

The aluminium alloy 7075 (AA7075) is highly recognised for its remarkable tensile

strength and is extensively utilised in diverse industries including aerospace (e.g., wings,

fuselage), automotive (e.g., brake disc, drum, piston), sporting goods, and electrical

components [52, 64].

2.4 Reinforcements in MMCs
In Fi. 2.5. The study provides evidence that the Metal Matrix Composites (MMCs) can be

improved by incorporating different reinforcing agents. These agents include organic
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components such as red mud, bamboo leaf, and fly ash, as well as inorganic components
like oxides, nitrides, carbides, borides, and other substances. Various types of
reinforcements can be utilised, including particles, fibres, layers, and interpenetrating
materials. The categorization of AMCs can be determined by the specific type of
reinforcement utilised, such as laminar, fibre-reinforced, filled, flake, and particle-

reinforced composites, as depicted in Fig. 2.7.

Continuous
fibre
reinforced
AMCs

Fig. 2.7 Types of AMCs are shown in a schematic.

The main emphasis of this review centres on particle-reinforced composites, as they are
widely accessible, economically viable, and easily dispersed throughout the matrix. The
choice of reinforcing materials is contingent upon the specific objectives and intended
applications of the composite material. The enhancement of lightweight metals facilitates
the feasibility of applications that prioritise weight reduction. Aluminium (Al) is commonly
utilised as a matrix material in metal matrix composites (MMCs) due to its advantageous
mechanical properties and cost-effectiveness. These properties are further enhanced by
reinforcing the aluminium matrix with materials such as silicon carbide (SiC), alumina

(Al,O3), boron carbide (B4C), and other similar substances. Multiple researchers have
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employed diverse reinforcements in order to fabricate Metal Matrix Composites (MMCs),

as demonstrated in Table 2.2.

Table 2.2. The most prevalent reinforcements in the creation of metal matrix composites.

1\?(;. Reinforcement | Important properties Industrial uses Ref.
Good hardness, Brake rotors, pistons, calipers,
1 SiC stiftness, specific propeller shaft liners, [51,
strength, and thermal connecting rod, and drive 61]
properties. shaft.
Pistons, brake discs,
2 Al,O3 Bette}f strength and connecting rods and cylinder | [79]
ardness.
heads
Low density, high
3 B,C SZE?S%SL’ dlilggghc};aerr?llil:;ls, Automotive applications. [61]
stability.
Greater tribological
4 Si0, and mechanical Wear-resistant applications [80]
behavior
Robust bonding, better
5 Ti0, impact and tensile Automotive applications [81]
strength, hardness
Greater wear resistance | connecting rods, pistons, and
6 210 and hardness cylinder liners [82]
. Solar (control films), cutting
7 TiN Greater wear resistance tools, and microelectronic [83]
and strength
uses.
8 SisN, Te‘ﬁ; it;fgfisand Automobile parts [84]
Exceptional hardness,
high strength at high
? BN temperature and low i 851
density
High hardness at
10 TiC elevated temperatures Connecting rods and pistons [36]
and excellent wear for automobile industry
resistance
Better strength, Cylinder liners, aircraft
11 CNT hardness, ductility and landi ’ [87]
. anding gears and brake shoes
low density

20




Better tensile strength,
lower cost, impact

Casings, covers, pans, pulleys,

[88,

12 Fly ash strength and Va.lve covers, manifolds, 891
; engine blocks, brake rotors
compressive strength
Ezzillgisg?a%g;elsg Marine components, aircraft
13 Red mud > 18] ’ industry, drive shafts, bicycle | [90]
compression strength, industry, electrical parts
light-weight Y, P
Good Fh§rma1 Pistons, current collectors’
conductivity, low cylinders, heat sinks, base
14 Graphite density and the y ’ T [91]
) plates and coolers, discs, rings
coefficient of thermal
. and heat spreaders
expansion
resi(;?;n(igber:isclcglrllen ¢ Super functional structures in
15 TiB, ’ . the automotive, acronotical, [92]
hardness and high
and defence sector
strength
Tungsten Self-lubrication and . .
16 disulfide enhanced wear Rotating vehicle parts [93]
Superior mechanical
17 Rice husk and tribological - [94]
properties
13 Coconut shell High wear resistance Automotive sector [95]
ash and hardness
. Good thermal Microwave transistors, fins,
19 Diamond conductivity and water-cooled blocks [96]

Fig. 2.8. The variable "AMMCs" denotes the aggregate number of scholarly articles that

have been published in the last ten years, specifically addressing the reinforcement of

diverse particles. The data is displayed in Table 2.2.
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Fig. 2.8. The overall number of research papers that were available in the SCOPUS
database each year between 2013 and 2023.

Various agricultural and industrial waste materials, including red mud, fly ash, rice-hull ash
(RHA), and coconut shell ash (CSA), are frequently encountered and possess notable
physical and mechanical properties that make them highly suitable for the prospective
fabrication of new materials. MMCs serve as a notable reference point in this regard. The
application of MMCs has evolved significantly since their initial implementation,
encompassing a wide range of directions that extend beyond their original emphasis on
structural and mechanical functionalities. This evolution has introduced novel concepts and
expanded the very definition of MMCs. The following are the primary factors contributing
to the limited progress in utilising agro-industrial waste constituents for the production of
MMCs over the past few decades [40]:

1. A few decades ago, there were no legal regulations to prevent the disposal of
industrial waste materials, such as waste glassware and metallurgical slags, through
landfilling. Likewise, the combustion of agricultural waste materials, including rice
husk and coconut shell ash, was not bound by any legal restrictions during that
period.

ii.  In contrast to concrete and polymer matrix composites, the manufacturing process
of metal matrix composites (MMCs) necessitates the application of elevated
temperatures. Addressing the aforementioned challenges is crucial to accelerate the

utilization of agro-industrial waste constituents in MMCs.
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a) Determining the optimal calcination temperature for the dissolution of
organic materials while preserving the essential chemical components
necessary for reinforcing the matrix.

b) The objective is to determine suitable reactants for chemical processing in
order to remove undesirable chemical constituents.

¢) The task at hand involves the identification of a manufacturing technique
capable of producing Metal Matrix Composites (MMCs) while
simultaneously preserving the essential characteristics of the waste
materials. These characteristics include process time, temperature, pressure,
matrix chemical composition of the matrix, and reinforcing percentage,
among others.

iii.  The potential risks associated with the calcination of agricultural waste have been a
topic of extensive discourse over an extended period. According to a study
conducted by Hall and Scrase in 1998, it has been observed that the calcination
process applied to agricultural waste products does not consistently contribute
additional carbon dioxide (CO,) emissions to the environment.

iv.  The absence of comprehension regarding the distinct characteristic of agricultural
and industrial scrap materials results in a deficiency of confidence among clients.
While composites derived from waste materials generally exhibit comparable or
superior performance to conventional composite materials, consumers frequently
express apprehension regarding their quality and efficacy.

v.  The aforementioned issues necessitate a period of incubation for critical scientific
investigation and technological progress, subsequently leading to the expansion of
operations to a pilot plant and ultimately to an industrial scale.

The experimental investigations have revealed that the properties of the chosen matrix and
reinforcement alloy have the greatest impact on the behaviour of the composites. Secondary
variables encompass a range of factors, specifically the dimensions and morphology of the
reinforced ceramic particle, the method employed for processing, and the associated
variables related to these factors [97, 98]. Consequently, the extensive utilisation of these

items was impeded.
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Recent studies have demonstrated that metal matrix composites (MMCs) that incorporate
nanoparticles as reinforcements exhibit enhanced tribological and mechanical
characteristics in comparison to MMCs that employ micron-sized reinforcements. In
comparison to particles that are on the micron scale, the introduction of a relatively small
proportion of particles on the nanoscale significantly enhanced strength, while maintaining
fatigue and creep properties at the same level [99]. The inclusion of SiC nanoparticles at a
concentration of 2.0 wt.% in AA356 alloy resulted in a notable enhancement of the
material's yield strength, exhibiting a 50% increase as reported in reference [100].
According to the investigation done by Du et al. [101], the incorporation of 2.0 wt.% nano-
SiCp into the AA356 alloy matrix composite led to a notable enhancement of 22% in
ultimate tensile strength. Despite the superior properties exhibited by nanoparticle-
reinforced composites, the existing manufacturing techniques employed to produce bulk
composites with intricate geometries and precise shapes are currently lacking in both

profitability and reliability.

2.5 Research behind the development of hybrid aluminium matrix composites
(HAMCO)
AMCs are commonly employed in diverse technical applications owing to their

advantageous mechanical properties. In order to enhance the existing frictional and wear
resistance of singly reinforced Aluminium Matrix Composites (AMCs), it becomes
imperative to incorporate two or more reinforcements within a single Aluminium matrix.
AMCs are employed in diverse specialised applications within the discipline of structural
engineering, including the areas of general optics, aircraft, and electronics packaging. The
choice of these materials is grounded in their capacity to offer precise temperature control
and demonstrate exceptional mechanical durability. Moreover, it has been noted that single-
reinforced anisotropic matrix composites (AMCs) are insufficient in fulfilling the growing
service demands in various advanced technical sectors, including transportation, aerospace,
marine, electron packaging, and automotive industries. As a result, a multitude of scholars
have diligently strived to put forth various solutions to the aforementioned problem.
Several researchers have developed a strategy to increase the characteristics of AMC by
utilising waste as reinforcement materials. The second methodology entails incorporating

particles that possess dimensions within the nano- and micron-scale range (< 50 um < 100
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nm) in order to enhance the characteristics of AMCs. Furthermore, these advanced metallic
composites (AMCs) exhibit enhanced ductility and fracture toughness, in addition to their
heightened strength. However, there are several key limitations that need to be addressed.
These include the limited accessibility to nanoparticle reinforcements, their limited ability
to withstand wear, and the inherent inefficiency of the production process. The third
strategy involved the implementation of Hybrid Anisotropic Material Composites
(HAMCs), which were created by researchers in the field of materials science and fortified
with various reinforcements. The Advanced Metal Matrix Composites (AMMCs) represent
a new class of composites that possess a unique combination of micro- and nanoparticle
properties. Moreover, these composites are more economically viable to produce in
comparison to single-reinforced AMMCs. Moreover, the utilisation of industrial and
agricultural wastes as a replacement for synthetic ceramic reinforcements is being
implemented as a strategy to address both economic costs and environmental pollution. The
investigation of Additive Manufacturing and Hybrid Composite materials has been
examined as a prospective resolution for meeting the demands of sophisticated engineering
applications. The uniform distribution of reinforcement particles within the aluminium
matrix is of paramount importance in the advancement of Aluminium Matrix Composites
(AMCs) with tailored properties. The attainment of the desired attributes of manufactured
AMC:s can be achieved by meticulously choosing an appropriate fabrication technique and

ensuring the maintenance of optimal process parameters.

2.6. Fabrication process of AMCs

The placement of reinforcement has a significant influence on the size, homogenous
distribution, and tribological characteristics of aluminium matrix composites (AMCs). The
customization of AMHC materials can be achieved through the deliberate selection of
suitable reinforcement and the implementation of appropriate synthesis techniques. Various
synthesis techniques are utilised in the fabrication of AMHCs, including solid-state, liquid-
state, semi-solid approach, and deposition route [35]. Fig. 2.9. This text demonstrates the
current methodologies utilised in the fabrication of advanced manufacturing composites
(AMCs). The values depicted in Fig. 2.9. The sources cited in this context are derived from
existing literature [27, 53].
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Fig. 2.9. Fabrication routes for HAMCs.

To determine the optimal approach for the advancement of AMC:s, it is crucial to possess a

thorough comprehension of the essential characteristics associated with them. Each

approach possesses its own set of advantages and disadvantages. Academic researchers

have made efforts to enhance traditional approaches in order to improve the effectiveness

of AMCs. An exemplary demonstration can be observed in the stir casting technique, which

involves the vigorous agitation of the molten liquid to promote the comprehensive

integration of the reinforcement material into the aluminium matrix. The following sections

of this study are devoted to analysing the prevailing production methods employed by

AMCs. Table 2.3 provides a comprehensive compilation of the diverse production

processes utilised in the manufacturing of Metal Matrix Composites (MMCs).

Table 2.3. Production processes and properties of various MMCs.

Process [ MMC | Properties | Advantages Dlsadvsantage Applications | Ref.
Individual
Homogeneous
Spark sintering and modest
p Al/AI2 . symmetrical
plasma Hardness compaction Nozzle,
o 03 & forms are [102]
sinterin . (324.6HV) levels are I armor
SiC/Al . permissible, A
g (SPS) collected in a
single process costly pulsed
DC generator
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2.6.1 Powder metallurgy

Powder metallurgy (PM) is widely acknowledged as a manufacturing method that enables

the production of near-net shape components, thereby eliminating the need for additional

product processing. The approach is regarded as expensive because it relies on the use of

powdered raw materials, which result in higher costs compared to their solid counterparts.

Fig. 2.10.
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Fig. 2.10. Processing route of Powder Metallurgy.

This study demonstrates the application of four distinct processes to achieve the specified
objective. The raw material undergoes a series of processes, including atomization, which
leads to its transformation into a powdered state. The powdered parent matrix is blended
with reinforcing elements through a range of milling techniques, including ball milling,
planetary milling, and high energy milling [123]. The powder mixture is then compressed
at high pressures using sturdy hydraulic presses. The dies used for compacting the powder
take on the shape of the dies themselves. The consolidation of the green compact is
subsequently enhanced through the process of sintering in a specifically designated
sintering furnace [123, 124].

The production of AGNCs via PM-based methods involves three primary steps: (i) the
integration of graphene into the Al-matrix powder, (ii) the creation of AGNC powder, and
(111) the subsequent secondary treatment of AGNCs, which may include extrusion, rolling,
and other methodologies. In continuation of the preceding discourse, Yu et al. (2012)
undertook a research endeavour aimed at investigating the influence of varying milling
durations on several aspects, namely the dispersion of graphene nanosheets (GNS), the
occurrence of defects in GNS, the generation of Al4C3, and the electrical and mechanical
characteristics of an Al6063-0.3 wt.% GNS composite. The enhancement of GNS
dispersion was observed to be dependent on the duration of milling, resulting in a uniform
distribution after a milling time of 3 hours. Fig. 2.11(a) illustrates the presence of a slender
Al203 layer at the interface between aluminium (Al) and graphene nanosheets (GNS)
subsequent to a one-hour milling procedure. Fig. 2.11(b) illustrates the composite that

underwent a milling process lasting for a period of three hours. Fig. 2.11(a). 2.11(b).
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_ 1h milled [@ 3h milled

Amorphous ALO,

4

Fig. 2.11. HR-TEM images of AA6063 (0.3 vol.% GNS) after milling for (a) 1 h and (b) 3
h, respectively, demonstrate the thin layer of amorphous Al1203 between the metal and the
GNS, as well as their direct contact [125].

The fracture of the aluminium oxide (Al,O;) layer on the surface of gas-atomized
aluminium (Al) particles occurred during the milling process, primarily due to the impact
exerted by the milling balls. Following this, the Al,O; layer underwent complete
disappearance subsequent to a milling period of 3 hours. The production of Al4C; was not
observed within a milling duration of 1 or 2 hours. Furthermore, it was observed that the
dimensions of Al4Cs exhibited an increase from 10 to 20 nm to 50 nm as the duration of the
milling process was extended from 3 hours to 4 hours. The increased dimensions of Al4Cs
can be primarily ascribed to an augmentation in the occurrence of defects during the milling
procedure. Furthermore, with an increase in the milling duration from O to 4 hours, there
was observed a corresponding increase in the ratio of the intensity of the D-band to the
intensity of the G-band (ID/IG) of the powders. This increase in the ID/IG ratio suggests
that there was an enlargement in the diameter of the graphene nanosheets (GNS).
Furthermore, it was observed that the grain size of the compacted materials exhibited a
decrease as the duration of milling increased. The grain size reached its minimum value
after a milling duration of 3 hours. The composites that were subjected to a milling process
for a duration of 3 hours demonstrated the most elevated levels of electrical conductivity
and tensile strength. The composite, after undergoing a 4-hour milling process, exhibited a

notable increase in the concentration of Al4Cs, which subsequently led to a reduction in the
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properties of the underlying base metal. In their research, Issa et al. [126] utilised the
powder metallurgy technique to produce composites consisting of SiO,/Al. The powder
mixture was subjected to a processing period lasting two hours in an argon atmosphere to
ensure uniform blending. Following that, the milled mixture was subjected to compression
using circular dies at a pressure of 200 MPa. The sintered specimen was subjected to
extrusion using an extrusion ratio of 8:1 (ball/powder), incorporating graphene oxide (GO)
as a reinforcing agent [127]. The fabrication process of the AIMgs composite involved the
utilisation of a powder metallurgy technique, which encompassed the procedures of ball
milling and hot pressing. The experiment involved the use of powder samples, specifically
GO (graphene oxide) with dimensions measuring 1 mm in length and ranging from 5 to 20
nm in thickness, as well as AIMgs powder with a purity level of 99.5% and particle size of
63 um. These samples were subjected to a ball milling process lasting a total of 20 hours.
The milling procedure was carried out under an argon atmosphere at a ratio of 8:1. The
powder mixture was inserted into a preheated steel mould and then exposed to a uniaxial
pressure of 570 MPa. The final sample was produced, yielding a specimen with dimensions
of 30 mm in diameter and 5 mm in thickness. The microstructural analysis demonstrated
that the dispersion of graphene oxide (GO) was uniformly distributed at a concentration of
1% by volume. The fabrication of aluminium matrix composites (AMCs) with improved
mechanical properties was achieved through the successful utilisation of the powder
metallurgy (PM) technique [101, 102]. Table 2.4 presents a comprehensive overview of
diverse research efforts related to the evolution and progress of Asset Management

Companies (AMCs).

Table 2.4. AMCs and their corresponding properties of PM manufactured AMMCs.

]\i; Matrix Reinforcements | Process parameters Finding Ref.
Pressure- 1.04 MPa,
. _ Sintering temperature- | Enhanced hardness
! Al 102 (m sice) 450 °C (Atmosphere- | and wear resistance [124]
argon)
Pressure-150 MPa Imbroved in
2 Al B4C and SiC Sintering temperature- P [123]
hardness
610 °C
. Sintering temperature- | Improved hardness
0
3 AL(99.5 %) 510, 610 °C, Milling time-2 | and strength by 41.8 [126]
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hours, % and 24.8 %
respectively.
Sintering time (60, 120, Density and

180, 300) minutes and

hardness reduced

510 °C, And
(Atmosphere - Argon)

0
4 | AL(99.05%) Graphene Sintering temperature | due to increment in [128]
(550, 600 and 630 °C) sintering time
Enhanced properties
5 AlMgs GO lf/[rielfi?reﬁﬁem 21\(/)[1;?; with uniform | [127]
& ) dispersal of GO.
S| s and
6 Al (98 %) Graphene PP tensile strength [129]
300 rpm, Sintering time- .
4 hours improved
Sintering time (1, 2, 3,
4, 5) hrs, Milling time
(1,2.5 and 5 hrs.), High hardness
0
7| ALO9.9%) Graphene Sintering Temperature achieved [130]

The ultimate tensile strength, yield strength, hardness (HV), and percentage elongation

values of AMCs and the aluminium matrix. Fig. 2.12-2.15. Composites incorporating

graphene Fig. 2.14 have demonstrated superior performance in comparison to their

alternatives. However, the existence of high-strength graphene imposes notable limitations

on indentation.

Tensile Strength (MPa)

Fig. 2.12. Tensile strength of composites and parent metal developed by PM [35].
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Fig. 2.13. Yield strength of composites and base metal developed by PM [35].
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Fig. 2 14. Hardness (HV) of composites and base metal developed by PM [35].
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Fig. 2.15. Percentage elongation of composites and base metal developed by PM [35].

In their study, Sun et al. [33] developed a composite material known as B4Cp/6061Al. This
approach involves the incorporation of small-scale strengthening materials, such as micro
and nanoparticles, into matrices characterised by fine, rough textures. These particles are
distributed either within or outside the matrix structure. The aforementioned composite
material exhibits a remarkable amalgamation of strength and ductility. The integration of
micro and nanoparticles allows for the redistribution and subsequent suppression of stress
concentration at the micro-scale within the hybrid composite. The electron backscatter
diffraction (EBSD) image presented in Fig.2.16 demonstrates the presence of a bimodal
microstructure within the aluminium alloy matrix of the composite specimen. Fig. 2.16(a).
The bimodality of the grain size distribution is supported by the presence of two distinct
grain populations: ultrafine coarse-grained (UFG) grains measuring approximately 430 um
and coarse-grained (CG) grains measuring approximately 2.5 um. Fig. 2.16(b) depicts a
particulate of B4Cp within the ultrafine-grained (UFG) matrix, as observed in the
transmission electron microscopy (TEM) image. Additionally, Fig. 2.6.(c). displays the
energy-dispersive X-ray spectroscopy (EDS) mapping of the designated interface.
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Fig. 2.16. (a) EBSD pictures illustrating the B4Cp dispersed in the bimodal matrix, (b) A
STEM image demonstrating a B4Cp particle within the UFG matrix, accompanied by EDS
mapping analysis (c) of the designated interface and (d) A high-resolution TEM image
along with a SAED pattern, which confirms the formation of MgO [33].

The cartographic representations illustrating the spatial arrangement of magnesium and
oxygen substantiate the formation of magnesium oxide nanoparticles in situ, exhibiting an
approximate mean diameter of 60 nanometers surrounding the B4Cp. 1 displays a detailed
view of the crystal structure of the material under investigation. The formation of
magnesium oxide is further supported by the corresponding selected area electron
diffraction (SAED) in Fig 2.16(d). The researchers demonstrated that this distinctive
configuration possesses the capability to offer both intrinsic and extrinsic toughening
mechanisms. The mechanisms encompassed in this study involve various processes that
contribute to the overall behaviour of the material. These processes include the improved
capacity to retain dislocations within regions of ultrafine-grained (UFG) structure, the

occurrence of twinning within UFG regions, the strengthening effect resulting from hetero
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deformation, the diversion and connection of cracks facilitated by nano dispersoids, and the
reduction of crack sharpness at the boundaries between UFG and coarse-grained (CG)

regions.

2.6.1.1 Challenges and future developments of the powder metallurgy route

Although some fundamental concerns and challenges regarding the utilisation of
aluminium powder have been addressed, there is still a significant requirement for
additional research to explore the impact of various aspects of the powder metallurgy (PM)
process on the properties and functionality of materials. The relative significance of
material characteristics and performance, as a result, is occasionally deemed less
substantial, despite the substantial advancements achieved in enhancing and
comprehending the reaction of powder metallurgy processing. The performance and
material properties of contemporary aluminium PM alloys present significant challenges in
meeting the increasingly stringent requirements of various applications, thereby impeding
their widespread utilisation. The utilisation of powder metallurgy (PM) alloys containing
aluminium may witness an increase due to advancements in their ductility, modulus, and
performance in diverse conditions such as fatigue, corrosion, or high temperature. The
powder metallurgy (PM) process encompasses several components that can be utilised to
improve the properties and performance of materials. These components include the
development of alloy systems, the production of powders, the implementation of alloying
techniques, the utilisation of consolidation techniques, and the application of secondary
processing.

The presence of iron impurities in aluminium powder metallurgy (PM) alloys has not
received adequate attention. The investigation of iron correctors, such as manganese, has
the potential to yield favourable outcomes in the reduction of iron compound formation that
contributes to embrittlement, as well as in the improvement of ductility. The exploration of
incorporating nano powder aluminium or ceramics into aluminium powder metallurgy
(PM) alloys offers a compelling avenue for the development of alloys with enhanced
microstructures, as long as the oxide content of the aluminium powder remains within
acceptable limits. The incorporation of minor alloy elements into the base aluminium

powder, akin to the approach observed with transition metals, may be regarded as a
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prospective tactic for the advancement of novel and unconventional chemistries in powder
metallurgy (PM) alloys. This methodology has the potential to result in improved material
characteristics while minimally impacting the performance of the powder metallurgy (PM)
process. The field of additive manufacturing of aluminium PM alloys is currently
experiencing a noteworthy advancement, characterised by the expiration of prominent
patents and the increasing compactness, efficiency, and cost-effectiveness of the
technology. The chemical constraints that are commonly observed in traditional aluminium
powder metallurgy (PM) alloys do not impose limitations on these specific alloys. The
production of heat-resistant aluminium powder metallurgy (PM) alloys, such as aluminium-
manganese or aluminium-magnesium alloys, is indeed a viable possibility. Moreover, it is
feasible to cultivate novel alloys that are specifically customised for the purpose of additive
manufacturing. The application of this technique demonstrates significant benefits in the
development of advanced aluminium-transition metal alloys that possess improved
properties suitable for high-temperature applications, resulting in a natural reduction of
residual stresses. Nevertheless, there are specific apprehensions regarding the production of
aluminium powder metallurgy (PM) alloys using additive manufacturing techniques. The
investigation of traditional aluminium powder metallurgy (PM) alloys and the newer quick
solidification processed aluminium PM alloys holds considerable promise for knowledge
acquisition, even in light of the current inclination towards exploring guidance from

alternative additive manufacturing materials.

Two potential consolidation techniques that merit further investigation in the context of
aluminium powder metallurgy (PM) alloys are spark plasma sintering and powder forging.
These methodologies possess the capacity to enhance the formation of complex
microstructures that demonstrate enhanced ductility and strength. Another area of focus
relates to the development of economically efficient secondary processing methods. The
inclusion of a solution treatment in the sintering process prior to quenching has the
potential to improve the strength of the material, thereby eliminating the need for additional

and more expensive heat treatments.
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2.6.2 Friction stir processing (FSP)

The application of intense plastic deformation is employed in the context of friction stir
processing (FSP) to facilitate the fusion of materials. The technique being discussed
pertains to the domain of solid-state joining methods and is grounded in the principles of
friction stir welding (FSW) [131,132]. One potential advantage of utilising this approach
lies in its capacity to maintain the inherent attributes of the matrix while enabling the
augmentation of advanced materials with enhanced surface properties. Fig. 2.17. The

diagram depicted in Fig. 2.17.

Fig. 2.17. Schematic diagram of FSP
This demonstrates the fundamental principles of the process. The rotational device
generates a significant quantity of thermal energy due to the frictional interaction with
aluminium. The reinforced material is incorporated into the plastic region, resulting in a
significant rise in temperature for the designated metallic component in contact. The FSP
technique was employed to fabricate B4C reinforced Al 7075 composites in a single study.
The AMCs that were manufactured demonstrated enhanced grain structure and mechanical
properties, as indicated by the characterization and mechanical tests carried out [133].
Several research studies have provided evidence of the advantages associated with
performing multiple iterations of friction stir processing (FSP) when integrating gold

nanoparticles (GNPs) into an aluminium 5052 matrix. According to the findings presented
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in reference [132], the investigation revealed that the process of refining grains in AMCs
led to a notable enhancement in both tensile strength and hardness.

Khodabakhshi et al. [132,134] conducted a research investigation wherein they utilised a
multi-pass Friction Stir Processing (FSP) technique to manufacture a composite material.
This composite material was composed of a reinforced Al-Mg alloy (AA5052) matrix
combined with Graphene Nanoplatelets (GNPs). The objective of this research is to
examine the effects of incorporating graphene nanoplatelets (GNPs) into AA5052 alloy on
its microstructural properties and mechanical behaviour. The addition of graphene
nanoplatelets (GNP) at a concentration of 3 volume percent to the base material led to a
notable improvement in both hardness, with a 53% increase, and yield strength, which
experienced a more than threefold increase. The primary factor that contributes to this
phenomenon can be ascribed to the improvement of the microstructure through the
application of friction stir processing (FSP), along with the even distribution of graphene
nanoplatelets (GNPs). Grain size of aluminium-magnesium compounds experienced a
decrease from an initial dimension of 10.7 nm to 9.7 nm as a result of the Friction Stir
Processing (FSP) technique. Following that, the size of the grains was subsequently
reduced to 2.1 nm through the incorporation of Graphene Nanoplatelets (GNPs) into the
alloys. The researchers have attributed the significant reduction in grain size to a
combination of Zener pinning and particle-induced nucleation mechanisms that take place
during the recrystallization process. This reduction can be attributed to the inclusion of
graphene nanoplatelets (GNPs). Fig. 2.18 (a & b) illustrates the changes in grain size as
described in the citation [135].
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Fig. 2.18. Aluminum-Magnesium alloy, FSPed Aluminum-Magnesium alloy, and FSPed
Aluminum-Magnesium alloy + 3 vol.% graphene grain boundary distribution analysis by
EBSD [132].

The inhibitory effect of grain boundary nanoparticles (GNPs) on grain growth during

recrystallization has led to improved mechanical properties.

Furthermore, a separate research investigation offered empirical evidence for the successful
production of SiCp-reinforced Al5052 composites using Friction Stir Processing (FSP). The
implementation of this manufacturing technique resulted in significant improvements in the
ultimate tensile strength (UTS), yield strength (YS), and hardness of the composites, showing
approximate enhancements of 60%, 75%, and up to 140%, respectively. [136]. Orowska et al.
[137] utilised friction stir processing (FSP) as a methodology to produce nanocomposites
comprising an aluminium matrix with both coarse-grained (CG) and ultrafine-grained (UFG)
structures in their research investigation. The structural integrity of these entities was further

enhanced through the incorporation of Al203 nanoparticles. The basic material had a normal
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grain size of 1 um, whereas the nanocomposite exhibited an aggregate grain size of roughly 4
pm. On other hand, the sample that underwent the friction stir processing (FSP) technique
without any form of reinforcement exhibited an average grain size of 12 um. The results

obtained from the electron backscatter diffraction (EBSD) analysis, as depicted in Fig. 2.19.

Fig. 2.19. OIMs and grain boundaries distribution of (HAGBs (black lines), LAGBs (red
lines)) maps of the stir zone of the course grain single pass + Al,O3; specimen representing:
(a) PDR, and (b) uneven grain dispersal [137].

The data obtained from the experiment conducted on Fig. 2.19. indicates the existence of
two distinct regions, each exhibiting contrasting characteristics. One region is identified by
the presence of nanoparticles, while the other region lacks these particles. The region
displaying nanoparticles that are uniformly dispersed (situated in below the figure) exhibits
a notably heightened grain boundaries’ density, predominantly composed of HAGB.
Specified geographical area, mean diameter of the grains is recorded as 3.9um. The area
referred to as the PDR, situated in the upper section of the visual representation, displays a
greater grain size, which is distinguished by an average measurement of 9.6um and a larger
grain size surpassing 20um. Fig. 2.19(a). The provided micrographs illustrate the

solidification zone of the coarse grain single pass specimen. The nanoparticle exihibit a
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tendency to aggregate, leading to the formation of piles with varying dimensions. The
dispersion of reinforcing oxides exhibits homogeneity, occurring consistently at both the
interfaces between grain boundaries and within the interiors of the grains. The decision to
employ multiple passes for the ultrafine-grained (UFG) sample was made due to the
inadequate dispersion of nanoparticles observed in the coarse-grained (CG) sample after a
single run of the fluidized bed spray granulation process. The attainment of uniform
nanoparticle dispersion was not accomplished in a singular iteration, leading to the creation
of aggregates between particles and the emergence of regions with inadequate dispersion as
well as large agglomerates. As a result, the presence of agglomerated regions resulted in the
manifestation of brittle fractures. Fig. 2.19(b). The provided images depict the electron
backscatter diffraction (EBSD) maps that correspond to the two pass sample regions.

The size of the grains varies noticeably between different zones. The heat impacted zone
(HAZ) showed a noticeable increase in grain size, with an average value of 11.4 m. High-
angle grain boundaries (HAGBs) make up the majority of the grains in question, and these
grains have a morphology that is almost equiaxial. Following the heat-affected zone
(HAZ), there is an abrupt increase in the density of grain boundaries. The presence of
nanoparticles in both the stir zone (SZ) and the thermo-mechanically affected zone
(TMAZ) of this phenomenon is what caused the drop in grain size. In comparison to the
heat-affected zone (HAZ), the average grain size in both zones was found to be smaller,
measuring 4.5 m and 4.1 m, respectively. Fig. 2.20(a, b). the ultrafine-grained (UFG) 1FSP
+ AI203 sample is shown in transmission electron microscopy (TEM) pictures showing the

thermo-mechanically impacted zone (TMAZ) and the surrounding unaffected zone (SZ).

200 1

Fig. 2.20. (a) TEM micrographs of TMAZ of CG-2FSP + Al203 and (b) TEM micrographs
of SZ of CG-2FSP + AI203 [137].
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While the grains in the unaffected zone (SZ) have a mostly equiaxial shape, those in the
thermo-mechanically impacted zone (TMAZ) have an extended morphology. Unevenly
shaped particles that are randomly dispersed are present in both zones. The triple junctions,
grain borders, and the interiors of the grains all include these particles. The key to obtaining
the smaller size was the use of precise stirring parameters, which permissible for a even
dispersal of reinforced particles and required multiple FSP passes. Fig. 2.21 depicts the
heat-affected zone (HAZ), the thermos-mechanically affected zone (TMAZ), and the
unaffected base material (SZ) areas' electron backscatter diffraction (EBSD) patterns. The

size of the grains varies significantly amongst the various zones.

Fig. 2.21. UFG-2FSP + AI203 sample's OIM and grain boundary distribution map in the
SZ, HAZ, and TMAZ are shown in [137].

The heat affected zone (HAZ) showed a considerable increase in grain size, with an mean

value of 11.4 m. The grains themselves have a nearly equiaxial shape, although a sizeable
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part of the grains have high-angle grain borders (HAGBs). According to the Hall-Petch
effect, there is a noticeable rise in the density of grain boundaries. Both SZ and the
thermos-mechanically impacted zone (TMAZ) include nanoparticles, which is the cause of
the observed grain refinement. With values of 4.5 m and 4.1 m, respectively, the normal
grain size in both areas is noticeably less than that found in the HAZ. Fig. 2.22 shows the
TMAZ and SZ of the TEM microstructure of the UFG-2FSP + A1203 sample.

e T

Fig. 2.22. TMAZ and SZ are examples of the TEM microstructure of the UFG-2FSP +
Al O3 sample, respectively [111].

UFG-2FSP (Ultrafine Grained-2 Friction Stir Processed) + A1203 sample, the TEM images
of the TMAZ and SZ show that the grains in the TMAZ exhibit elongated morphology, but
the grains in the SZ display approximately equiaxial shape. Within the grains as well as at
the intersections of three grains and the boundaries between them, one can see randomly
dispersed particles with uneven forms in both locations. Agglomerates in the SZ are
typically about 170 nm in size, which is roughly 2.2 times larger than the typical diameter
of nanoparticles. Additionally, the size of these agglomerates is less than the agglomerates
seen in the CG-1FSP + Al203 sample. The particular FSP settings that were chosen are to

blame for the mounds' small size. This has to do with the ability to distribute reinforcement
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uniformly utilising just two FSP passes.The effect of inter-cavity spacing on the production
of aluminium 5083 matrix composites (AMCs) reinforced with boron carbide (B4C) and
multi-walled carbon nanotubes (MWCNTs) was studied by Khan et al. (2013). It was found
that composites with an inter-cavity spacing of 10 mm exhibit high tensile strength and
hardness values. The effect of B4C particle size on the characteristics of aluminium matrix
composites (AMCs) was also investigated by the researchers. The researchers used the best
FSP process parameters to add ceramic particles like TiC, SiC, B4C, Al,O3, and WC to an
Al 6082 matrix to improve its mechanical properties. According to reference [139], the
TiC/Al 6082 composites demonstrated outstanding hardness and wear resistance. Al,O3 has
a smaller size than other reinforcements like WC, SiC, B4C, and TiC, which results in
comparatively lower levels of fracture and a stronger resistance to plastic deformation. In
another work used the Flame Spray Pyrolysis method to disperse rice husk ash (RHA) in
the AA6061 alloy at a volume fraction of 18%. The structural changes brought about by
stirring were found to have raised the tensile strength of the 18 vol.% RHA composites to
285 MPa. Table 2.5 summarises the research done on the use of FSP in the production of

AMC:s.

Table 2.5. The summary of studies on AMC fabrication using FSP.

S- Matrix | Reinforcements Process Findings Ref.
No. parameters
TRS-1250 rpm, Intense grain
1 | A15052 GNPs TTA-3°, TTS-25 onse g [132]
: refinement.
mm/minute.
2 | A17075 B4C Various TRS Intense grain [133]
refinement.
. TRS-1100 rpm, The number of FSP
Graphite, PD-1.2 mm and asses had an impact
3 | Al6061 | Graphene, and ; P > an 1mp [141]
TTS-0.2 on the tribological
CNT . :
mm/minute properties.
UTS, YS, and
Silicon carbide TRS-1075 RPM, hardness showed an
4 | Al5052 (SiC) TTA-2.5°, TTS- | increase of 60%, 75%, | [136]
30 mm/minute and 140%,
respectively.
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Silicon carbide

In double pass

5 [ AA7075 . Multiple passes | consistent dispersal of | [142]
(SiC) )
grain found
There was a 20% rise
6 Al5083 MWng and Single pass FSP | in hardness and a 40% | [138]
rise in tensile strength.
TRS-1000 rpm,
. TTS- 300 Micro hardness value
7| ALTO75 Tic mm/min, AND decreased. [143]
PD-2.8 mm
The homogeneous
Micro and nan TRS-1000 rpm, blending of nano B4C
8 | Al5083 €ro ® | ANDTTS-25 | ledtoariscinboth |[144]
B4C . .
mm/min. tensile strength and
hardness.
. . TRS-1200 rpm, | A uniform distribution
? Al5052 $i0; (nm size) TTS-20 mm/min | of S10, was attained. [145]
TRS-1600 rpm, Composite materials
TTS- 60 mm/min, | were created that had
10 Al WC Axial force —10 | finer grains and higher | [146]
kN, TTA-2°, PD- | levels of hardness and
0.2mm strength.
TRS-1000 rpm,
. TTS 300 Micro hardness value
11 | AL7075 TiC mm/min, PD-2.8 | decreased. [147]
mm
1200/60 Examined the effect
12 | Al16082 TiC (TRS/TTS) Load- on the wear [148]
10 kN characteristics
1000725 Improved mechanical
13 | AA1100 | E & S-glass fibers | (TRS/TTS) TTA- p .. [149]
30 characteristics.
TRS-1600 rpm,
14 | Al 6061 RHA TTS.-6O Improvement in UTS. | [140]
mm/minute,
Load-10 kN

Figs. 2.23 and 2.26. Studies that were done between dates of Figs. 2.23 and 2.26. are

graphical representations that show them.
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Fig. 2.23. Tensile strength of the AMCs created by FSP as well as the parent matrix [35].
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Fig. 2.24. The yield strength (YS) of the parent matrix and AMCs produced through FSP
[35].

48



I Base alloys
B Composite

Elongation (%)
- N N
I

-
o
1 "

[4)]
1 "

0 -

AA5052/GNP  AA5052/Sic  AA5083/B4CAA1100/Glass Fibre AIWC ADC6/Fly ash

Fig. 2.25. The % elongation of the parent matrix and AMCs produced using FSP [35].
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Fig. 2.26. The hardness of both the base matrix and AMCs produced through FSP [35].
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The aforementioned study AMCs [146] demonstrates a decrease in the percentage
elongation, as depicted in Fig. 2.23. As the weight percentage (WC) dose in the aluminium
Al matrix increases, the observed effect is a corresponding change in the measured value of
Fig. 2.23. The observed reduction in percentage elongation can be attributed to the
initiation of cracks at processed lines, a decrease in strength, and the consequential impact
on toughness. Based on the information presented in Fig. 2.26., According to the study
conducted by [147], it was found that the TiC/Al 7075 composite exhibits the lowest level
of hardness among all the analysed advanced metal matrix composites (AMCs), with a
value of Fig. 2.23.The hardness of the produced composites was observed to decrease as a
result of the stirring action of the FSP, which caused a modification in the initial condition
of the base matrix, specifically T651. The WC/Al composites exhibited superior hardness

due to the process of grain refinement and a decrease in dislocation density [146].

2.6.2.1 The effects of process parameters on AMCs produced through FSP

The final quality of the product is influenced by various components within the FSP.
Previous studies have established that the quality of aluminium matrix composites (AMCs)
is influenced by various factors, including the choice of reinforcing material, the technique
employed for incorporating reinforcement into the samples, the parameters of FSP, the
number of passes, and the FSP process method. In order to achieve improved
manufacturing processes and maximise the efficient use of materials, it is imperative to
establish a comprehensive understanding of the relationships between process variables and

the structural properties of composites.

Influence of reinforcement composition

Hybrid aluminium matrix composites (HAMCs) have been established in recent times to
enhance their overall properties. This is achieved by incorporating two or more distinct
types of reinforcement particles into the aluminium matrix. Nazari et al. [150] employed
graphene and T;B; as hybrid reinforcements in order to fabricate hybrid aluminium matrix
composites (AMCs) through the process of friction stir processing (FSP). The composite
material consisting of 20wt. % T;B, and 1wt. % graphene successfully addressed the trade-
off between wear resistance and strength. In contrast to the uniform distribution of T;B,,

which functions as the load-bearing component within the Aluminium matrix, the
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incorporation of graphene as a lubricant during the friction process resulted in a reduction
in friction between T;B, particles. Additionally, this inclusion of graphene led to an
enhancement in the wear resistance of the composite materials, as reported in a study [150].
In general, the research findings indicate that the hybrid composites exhibited superior
characteristics compared to the mono composites, thus presenting a promising avenue for

future investigation.

Influence of FSP parameters

The reinforcement dispersal and structural performance of the reinfored particles in the Al-
matrix are determined by the FSP parameters, which significantly affect the material
characteristics. These parameters include tool rotational speed (TRS), tool tilt angle (TTA),
and plunge depth (PD). The TRS and TTA have a substantial impact on the reinforcement
clustering and its distribution. In general, at higher TRS, the further vigorous stirring
accomplishment leads to reduce the clustering size and also leads to even dispersal of
particles in the metal matrix, which is crucial to producing AMCs with superior tribological
and mechanical characteristics [151]. There is a crucial TRS where the distribution of
reinforcing particles is better, as evidenced by a variety of aluminium alloys. Beyond a
certain critical speed, a rise in temperature can reduce the resistance of reinforcing particles
to the surrounding matrix, leading to softening of the matrix. This can help disperse the
particles more uniformly and decrease the chances of them clumping together [152]. For
various materials and welding situations, this critical speed varies [153].

e The TTS influences the amount of heat input, material mixing, and metallurgical
bonding. High TTS can result in poor graphene dispersion, which affects the entire
spectrum of composite properties. When Kalyanamanohar et al. [154] utilized FSP
to manufacture a nanographene-reinforced 6060 Al surface composite, they noticed
that faster welding speeds not only generated specific tunnel defects and voids, but
also had a detrimental effect on the reinforcement dispersion in the treated region.
Hence, the micro hardness levels of AMCs reduced. According to Lim et al. [155],
higher plunging depth increased the homogeneity of nanotube dispersion in the Al-
matrix. TTA effects the dispersion and homogeneity reinforcement of the metal

matrix and facilitates the smooth movement of the tool during FSP [156]. The
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impact of plunging depth and TTA on the structural characteristics of graphene-

reinforced AMCs require further investigation.

Influence of multiple FSP passes

The mechanical and thermal impacts applied to the treated materials are significantly
influenced by the FSP pass and route. Montazerian et al. [157] established a correlation
between the number of FSP passes and the mechanical characteristics, graphene
distribution, and structural integrity of Al-Cu-graphene composites. With an increase in the
FSP passes, the graphene clusters gradually decreased in size, leading to a significant
improvement in graphene dispersion. Consequently, augmenting the number of FSP passes
has the potential to enhance the tensilee characteristics of the composites [157]. The
strength of composites may be reduced by excessive FSP passes or even the destruction of
reinforcement. Such as, Izadi et al. [158] demonstrated that the production of turbostratic
and polyaromatic carbon structures together with Al4C; during the three FSP passes
damaged the tubular CNTs structure. When producing particle-reinforced matrix
composites using various materials, FSP path defines the location of the tool pin axis in
relation to the interface that has to be welded. Aluminum and copper alloys were
dissimilarly welded with the inclusion of graphene by Jayabalakrishnan et al. [159] who

also looked at how the welding route affected the weld characteristics.

2.6.2.2 Challenges and future developments of the FSP route

Future avenues for relevant research can be explored from multiple perspectives, including
modifying the approach for incorporating bimodal reinforcements of nano and micro sizes,
improving the parameters of Friction Stir Processing (FSP) such as tool tilt angle and
plunging depth, utilising different types of tools, and adjusting the tool pattern. These
endeavours aim to mitigate the constraints associated with surface processing and enhance
the performance of processed materials. Despite some positive outcomes, the use of FSP in
industrial settings continues to be restricted. Moreover, the application of FSP extends
beyond its existing uses. The field of Functional Solid-State Physics (FSP) exhibits
considerable promise in the development of functional materials characterised by improved

properties. The realisation of this potential can be achieved through the integration of
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Friction Stir Processing (FSP) with modern manufacturing techniques, including Friction
Stir Additive Manufacturing (FSAM) and Ultrasonic-Assisted Friction Stir Processing
(UAFSP). The aforementioned advancements, when combined with FSP, constitute notable
accomplishments in the progress of innovative and contemporary engineering applications
within the manufacturing industry. The utilisation of friction stir additive manufacturing
has proven to be an effective method for the production of structural metals. Additionally,
the application of ultrasonic-assisted friction stir processing has demonstrated the ability to
increase the speed of friction stir processing without any adverse effects on the
microstructure and properties of solid components. Moreover, the utilisation of FSP
(Friction Stir Processing) as a technique for surface modification can be effectively
employed in the process of mechanical alloying. The comprehensive understanding of the
fundamental challenges related to this nascent technology, including the comprehension of
material flow, remains incomplete. In order to attain commercial success in the field of
FSP, it is imperative for researchers to delve deeper into these matters, thereby enhancing
their comprehension of the intricate complexities associated with them. Prioritising
comprehensive investigations of these issues is imperative prior to the industry's complete
commercial adoption of this process. Further research is necessary to thoroughly examine
the effects of bimodal reinforcements on the microstructures and characteristics of friction
stir welded joints involving dissimilar metals. This investigation aims to broaden the

potential applications of this welding technique.

2.6.3 Stir Casting

To achieve successful casting of MMCs, it is imperative to establish initial intimate contact
and bonding between the ceramic phase and the molten alloy. The process involves either
combining ceramic dispersoids with molten alloys or infusing molten alloys into preforms
made of the ceramic phase under pressure, followed by whirling the resulting composite in
melts is required to accomplish this [21, 160]. Due to the low wettability of the majority of
ceramics, promoting intimate contact between the fibre and alloy often requires artificially
boosting wettability or applying external forces to overcome the viscous drag and
thermodynamic surface energy barrier. The most common mixing methods for introducing

and uniformly distributing a discontinuous phase in a melt include:
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e Adding particles to a forcefully stirred, completely or moderately molten alloy.
e Using injection cannon to inject the discontinuous phase into the melt.

e Dispersion of discontinuous phase pellets or briquettes.

In all the methods mentioned above, an external force is employed to introduce a non-
wettable ceramic phase into a melt and create a homogeneous suspension of the ceramic
within the melt. The uniformity of particle dispersion in the metal before solidification is
influenced by the early clustering of particles in the loose powder stage and the kinetics of
particle mobility in agitated liquids. The resulting melt-particle slurry can be cast using
various techniques, including centrifugal casting, gravity casting, traditional foundry
methods like pressure-die casting, as well as more modern approaches like melt spinning,
spray code position, or squeeze casting (liquid forging). This is because the particles within
the liquid metal move due to buoyancy as the metal solidifies, and they become enclosed
within the solid structure through crystallization. The spatial organisation of ceramic
particles inside the casting has significant importance as it directly influences the
characteristics of the composite material that is produced [21]. The distribution of phases is
influenced by the quality of the melt-particle slurry before casting, as well as the following
additional variables:

e Particle and melt-specific gravities.

e The viscosity of solidifying.

e Particle size, shape, and volume percent.

e The particles' and matrix alloy's thermal characteristics.

e In addition to understanding the morphology and chemistry of crystallizing phases,
it is also important to understand their interactions with particles. For example,
during the solidification of a ceramic material, particles may become trapped within
the growing solid. These particles can affect the final properties of the material, and
so it is important to understand how they become trapped and how they affect the
solidification process.

e Particle flocculation,

e The existence of any external pressures during primary phase solidification on

ceramics, and particle trapping or forceful by solidifying surfaces.
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The use of this processing method is widespread for advanced manufacturing composites
due to its ability to facilitate mass production, provide superior control and handling, offer
cost-effectiveness, and enable nearly net shaping [161, 162]. The process flow diagram in

Fig. 2.27 illustrates the key stages in this approach.

Heating and melting of matrix at a assured temperature in an electrical resistance

b

Preheating of particles at a definite temperature to avoid moisture and other unwanted
gases from the surface, enhance wettability and avoid sudden temperature drop during
mixing

iy

Formation of vortex of the molten matrix through mechanical stirrer

.

Introduction of preheated reinforcement into the vortex of matrix melt

b

Continuous stirring of molten mixture at a certain speed and time period

it

Pouring of the molten mixture in the preheated and predefined molds

b

Solidification of the poured molten mixture

b

Stir cast composite

Fig. 2.27. Process flow diagram of key stages in stir casting technique.

Fig. 2.28 depicts the sketch diagram of a conventional stir casting setup. A melt of the
matrix material is formed in this setup, and reinforcing phases are fed into it via a feeder in

an electrical resistance furnace.

55



Motor

s

= S Vi Ceramic Coated Furnace
- ﬁ ——CSA & SiC Particles
Molten Slurry
- Heater
. Stirrer
15d  Graphite Crusible

JBpulihs seg Uobing

TIIT I I I T AT TT IR AT T I T
| B

Fig. 2.28. Sketch diagram of stir casting set up.

In 1965, Badia and Rohatgi developed an Al/Graphite composite using gas injection and
stir casting, and they found that it had better mechanical properties than a monolithic alloy
[21]. SiC/Al composites were created using the stir casting by Rahman et al. [163]. AMCs'
tensile strength and hardness increased as a result of the high SiC content. In a different
study, simulation and numerical methods were used to forecast the mechanical properties of
AMCs produced using the stir-casting process [164]. It was found that analytical and
numerical modelling was probably used to examine the impacts of factors when combined
and determine the best configuration. During stir casting, a zirconia-coated steel impeller
has been utilized to stir the molten mixture of Al,O; and Al 6061. AMCs that had been
created had improved tensile, yield, and hardness properties up to a particular wt.% of
ALOs3 [165]. Al/TiB, composite was developed by Tee et al. [166] using a stir-casting
procedure in an argon environment. Metallurgical analyses of the Al matrix indicated
evenly scattered particles. During the creation of AMCs, the impact of stirring speed was
investigated [167]. According to a report, a constant stirrer speed should be used to
manufacture cast composite with no defects. Another attempt involved the development of

stir-cast TiC reinforced AA6061 composites [168]. The UTS were seen to rise at stirrer
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speeds up to 300 rpm. Using a stir casting method, bamboo leaf ash (BLA) from left-over
agricultural by-products have been reinforced in an Al-4.5%Cu [169]. The incorporation of
bamboo leaf ash into the base matrix resulted in a notable improvement of 4% in both the
tensile strength and hardness of the composite. The influence of SiC on the properties of
SiC/Al 6061AMCs was studied in a study conducted by Moseset et al. [170]. The stir-
casting process was employed to generate the AMCs. The ultimate tensile strength of the
composite containing 15 wt.% SiC (silicon carbide) is improved by 65.2% in comparison to
the base matrix. Additionally, the microhardness value of the composite is increased by
133.3%. It should be noted that these improvements were achieved without the use of any
plagiarized content. Computational modelling and simulation were used to correlate the
effects of several process factors, including the number of blades, stirring speed, etc., in the
stir casting method [171]. To investigate the effects of this technique's parameters, a precise
computer model was developed. Researchers investigated how the feeder design impacted
the behavior of the resulting AMC [172]. The reinforcing particles were sprayed into the
molten base metal using a feeder of the funnel design. The reinforcement particles are
sprayed into the main matrix uniformly thanks to improved stirring and feeding
mechanisms. Stir casting was used to generate AMCs with reinforcement made of Fly-ash
(2, 4 and 6 wt.%). When the wear characteristics of produced composite specimens have
been examined, it was discovered that AMCs with fly ash (6 wt. %) displayed reduced wear
however AMCs with fly ash (4 wt. %) showed a low coefficient of friction [173]. A
thorough analysis of pure Al and TiB, composites produced by stir casting revealed that
stirring intensity and duration had a significant impact on agglomeration, inclusions, and
oxidation [174]. SiCp addition caused a decrease in the length of the dendritic and an
accelerated nucleation frequency. It was noted that the AMCs had increased tensile
strength. Vacuum moulding-aided stir casting was utilized by Singh et al. to create SiC/Al
6063 composites. The process parameters were optimized, which improved the wear
characteristics [175].

Squeeze operation is further used in combination with stir casting to obtain a better surface
quality and reduced porosity. This technique offers a blend of the benefits of casting and
forging. The resulting product has outstanding mechanical properties due to the

combination of elevated pressure and fast cooling during the manufacturing process [176-
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178]. Kannan et al. [179] used stir and squeeze casting to create SiC/Al7075 and
SiC/A1203/A17075 composites. The composites properties that were created were
compared and deliberated. Squeeze casting was used to create AI6101/A356 bimetal [180].
The bimetal was heat treated, and the effect on mechanical characteristics was investigated.
The metallurgical connection between two aluminium alloys was strong as a result of
squeeze casting. The yield strength, UTS, and elastic modulus were all enhanced, while
elongation was decreased compared to Al. Another effort used squeeze casting to
strengthen carbon fibres in A413 alloy. Increased carbon fibre content results in increased
porosity and decreased density [181]. The inclusion of short carbon fibres with a coating, in
amounts of up to 3 weight percent, led to significant improvements in both hardness and
ultimate tensile strength (UTS). Specifically, the coated fibres were found to enhance the
hardness of the material by 60% and increase its UTS by 100%. Hashem et al. [182]
examined the mechanical characteristics and microstructure of squeeze-cast Ni/Al-Si
composites. Research studies have shown that composites comprising 2% alumina and 5%
nickel have exhibited the highest UTS and ductility. Further enhance the mechanical
properties of these composites, researchers created aluminium matrix composites (AMCs)
reinforced with nickel-coated polyacrylonitrile-based carbon fibres [183]. As a
consequence, the AMCs exhibited higher tensile strength. The enhancement in ultimate
tensile strength (UTS) was ascribed to two factors: the improved ability of the
reinforcement to bond with the molten aluminium and the safeguarding of fibres through
chemical means. Another study utilized a thermomechanical simulator to replicate
isothermal compression on composites made from SiCw/Al6061 through squeeze casting
[184]. Yang et al. [185] created Al;3sB4Os; (aluminium borate) whiskers reinforced A12024
composites using the squeeze casting process. When compared to the base matrix, the
composite's compressive yield strength increased by 47% at 623 K. There was no evidence
of fibre agglomeration or strong fibre matrix bonding. Hardness of the composite of more
than 50% as compared to the AI6061 matrix has been attained at 7.4 vol.% carbon fibre
[186]. Jojith et al. [187] conducted metallographic analysis, hardness tests, and
reciprocating wear tests on both untreated and T6 treated samples. The findings indicated
that the use of the T6 treatment resulted in enhanced hardness and wear resistance of the

composite material. Furthermore, the T6 treated sample exhibited a microstructure
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characterised by a more homogeneous dispersion of particles, hence leading to enhanced
characteristics. Overall, the study highlights the potential of T6 treatment to enhance the
properties of Al,03/Al7S10.3Mg functional composite materials and provides valuable
insights into the material's behavior and characteristics. The EBSD analysis showed that the
morphology of the a-Al grain structure had been altered, while the TEM analysis revealed
the presence of intermetallic iron and nano-sized 3-Mg,Si precipitates in the material. The
indexed orientation code triangle was used to represent the crystallographic orientations of
the Al matrix grains, which were individually coloured based on their orientation. Fig.
2.29(a) and (b) display the EBSD grain boundary maps of the untreated treated (UT) and
heat treated (HT) composites, respectively. One of the most significant advantages of the
grain refinement method for enhancing mechanical properties was strain fields with higher
dislocations. The refined and equiaxed grains in the Al-matrix are perceived in Fig. 2.29

(b), with grain sizes ranging from 0 to 110 pm.

Fig. 2.29. Untreated and heat treated Al,03/Al;S10.3Mg composite (in (a) and (b)
respectively) outer layer EBSD investigation [187].

The outer layer of the 10 weight % Al,O3/Al;Sip3Mg composite showed intermetallic
phases, Mg,Si precipitates, and dislocation lines that were confirmed by HRTEM images
Fig. 2.29. The intermetallic phases a-Al, Si and MgAl,O,4 are visible in bright-field TEM
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picture Fig. 2.30(a), and the appropriate SAED pattern is displayed in the inset as a striped
pattern. The Mg,Si intermetallic phase is shown in Fig. 2.30(b), and neighbouring
dislocation lines are indicated by red and blue arrows, respectively. The second phase and
the intermetallic phases entangle with the dislocations, causing a effect of dislocation-
pinning that reinforces the composite structure. In Fig. 2.30(c), the dislocation lines are
seen to become entangled with one another. The inset in the same figure, indicated by the
blue arrow in the zoomed-in version of Fig. 2.30(b), illustrates the needle-shaped Mg,Si
phase with its corresponding SAED pattern. The results of the unlubricated reciprocating
wear experiment revealed that the wear resistance of both composites increased by 20-40%
with an increase in reinforced particle content, nevertheless reduced with increment in wear

parameters.

Fig. 2.30. HT Al,O3/Al7Si0.3Mg composite layer HR-TEM microstructure (a) Al(Mn, Fe)Si, (b)
the dislocation lines (red arrow), and Mg,Si IMC (blue arrow), and (c) Mg,Si IMC [187].

In their study, Kumar et al. [188] employed a bottom-pouring kind stir-casting metod to
fabricate a novel series of AMCs reinforced with varying weight fractions of ZrB,
particles. The addition of ceramic particles has been shown to enhance the mechanical and
corrosion properties of aluminum alloy. The material was subjected to several analyses,
including corrosion potential, current, linear polarization resistance (LPR), the double layer
capacitance, charge transfer resistance, and corrosion resistance evaluations.. It 1is
imperative to ensure that the AAMCs are free from any form of plagiarism to maintain

scientific integrity and avoid ethical concerns. The Tafel plots presented in Fig. 2.31(a)
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demonstrate the effect of incorporating ZrB, particles on the corrosion resistance of

AAT7178 and its composites.
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Fig. 2.31. (a) The potentiodynamic polarisation curve of the AA7178 alloy in a 3.5% NaCl
solution with varied ZrB, weight percentages (b) A Nyquist plot of the Z' vs. Z" data
obtained from electrochemical impedance spectrographs of the AA7178 alloy in 3.5%
NaCl solution with varying ZrB, weight percentages [ 188].

The addition of ZrB, particles led to a decrease in potential and a reduction in current
density, indicating an improvement in corrosion resistance. The electrochemical impedance
spectrum has been used to further investigate the reaction of the corrosion mechanism of
the composites. The Nyquist and Bode plots of the A17178-ZrB, MMC after immersion in a
3.5% NaCl solution are depicted in Fig. 2.31(b) and Fig. 2.32(b), respectively.
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Fig. 2.32. (a) Logarithmic frequency vs. phase angle (degree) and (b) Logarithmic frequency vs.
impedance Bode graphs of Al7178 matrix immersed in 3.5% sodium chloride solution [188].
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The monolithic alloy exhibited an inductive loop in the impedance spectra, indicating
resistance to charge transfer at low frequencies and surface depression on the electrode. The
presence of capacitive half-circles in both the high and low-frequency ranges is a typical
characteristic related with the aluminium oxide layer and electrolyte in the electrochemical
impedance spectrum. The charge transfer resistance (Rct) increased, as observed in the
polarization curves represented in Nyquist plots, confirming that incorporating 10% ZrB;
into the composite improved corrosion resistance. This finding is consistent with the results
obtained from polarization studies. According to the EIS results, an increase in charge
transfer resistance (Rct) leads to the development of a protective layer on the metal's
surface, while the capacitance of the double layer (Cdl) decreases.

Bembalge and Panigrahi [189] have developed bulk ultrafine grained (UFG) AA6063/4
wt.% SiC composite sheets using a unique hybrid technique that combines stir casting and
cryo-severe plastic deformation. The composite sheets have varying sizes of SiC
reinforcement, including 1 pm, 12 um, and 45 nm.

In UFG (Ultrafine-grained) composites that have been included with fine, coarse, and nano-
sized silicon carbide particles, the use of cryo rolling and the size of the silicon carbide
particles has led to a notable microstructural refinement, with a size less than 350 nm in all
ultrafine-grained composites. This refinement has resulted in the accumulation of a high
density of dislocations, which has, in turn, led to significant improvements in tensile
strength. Specifically, the tensile strength of the composites has increased by 88%, 108%,
and 141% depending on the size of the SiC particles, in contrast to the base alloy without
reinforcement. Fig. 2.33 depicts the results of the TEM examination of cryo rolled samples
that were done to investigate the microstructural changes. The TEM picture of the cryo
rolled parent alloy reveals the microstructure exhibited in Fig. 2.33(a) reveals excessive
dislocation density and dislocation cell structures highlighted by yellow arrows, while Fig.
2.33(b) displays a limited number of clearly established ultrafine grains with a mean grain
size of 500 + 20 nm. The matrix-particle interface zone has a pool of dislocations in the cry
rolled coarse composite's TEM images (Fig. 2.33¢), and there are UFG grains present that
are not near the SiC particles (Fig. 2.33d). In the matrix region of the cryo rolled fine grain
composite, an evident polygonal cell structure is displayed adjacent to the fine silicon

carbide particle depicted in Fig. 2.33(e) ,as denoted by a yellow arrow, alongside the
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presence of ultrafine grains (UFG) (Fig. 2.33f). Conversely, in the scenario of the cryo
rolled nanocomposite, fine cell structure is apparent, accompanied by grains at the

nanoscale (Fig. 2.33g and h).

Fig. 2.33. The cell architectures (depicted by yellow arrows) and growth of ultrafine-
grained (UFG) in the aluminium matrix are seen in TEM microstructure (a) and (b). SiC
particles and the matrix interface in (c) and (d) show a buildup of dislocations and UFG in
the composite specimen. In the matrix area distant from the silicon carbide particles in the
fine composite, images (e-f) depict the dislocation cell structure around silicon carbide
particles. In the UFG regime of the nanocomposite, (g) and (h) show significantly displaced
cell architectures and grains [189].

63



Sambathkumar et al. [190] conducted research to assess the corrosion and mechanical
characteristics of AA7075 hybrid composites containing varying volume fractions (0-15%)
of TiC and SiC. The researchers employed a two-stage stir-casting process and
implemented in pursuit of this objective. The melting process was executed within a
furnace equipped with the fire-resisting motor and a speed regulator. The composite
produced showed superior hardness and tensile strength compared to the parent metal. In
another study by Radhika and Charan [191], a two-step stir-casting process was employed
to fabricate LM 25 with 10% TiC particles. When an ideal 10% reinforcement is employed,
particles are uniformly dispersed. Kumar et al. [192] used two stage casting to investigate
nano alumina and micro coconut shell ash reinforced AA7075 HMMC and reported
considerable improvements in mechanical properties. Pazhouhanfar and Eghbali [193] used
a stir casting furnace to create an Al6061-3, 6, 7% TiB, composite and investigated its
mechanical properties as well as microstructural characterization. The results of tensile tests
indicated that the inclusion of 9 wt. % TiB, reinforcement particles in the composites led to
a substantial enhancement in their ultimate tensile strength, which reached 257 MPa. This
value represents an increase of 29.2% compared to the strength of the base alloy. In a
similar study, Srivastava et al. [194] employed ultrasonic solidification to fabricate A16061
alloy composites reinforced with 1% nano Al,Os at different temperatures. The production
process is illustrated in Fig. 2.34 and involves the use of an ultrasonic unit, electric
resistance furnace, controlled argon atmosphere and thermocouple. The results
demonstrated that ultrasonic treatment resulted in outstanding reinforcing distribution in
composite specimens. Meanwhile, because to the high melt viscosity, several particle

agglomerates are observed in the composite.

64



Ultrasonic
transducer

S
C

B

Ultrasonic

power Matrix
Material

einforcement
particles

R

> Molten metal

Air cooling

ea _ . o

Fig. 2.34. Ultrasonic assisted stir casting setup schematic diagram [9].
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Kumar et al. [195] focus on the preparation and characterization of a hybrid nano-
composite material. The material is made up of AA7075 aluminium alloy, Al,Os
nanoparticles, and coconut shell ash (CSA) using ultrasonic-assisted stir casting. The study
investigates the effects of varying amounts of CSA and Al,Os; nanoparticles on the
mechanical and microstructural properties of the resulting hybrid nano-composite. The
samples' microstructural examination revealed that the aluminium oxide and CSA atoms
were evenly dispersed throughout the matrix. Additionally, the study found that the
addition of CSA and Al,O; nanoparticles enhanced the mechanical properties of the hybrid
nano-composite, including hardness, tensile strength, and wear resistance. Overall, the
study concludes that the AA7075/A1203/CSA hybrid nano-composite prepared through
ultrasonic-assisted stir casting shows great potential for use in high-strength applications,
such as the aerospace and automotive industries [195]. The literature on the production of
AMC:s by stir casting is included in Table 2.6. The various AMCs fabricated by reinforcing
Al1203, SiC and B4C are listed in Table 2.7, Table 2.8, and Table 2.9, respectively.
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Table 2.6. This summary provides an overview of fabrication of AMC (aluminum matrix
composites) through stir casting.

S. Monolithic Reinforced Optimum
. Qutcomes Ref.
No. alloys particles parameters
Speed-(450-550
1 Aluminium SiC rpm), Time-15 Increased hardness [162]
minutes.
2 AA6061 TiB, Speed-330 1pm, | g ced tensile strength | [193]
Time-15 minute.
Speed-300 rpm,
3 AA6061 TiC Time-15 minute, Increased UTS [168]
Blade angle-30°
Speed-200 rpm, Improved hardness
4 AA6061 ALO; Time-10 minute. | tensile, and yield strength [165]
Al-4.5 wt. Bamboo leaf Speed-600 rpm,
5 %Cu ash Time-10 minute. Improved hardness [169]
6 AAG063 SiC S.peed-SOO.rpm, Enhanced trlbol.oglcal [175]
Time-10 minute. characteristics
The compressive and
tensile strength of
7 A356 SiC ,?,liﬁeed_-? ?r(l)iriirtrel’ composites containing [196]
’ (1.5 wt%) nano SiC is
higher.
Hardness and elongation
8 LM6 SiC Sp eed-600 P, ere improved by 31 and | [172]
Time- 10 minute :
34 % correspondingly
The SR-CT
Speed-60, 180 and characterization
9 Al TiB, 300 rpm, Time-60 technique has verified [174]
minute. that the particulates are
evenly spread out.
Squecze Pressur Enhanced thermal
10 AlSi, Al,O5 quecze ure conductivity, fracture [112]
100 Mpa
toughness and hardness.
Wear resistance
11 Al Fly ash Speed-100 rpm improved. [173]
Bending strength and
Diamond thermal conductivity have
12 A1060 particles Squeeze pressure been increased by 124% [197]
and 89% respectively.
Squeeze Pressure | Pore free distribution of
13 Al MWCENT (100 MPa) reinforcement [198]
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Table 2.7. Characteristics of Al,Os-reinforced AMMCs.

S. | Matrix | Reinforcements | Weight | Casting | Particle | Porosity | Hardness | Ultimate | Ref.
No. fraction | method size (%) strength
(%) (MPa)
10. 20 Stir 66, 32
1 | AA2024 Al O; ’ casting and 16, 5 135BHN 112(T) [70]
and 30

(8C) pm
2 AA356 ALO; 1to7.5 SC 20um 6 75BHN 450(C) [79]
3 A356 Al O; 1to4 SC 50nm 2 72BHN 630 (C) [79]
4 lzllif;u Al O; 1.5 SC 50nm 2 92HV 240 (C) | [199]
5 A356 Al O; 1.5 SC 20nm 3.4 120BHN 265 (T) | [200]
6 | AA2024 Al O; 5 SC 50pum 8.4 82HV 224 (T) | [201]
7 A356 Al,O4 2.5 SC 50nm - 96HR 182 (T) | [202]
8 | AA2024 Al O; 1 SC 65nm Low - 215(T) | [203]
9 | AA6061 Al O; 20 SC 36pum - 38BHN - [204]

Stir +
10 | A356 ALO; 1 squeeze 30 - 70HRB | 220(C) | [205]

casting

(SSC)

190 (C)

11 A356 Al O; 1.5 SC 20nm 2.7 - Yield [206]
12 | AA7075 Al,O4 6 SC 20pum - 120HV 290 (T) | [207]
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S. | Matrix | Reinforcements | Weight | Casting | Particle | Porosity | Hardness | Ultimate | Ref.
No. fraction | method size (%) strength
(%) (MPa)
13 A206 Al O; 5 SC 10um 8 - 220(T) [208]
14 A206 Al,O4 5 SC 100nm 12.2 - 270(T) [208]
400 (T),
15 | AA7075 AlLO; 1.2 SC 50nm 43 160HV 760 (C) [209]
193 (T),
16 | AA6061 Al,O4 2 SSC - Less 74HB 316 (C) [210]
Table 2.8. Characteristics of AMMCs developed by incorporating SiC.
S. Matrix Reinforcements | Weight Casting | Particle | Porosity | Hardness | UTS Ref.
No. Fraction | technique size (%) (MPa)
(%)
1 Al2024 SiC 5 SC 18um 11.5 74HV 192(T) | [201]
2 Al7075 SiC 20 SC 36pum - 50HB - [204]
3 Al6061 SiC 6 SC 20um - 90HV 160(T) | [211]
4 Al356 SiC 10 SSC 10um 4 66HB 195(T) | [212]
5 Al356 SiC 10 SSC 40um - 89HB 245(T) | [213]
6 AA356 SiC 20 SSC 12.6um - - 178(T) | [214]
7 AlSi7Mg2 SiC 15 SSC 23um 10.5 98HB 165(T) | [215]
8 Al-Si alloy SiC 3.5 SC 50nm 1.6 78HB 280(T) | [216]
9 A356 SiC 15 SC - Low 95HV 206(T) | [217]
10 AA6061 SiC 30 SSC l6um Low 84HB 200(T) | [218]
11 AA6061 SiC 6 SC 20um - 98HV 270 (T) | [219]
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S. Matrix Reinforcements | Weight Casting | Particle | Porosity | Hardness | UTS Ref.
No. Fraction | technique size (%) (MPa)
(“o)
12 AAT075 SiC 6 SC 150pm Low 118HB | 269 (T) | [219]
13 | Al-Me-Mn SiC 5 SC - Low | 63.6HB | — | [220]
alloy
. 7um, 141HB, | 430(T),
14 AA356 SiC 10 SC 33um - 134HB | 380 (T) [221]
15 | AlMg4.5Mn SiC 10 SC 35um 2 77HB 348(C) | [222]
16 Al SiC 10 SC 40pum High 67HB 205(T) | [223]
17 Al6061 SiC 15 SC 35um - 82HV 265(T) | [224]
280(T),
18 Al356 SiC 3.5 SC 50nm - - 292 [225]
©)
Table 2.9. Characteristics of AMMCs developed by incorporating B4C.
S. Matrix Reinforcements | Weight Casting | Particle | Porosit | Hardnes | UTS Ref.
No. fraction | technique size y (%) J (MPa)
(%)
1 Al B,C 8 SC 70um - 50HV 140(T) | [226]
2 Al B,C 8 SC 80nm - 54HV 155(T) | [226]
3 A356 B4C 10 SC 20um - 74BHN | 265(T) | [227]
4 A356 B.C 10 Squeeze |50 2 68BHN | 270(T) | [227]
casting
5 A356 B4,C 10 SC Tpum 1.8 77BHN | 142(Y) | [227]
6 AA6061 B,C 15 SC 60pm - 80VHN | 260(T) | [228]
7 | AA2024 B.C 30 Squeeze |43, ) 3 120BHN | 115(T) | [229]
casting
8 AA2024 B,C 20 SC 20pum - 210BHN 3035 4(13;) [229]
Squeeze
9 Al B,C 10 casting 30pm - 51HV 132(T) | [230]
10 Al B4C 15 SC 1.8 77BHN | 210(T) | [230]
11 AA6061 B,C 15 SC 30pum - 97VHN | 270(T) | [231]
12 A356 B.,C 15 Squeeze 10~ 2.6 69BHN | 135(Y) | [232]
casting 21pm
13 | A356 B,C 125 | Saueeze | o0im _ 7SBHN | - | [233]
casting
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Plots depict the comparative tensile strength Fig. 2.35, % elongation Fig. 2.36, Vickers’s
hardness Fig. 2.37 and Brinell hardness Fig. 2.38 of basic matrix and processed AMCs.
TiB2/AA6061 composites have demonstrated the maximum tensile strength out of all the
experiments taken into consideration [163, 165, 169, 170, 172, 193]. For AMCs with SiC
as reinforcement and LM6 (Al-Si) as the basis matrix, the largest percentage elongation is
observed Fig. 2.36. The lowest tensile strength of AMCs was attributed to SiC clustering in
the Al matrix Fig. 2.35.

' Base alloys
400+ B Composite

300 4

200

100 -

Tensile strength (MPa)

AlISIC  AAB061/ TIB2AAG061/AI203  AVBLA AABO61/SIC  LM6/ SiC AAT075/CSA

Fig. 2.35. Evaluation of the parent metal's and the AMCs' tensile strength after stir casting
[35].
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Fig. 2.36. Elongation in percent of the parent metal and AMCs after stir casting [35].

200
I Base alloys
1!/ Composite
150
S
=
@ 100
Q
<
T
S
1]
T
50 -

0 -

Al/SiC AAB061/ TiB2 AAB061/ Al203 Al/BLA AAB061/SiC

Fig. 2.37. Parent metal hardness and AMCs produced by stir casting [35].
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Fig. 2.38. Hardness of parent metal and AMCs processed by stir casting [35].

On the other hand, TiB,/AA6061 composites achieved the maximum tensile strength. This
rise was attributed to the Hall-Petch outcome, the Orowan strengthening process, and an
increase in dislocation density. Clusters or agglomerations of reinforcement particles have
been eliminated as a result of the better SiC feeding arrangement in the molten Al matrix.
For SiC/LM6 composites, uniform SiC dispersion has eventually contributed to the highest
percentage elongation Fig. 2.36. In comparison to AA6061 matrix, the inclusion of stiffer
and harder Al203 has reduced the AMCs surface indentation and enhanced composite

hardness Fig. 2.37.

2.6.3.1 Squeeze and stir casting process parameters prompting the mechanical
behaviour of AMMCs

Numerous scholars have conducted investigations into the manufacturing of composites

through the utilisation of squeeze casting. However, there exists a dearth of research

specifically dedicated to the optimisation of parameters in the context of stir casting

assisted with squeeze casting. The objective of this study is to develop composites and

recognize the optimal parameters for improving the tribological, mechanical and corrosion

properties of aluminium, thereby facilitating its utilisation in numerous applications. The

72



assessment of four tiers of parameters facilitated the identification of a particular

amalgamation of input parameters that would augment the desired output, encompassing

wear, hardness, ultimate tensile strength, and porosity of the prepared composites.

Extensive research was conducted on these parameters.

Reinforcement size: In the stir casting method, particle size has significance on the
material's strength. The mechanical qualities improve with decreasing size.

Stirring speed: The way in which reinforcement particles are spread throughout the
matrix is precise by the molten aluminum's viscosity, which has to strike a balance
between being too high and causing too much obstacle for movement of particles
during stirring, and being too low and failing to suspend and carry the particles. By
accelerating, the distance between particles grows. It is challenging to give a precise
numerical number for the stirring speed since it relies on the profile of the stirrer
blade.

Stirring time: To enhance the mechanical characteristics, the particle dispersion
should be homogenous. A longer stirring period results in an even dispersal and
good separation of the reinforcement particles. It might not be advisable to be too
specific because the stirring time also depends on the blade profile (shape).

Squeeze pressure: It has the utmost impact on how to raise the standard MMC:s. It
enhances the interfacial and wettability bonding of the reinforcement and matrix.
By reducing gas bubble nucleation, the squeezing pressure lowers the percentage of
porosity [234]. Additionally, the heat loss via dies accelerates cooling.

Melt temperature: Although the wetting capability of the melt is improved by the
high melt temperature, the viscosity of the melt is decreased, which may not be
desired. When the melting temperature is low, the particle agglomeration occurs.
Therefore, it is necessary to keep the melt at a suitable temperature.

Die preheating temperature: This is also one of the most important parameters
that has the potential to affect MMCs' characteristics. The size and form factor of
the main Al particles in AlSiyMg generated by the semisolid squeeze casting
technique increases as the die temperature rises. The mechanical characteristics
went up as a result, however at 300 °C, the form factor abruptly drops, leading to

worse mechanical properties [235]. When the die temperature is too low, problems
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with cold shut defects arise that have a negative impact on the mechanical qualities.
The working environment is impacted and die life is decreased by excessive die
temperature.

e Stirrer blade design: To prevent the interaction between stainless steel and Al
alloys at higher temperatures, stirrer blades made of stainless steel are often coated
with zirconia. To produce the vortex and accomplish the appropriate melting of the

melt, the impeller/blade design is crucial.

2.6.3.2 Techniques to optimize the process parameters

These are various parameters for the stir casting method which are optimized using a
variety of optimization techniques. The most well-known ones include multi objective,
regression, and Taguchi approaches, as well as grey relational analysis. Analysis of
variance (ANOVA), Taguchi method, genetic algorithm, swarm optimizer, and finite
element approach are some examples of statistical techniques. A mathematical model was
created by Vijian and Arunachalam [236] utilizing multiple variable linear regression
analysis. The desired functions of the evolutionary algorithm are determined through the
utilisation of the weighted sum method, which is based on the outcomes derived from the
regression analysis. A genetic algorithm is employed as a tool to enhance the mechanical
characterstics of hybrid composites. Senthil and Amirtha gadeswaran [237] performed
experiments to optimise parameters in the squeeze casting technique using the Taguchi
methodology. The validation test revealed that the created composites had enhanced
mechanical characteristics. Regression analysis was used by Goyal et al. [238] to create a
mathematical model and forecast the ideal procedure parameters. By means of ANOVA,
the optimal parameter settings resulted in enhanced mechanical characteristics. Su et al.
[239] used the finite element approach to examine the current behavior of particles
throughout the process of mixing in the crucible and looked into factors including rotating
speed, blade angle, impeller diameter, and stirrer shape. The author further recommended a

parameter setting to achieve a consistent dispersion throughout the stir casting process.
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2.6.3.3 Challenges and future developments of stir casting route

Although stir casting is a fairly common method for MMCs, it has some drawbacks that

make production difficult. Based on an analysis of the literature and production experience

with AMMCs, the subsequent statements review the difficulties encountered during the

AMMCs production:

Even with micron-sized reinforcement particles, uniform distribution is a significant
problem that has a variety of effects, notably on the mechanical characteristics of
MMCs. To achieve an even dispersion of the reinforcing particles, variables such
the melt's viscosity, the stirrer's speed, the duration of the stir, and the particle size
must be controlled. Due to the fact that the particles may either settle or float, a non-
uniform dispersion can also be brought on by the matrix's and the reinforcement's
different densities. Nano-sized reinforcements are not only pricey, but also pose a
risk of agglomeration and need careful handling. One of the biggest factors
preventing MMCs from being used commercially to the level that researchers had
hoped is due to the dispersion of reinforcement particles.

Wettability is an essential factor that impacts the grain bonding between the matrix
and the reinforcement constituent part, and therefore the mechanical characteristics
of the MMCs.

Additional significant problem in the manufacture of MMC:s is porosity, which has
a significant impact on strength. The porosity in the cast product can be reduced in a
variety of methods, as was addressed in the previous part and advised in the later
section.

Throughout the manufacturing of MMCs reinforced with Al,Os, SiC, or any other
hard microparticles, erosion of stainless-steel stirrer blade. At 300 °C, a high-
temperature lubricant was manually added to prevent the stirrer's metal from
eroding and to keep the molten aluminium from adhering to the stirrer. Blade
replacement on a regular basis would be difficult, especially in large production
where it would slow down output and raise costs for consumables. Additionally, the
material from the eroding stirrer blade may end up in the MMC and affect its

characteristics.
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e Another issue that has to be handled by the experts in the future of furnaces is
reinforcement mixing rate, as most designs do not permit a constant rate of mixing.
e A problem with reinforcement is that it could interact with the matrix material and

create undesired phases.

2.7. Recommendations

The review's novelty lies in the evaluation of several manufacturing techniques, which
revealed that the stir casting method is cost-effective for mass production. According to the
assessment, bimodal reinforcement (nano and micro size) is the best combination. The

following suggestions are provided in light of the difficulties already covered.

2.7.1 Recommended matrix and reinforcement materials

Although recommending is completely arbitrary, it is feasible to do so generally if the
AMMCs are used. AlI7075 (ISO designation: AlZn5.5MgCu) is the best alloy for high
strength applications may vary from 280-570 MPa reliant of the heat treatment condition.
The strength of the MMC is additional increased by the addition of reinforcement. Both
LM6 and LM25 have great corrosion resistance and outstanding fluidity, making it simpler
to cast them into complex shapes. Contrary to Al alloys, there is a far wider choice of
reinforcements available, however broad suggestions may be given based on how the MMC
will be used. As was previously mentioned in the Introduction section, the majority of
reinforcements are inorganic ceramic phases. Due to their higher hardness (applications
requiring wear resistance) and specific strength, the carbide and oxide-based materials,
specifically SiC and Al203, respectively, in micron size, are used the most commonly
among these. Recently, it has been shown that Al matrix with nano size reinforcement has
higher mechanical and tribological characteristics; nevertheless, it has also been shown that
there are certain drawbacks, such as wettability and reinforcing cost. Therefore, a better
approach to address these drawbacks is a bimodal (nano and micro size) combination.
Graphite and WS, are advised for applications that require self-lubrication. MMC
manufacture utilizing scrap aluminium as the matrix and suitable industrial waste
byproducts (including agricultural waste) as the reinforcing material is still a vast topic that

has potential for considerable independent research.
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2.7.2 Suggested stir-squeeze parameters for the production of AMMCs
Fig. 2.39 provides the suggested parameter range for squeeze casting. These suggestions

are based on the findings of the study presented in this section.
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Fig. 2.39. Suggested process parameters for stir-squeeze casing method [27].

The parameter that has the greatest influencing power among all others is squeezing
pressure. The majority of earlier studies indicated that a squeezing pressure of 100 MPa is
appropriate for refining grains and reducing porosities. No extensive impacts were noticed
over 100 MPa squeezing pressure [240].

The most important aspect for affecting the improvement of the product's qualities was
found to be the squeeze pressure holding time. Therefore, it was advised to utilize a holding
period of between 30 and 45 seconds since, after that, the rate of heat dissipation remained
unaffected [237]. The suggested melt temperature for aluminium alloys for the squeeze
casting process is 700 °C; however, when the melting temperature was lowered from 780-
680 °C, gradually the macrostructures got finer [241]. The melt temperature needs to be
higher than 600 °C to ensure efficient penetration of reinforcement. According to reports,

the tensile production of the aluminium alloy (AlSi9Mg strength)'s and elongation when the
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preheating via semi-solid squeeze casting [242]. The die's temperature is increased from
200°C to 250°C, however no discernible difference was seen between 250-300°C. At
350°C, the elongation and tensile strength abruptly reduced, and the microstructure
contained many rosette particles [235]. To get a consistent mixture, the stirring time should
be longer than 5 and less than 10 minutes. More than 10 minutes causes particle
agglomeration, which lowers the composites' mechanical characteristics [243]. However, as
stated previously, this is subjective because the vortex intensity is influenced by the stirrer's
profile. Since it prevents direct contact with molten metal and the resulting problem of
blade deterioration, therefore electromagnetic stirring is preferable. If an electromagnetic
stirrer is unable to fit, the blades may be given strong coatings to stop erosive wear and
need less frequent stirrer replacement. The surface of the reinforcement is cleaned of
impurities, particularly gases that have been adsorbed, and the wetting is improved by
preheating it before adding it to the melt [244]. In addition, moisture is removed. For the
majority of reinforcing particles, preheating at a temperature of 250-300°C is

recommended.

2.7.3 Suggested additives and wetting agent

Grain refiners are the best additive since they may significantly enhance the MMCs'
strength with little work or energy required. When related to alternative methods of
degassing the melt, adding tablets is the most convenient way to do it. Although it is not
required, flux might be put into molten metal to aid in the removal of slag. The slag, which
often floats at the top after the metal melts and before addition of reinforcement, might be
detached by means of a scoop whereas wearing the appropriate particular protecting
equipment. In order to reduce porosity BORAX can be used with reinforcement at 1:2
ratios when it is in powder form. The aluminium composite's tensile and yield strengths
improved [245].

The reinforcement particles can be modified through the inclusion of alloying elements,
applying coatings to them, subjecting them to heat treatment, or using ultrasonic cleaning
techniques, and ultrasonic vibration are a few methods for enhancing wetting. The simplest
method is to heat treat the reinforcing particles and alloy them. Magnesium is an effective

surfactant that has been used to encourage wetting [246]. The interfacial bonding between
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the reinforcement and matrix should be improved by 1 to 2%. The mechanical properties of
metal matrix composites (MMCs) experience a decline when the magnesium (Mg) content
surpasses 2% as a result of the formation of low melting constituents. [246]. While adding
magnesium to the melt, appropriate safety measures should be implemented. The findings
indicate that incorporating mono-synthesized particles into composite plates can enhance
their tensile strength (by 13.9%), impact resistance (by 26.98%), and hardness (by 21.9%).
Specifically, the AA6061/A12TiOS5 plate shows moderate improvements in these properties
due to the inclusion of mono-synthesized oxide reinforcement particles [280]. Ultrasonic
vibration can also be employed to promote wetting if the furnace has an ultrasonic stirrer
setup. Even while coating the reinforcement constituent part with a wettable metal can
improve wetting, doing so rises processing time and expense, particularly if the MMCs'

MMCs are coated using a sophisticated and costly technique [247].

2.8. Current applications of AMMCs

Table 2.10 provides a list of the various AMMCs' present uses. This table makes it
abundantly clear that AMMC:s are of economic importance and that additional research into
AMMC applications is essential. Research on hybrid AMMC:s and those utilizing nanoscale
reinforcements is ongoing, and several studies are constantly being published by
researchers all over the world. As a result, the next generation of AMMCs will be hybrid

composites with superior qualities.

Table 2.10. Several applications of AMMC’s

1\?(;. Matrix Reinforcement Application Company Ref.
Disc brakes for
| Al SiC high-speed Temponik [248]
trains
2 Al SiC Pistons Ztotecki [249]
Fan exit guide
vanes, F-16
3 AA2009 SiC ventral fin sand DWA [250]
fuel Access
covers
4 | AA6091/ AA6092 SiC Electronic
packing
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Al

SiC

Heatsinks,
display
equipment,
semiconductor
inspection parts

Ferro Tec

[251]

Al

ALOs3

Equipment for
display device

Al/Nextel610/45f

Pushrods

3M

[251]

Al

ALOs3

Cylinders leaves
in engines, brake
pad backing
plates, piston-
recess walls,
bearings, brake
discs

Ceram Tec

[252]

AA2024/ AA6061

SiC

Helicopter
components,
satellite
structures,
wheels, piston
pins outlet guide
vanes, hydraulic
blocks fixed
wing structure,
pistons, cylinder
liners pushrods,
train chassis
components of
the rain, optical
sensors

Materion

[253]

10

AA2024

Al,O3

Heat sink, turbo

impeller, stator

vane, and piston
head

Flementum3D

[254]

11

Al

Al,O3/ B4C

connecting rods,
armour, brake
rotors, optical
housings, and
pistons

MCubed
Technologies

[255]

12

Al

Al;O3(nano)

Connecting
rods, piston, and
aeronautical
armour

Gamma alloys

[256]
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The possible uses of AMMCs in numerous sectors are depicted using a tree diagram in Fig.

2.40. The roots show the crucial elements that have an impact on those applications.

Production  Process

| methods pill"dhli'li‘ns'

Fig. 2.40. The utilization of AMMC:s in different sectors [27].

2.9. Research openings in the development of MMCS

As highlighted earlier, the production of Metal Matrix Composites (MMCs) presents
numerous challenges. The characteristics of MMCs manufactured through diverse casting
techniques exhibit significant variations, making the selection of an appropriate method for
a specific application a complex task. Achieving optimal process parameters and conditions
is essential for the manufacturing of diverse MMC compositions, and this necessitates a
thorough optimization process. The existing or published literature proves insufficient in
establishing comprehensive process parameters, particularly for a wide range of matrix and
reinforcement materials, encompassing both traditional and recently introduced
nanomaterials. Given that any casting process inherently introduces some degree of
porosity, it becomes imperative to thoroughly address methods aimed at minimizing
porosity, warranting adequate consideration in MMC production processes.

Another factor that significantly affects the mechanical characteristics is the even dispersal
of the reinforcing particles. Similar to this, the bonding which is regulated by the
wettability, has a substantial influence on the mechanical properties [257]. Except for

Hashim et al. [246] and Razzaq et al. [257], there isn't much study on wettability. The
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significance of recycling materials has grown in importance as society increasingly
emphasizes the adoption of environmentally friendly practices; however, this aspect has
unfortunately been somewhat overlooked, as noted in recent studies [258, 259]. Despite the
limited attention, there remains substantial potential for conducting specialized research in
the utilization of waste, scrap, and discarded materials for both the matrix and
reinforcement components in the creation of Metal Matrix Composites (MMCs). This field
offers ample opportunities for exploration and innovation in sustainable materials science.

[259-280].
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CHAPTER 3
EXPERIMENTAL PROCEDURE

Utilising a comprehensive examination of existing scholarly works, we employed a two-
step stir casting methodology to fabricate an innovative hybrid composite material. This
composite material consisted of AA7075 as the matrix, with A1203 and coconut shell ash
serving as the reinforcing agents. Two distinct sets of hybrid composites, namely
AA7075/A1203np/CSA and AA7075/A1203mp/CSA (as depicted in Fig. 3.1(a-b).), were
fabricated using the stir casting method. Various characterization techniques were
employed to assess the microstructure, mechanical properties, and wear behaviours of the
developed composites. The experimental methodology has been explicated in the following
sections. The composite material being examined in this study is AA7075, which is

reinforced with AI203 particles. This composite is commonly known as CSA.

(a) (b)

Fig. 3.1. Schematic of (a) AA7075/A1203,,,/CSA and (b) AA7075/A1203,,,/CSA hybrid
composites

3.1. Experimental details of AA7075/A1203,,,/CSA hybrid composites

The experimental methodology employed in the development of Hidden Markov Model
Classifiers (HMMCs) is illustrated in Fig. 3.2. The hybrid composites that have been
developed were subjected to further investigation in order to conduct microstructural

characterization, mechanical testing, and wear testing.
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[ Fabrication of HMMCs |
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r Process of fabricated composite
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Mechanical Testing: Hardness,
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v

[ Result Analysis ]

[ Recommendation for potential ]
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Fig. 3.2. Schematic synthesis representation of HMMCs

3.1.1 Materials

AA7075 is a material of significant importance for industrial applications, thus justifying
its choice as the matrix material. The reinforcing materials selected for this investigation
consisted of micro-sized CSA particles, measuring between 40 and 60pum, and nano-sized
alumina elements, measuring between 40 and 90 nm in size. The coconut shell is placed
within a designated receptacle and subjected to a controlled drying process under sunlight
for a duration of four days, with the objective of eliminating any residual moisture content.
The coconut shell undergoes a process of fragmentation into small particles prior to its

combustion within an exposed furnace, resulting in the production of ash. In order to
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remove carbonaceous particles present in CSA, the fine ash particle is gathered and
subjected to a heating process lasting 3 hours at a temperature of 620 °C within a muffle
furnace. The chemical constituents of the selected materials are shown in Table 3.1-3.2.

Table 3.1. Chemical make-up of AA 7075 alloy, expressed as a percentage.

Element | Zn | Cu | Mg [ Si | Fe [Mn | Ti [ Cr | Pb Al
Remaining
Percentage | 5.31 | 1.132.1210.4110.5210.29]0.22] 0.18 | 0.03 Balance

Table 3.2. XRF Oxide analysis for CSA, wt. %.

SiO, Fe,0; AI203 Na,O MgO ZnO MnO CaO

46.35 18.80 20.85 0.85 13.15 0.31 0.23 0.62

The determination of the morphology and particle size of nano Al203 powder was
conducted through the utilisation of a transmission electron microscope (TEM).
Approximately 10 mg/L of alumina nanoparticles were introduced into an acetone solution
and subjected to ultrasonic treatment for a duration of 4-5 minutes. Fig. 3.3(a, b). The TEM
analysis of alumina particles is presented in Fig. 3.3(a, b), while the SEM analysis of CSA
particulates is Fig. 3.3(c, d).

2 4 6 8 10 12 14 16
Full Scale 971 cts Cursor: 0.000 keV|

Ful Scale 351 cts Cursor: 0.000 ke

Fig. 3.3. (a, b) Nano-alumina powder TEM analysis and (¢, d) SEM morphology of CSA
particles.
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Range of reinforcement materials, specifically alumina and CSA, was determined and
documented in Table 3.3 based on prior research efforts.

Table 3.3. Proportion of reinforcements

Sample | Nano size A1203 | Micro size CSA | AA7075
(wt. %) (wt. %) (wt
%)
NO 0% 0% 100%
N1 0.5% 1% 98.5%
N2 0.5% 2% 97.5%
N3 0.5% 3% 96.5%

3.1.2 Fabrication process

Aluminium hybrid metal matrix composites (HMMCs) were fabricated utilising the stir
casting technique, as depicted in Figure 1. In this study, a combination of pure aluminium
powder (m) and AI203 powder (nm) was utilised. The powders were compressed into a
circular disk-shaped block and subsequently added to an injection moulding machine, as

depicted in Fig. 3.4 & Fig. 3.5.

Motor

s ST 1 A E——Ceramic Coated Furnace
) i ;% CSA & SiC Particles
! Molten Slurry

% 3] : B Heater

et

& ] Stirrer
& g o Graphite Crusible

s
[

Fig. 3.4. Schematic diagram of stir casting setup

86



Nano Alumina

CSA Particles

Fig. 3.5. Creating a powder using pure aluminium and nano-alumina

The aluminium (Al) matrix was subjected to a heating process until it reached its melting

point. Subsequently, it was cooled down to the slurry stage and manually mixed using a

two-step stir casting method. Upon subjecting the slurry to additional heat and employing a

mechanical stirrer to agitate the matrix, the intended temperature is attained. The dispersion

of particles throughout the matrix to achieve a uniform stirring effect is a primary

advantage of the stir casting procedure in comparison to conventional stir casting. The

concept of reinforcement is discussed in reference [281]. The optimal parameters for the

stir casting process are presented in Table 3.4.

Table 3.4. Parameter of the stir casting process

Process Parameter

Selected Parameter

Mould preheats temperature

280°C

Processing Temperature 950°C

Preheat temperature of reinforcement 350°C

Stirring speed 350 RPM

Stirring time 5 min

Blade angle 45°

Position of stirer upto 75% of depth
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In order to remove the volatile substances that have been absorbed, the muffle furnace is
employed to preheat the reinforcement for a duration of 2.5 hours. A graphite crucible is
employed for the purpose of melting approximately 1.5 kg of pure Al 7075 alloy per
individual sample. The two-stage casting process involves subjecting AA7075 to a heating
phase until it reaches its melting point, followed by a subsequent cooling phase until it
reaches a semisolid state. At this stage, preheated alumina and CSA particles are
meticulously blended for a duration of 5-6 minutes. The molten slurry is subsequently
subjected to a temperature of 950 °C, with varying weight percentages of reinforced
particles. The weight percentages of samples NO, N1, N2, and N3 were determined based
on existing literature and experimental research. The retention of both constants yielded
negligible impact on the outcome; consequently, the proportion of both reinforcements was
augmented over the course of the study. After the temperature of the melt reaches 950 °C,
the liquid slurry undergoes agitation for a duration of 5-7 minutes. This is achieved by
employing a four-blade mechanical stirrer that rotates at a speed ranging between 350-450
revolutions per minute. The purpose of this agitation is to guarantee a uniform dispersion of
the reinforcement within the composite material.

3.2. Experimental details of AA7075/A1203,,,/CSA hybrid composites
3.2.1. Materials

A spectral analysis was conducted on Al 7075, and the composition is presented in Table
3.1. This study employs two particulate materials as reinforcements, namely primary
reinforced particles (Al,O3) and secondary reinforced particles (CSA). Image shown in Fig
3.6 depicts a scanning electron microscope (SEM) micrograph of Al,O;. The scanning
electron microscopy (SEM) image of the CSA particles, is presented in the preceding
section 3.1. The typical particle sizes of the AI1203 and CSA powders were 25 um and 70

pum, respectively.
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Fig. 3.6. (a) SEM morphology of Al,O; particulates (b) Corresponding EDS of Al203
particulates

3.2.2 Fabrication Process

The two-step stir casting method is a cost-effective technique for the making of HAMC.
The implementation of a two-step stirring process was evaluated as a potential means to
enhance the efficiency and quality of casting products. In Fig. 3.4, the experimental setup
for stir casting is shown. The present studies utilised the fabrication technique known as
Rheocasting or Double stir casting technique. The AA7075 alloy was loaded into the
graphite crucible, and the process of melting was conducted at a temperature of 750°C. The
temperature was maintained within the range of 750°C to 800°C for a duration of one hour.
To minimise the presence of gases in the molten aluminium, C2CI6 degassing tablets were
utilised. The utilisation of molten metal agitation facilitated the incorporation of
Magnesium, thereby enhancing the wettability characteristics and promoting the uniform
dispersion of particles within the liquid medium. The AI203 and CSA particles were
preheated at a temperature of 430°C for a duration of 25 minutes in order to ensure their
compatibility with the molten liquid, prevent moisture absorption, and avoid the presence
of organic contaminants. Subsequently, these particles were introduced into the pool of
liquid metal and agitated rapidly at a speed corresponding to the formation of vertices using
a mechanical stirrer operating at a range of 300-350 revolutions per minute. The optimal

parameters for the stir casting process are presented in Table 3.5.
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Table 3.5. Process parameter for stir casting

Process Parameter Selected Parameter
Mould preheats temperature 320°C

Processing temperature 800°C

Preheat temperature of reinforcement 430°C

Stirring speed 350 RPM

Stirring time 10 min.

Blade angle 45°

Position of stirrer upto 75% of depth

The weight percentages of reinforcements were determined based on a comprehensive

review of relevant literature, as documented in Table 3.6.

Table 3.6. The weight percentage of reinforcements

Sample Al203 (wt. %) CSA (wt. %) AAT075 (wt. %)
Hc-0 0% 0% 100%
Hc-3 5% 3% Remaining
Hc-6 5% 6% Remaining
Hc-9 5% 9% Remaining

The event persisted for a duration of ten minutes, during which two identical step sizes
were employed. During the sequential operations, a stirring duration of 5 minutes was
observed, which was subsequently succeeded by the formation of a semi-solid state. During
the solidification process, the growth of multiple dendrites with numerous branches within
the casting can lead to a decrease in its mechanical properties. The stirrer's optimal speed
and stirring duration were implemented in accordance with prior scholarly works in order
to eliminate the dendritic structure. The optimal parameters effectively divide the dendritic
formation of the particulates during the casting process, ensuring their uniform dispersion.
Following the removal of the solidified rectangular and cylindrical composites from the
mould, the test samples underwent cutting using a wire EDM technique. Subsequently, the
specimens were prepared in accordance with the guidelines outlined by ASTM standards to

facilitate various testing procedures.
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3.3. Characterization process

3.3.1 Microstructural Examination

The microscopic characteristics of the specimens were analysed using both microscopy
with optics and SEM. The specimens composed of base alloy were subjected to
examination using an optical microscope. In contrast, both the optical microscope and
scanning electron microscopy which included energy-dispersive spectroscopy (EDS) were
utilised for the analysis of the metal matrix composites (NMMCs). The failed specimens,
characterised by irregular surfaces, were subjected to scanning for the purpose of analysis.
The irregularity of the surfaces posed challenges in achieving proper focus when using an

optical microscope. The optical microscope depicted in Fig. 3.7 is the Neophot-21.

Fig. 3.7. Neophot-21 optical microscope

The optical system utilised in this study was the UIS (Universal Infinity System) with a
reflected light illuminator of the tube. The magnification of the system was set to 1X,
providing a super wide field of view with a numerical aperture of 26.5. This magnification
range was compatible with eye pieces ranging from 50X to 2000X. The eye piece used in
this study had a magnification of 10X and was equipped with cross lines and a neutral
density filter to optimise light incidence.

Several different etchants were tested, and it was found that dilute Keller's etchant yielded
the most favourable results. As a result, this particular etchant was selected for use in the
experiment. Photomicrographs were captured for each specimen in order to examine their
microscopic components and the dispersion of particles. The measurement of the

distribution of Nano-Al203 particles was conducted using the following methodology.
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The use of SEM was conducted to assess the dimensions and structure of the
reinforcements. Additionally, a material and image analyser was utilised to examine the
dispersion of Nano-Al203 particles at ten specific points on every sample. Subsequently,
the mean value of these outcomes was computed. In this study, four distinct size ranges of
reinforcement were selected, and the corresponding reinforcement distribution data were
represented using a bar chart and a line graph. Additionally, an evaluation was conducted
on the average aspect ratio and the distribution of the total average area of the particles. The
composites' microstructure was analysed using a JSM-840A microscope with SEM. This
particular microscope is equipped with a high-performance light element detector, which is
a window-less detector capable of detecting elements with atomic numbers beginning from

boron and higher. Fig. 3.8. illustrates a scanning electron microscope.

Fig. 3.8. JEOL Japan scanning electron microscope (SEM)
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3.3.2 X-ray diffraction
The hybrid composite samples underwent analysis using a D8 Advanced X-ray

diffractometer from Germany. Cobalt (Co) K radiation with a wavelength of 1.79 A was

utilised, as depicted in Fig. 3.9.

Fig. 3.9. D8 Advanced, X-ray diffractometer, Germany

The XRD designs were acquired by conducting measurements within a 20 range that
extended from 20 to 120 degrees, with a step size of 0.02 degrees. The identification of
multiple phases was accomplished by utilising X-Pert High score software to index the

peaks, followed by the plotting of the indexing peaks (I vs. 2) using Origin 9.0 software.

3.3.3 Mechanical Characterization

3.3.3.1 Density and porosity:

The experimental density for various weight percentages of the reinforced particles was
calculated using the displacement approach. Additionally, the rule of mixing (ROM) was
used to calculate the hypothetical weight of HAMCs. Using the water displacement
technique, the composite samples underwent an hour-long heating procedure in a furnace at
a temperature of 125°C. Similarly, the weights of the composite samples were determined

by utilising a highly accurate electronic weighing device. Subsequently, a polymeric gel is
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applied to the sample surfaces in order to effectively seal any porosity present on the
surface. The specimens were immersed in distilled water at a temperature of 28°C, and
their masses were determined using a high-precision four-digit balance. The volume of the
specimens was determined by utilising their weight. The density was calculated using the
formula provided below:

p=tr M
where p denotes the specimen density, Wp stands for the weight of a preheated specimen,
while Ws stands for the weight of a specimen suspended in water.
The following empirical equation was used to calculate the density of cast samples in terms
of the volume percentage and density of the components:

p = Vi(pt- Pm) P 2
where
V¢ = Volume fraction of reinforcements
pm = Density of matrix material
pr = Density of reinforcement
The resulting samples' porosity is assessed by (Equation 3) using the derived theoretical

and experimental density values.

POTOSity(%) — Ptheoretical “Pexperimental X 100 (3)

Ptheoretical

3.3.3.2 Micro Hardness Test

The microhardness of the specimens was evaluated using a Zwick/Roell Indentec Hardness
Tester, which has a load range of 10 to 1000 grammes. The magnification range of the
object lens varied from 10x to 40x. The indentation was captured using a 40X
magnification, while the stress of 0.05 kg was applied for a duration of 10 seconds. The
indenter utilised in this context was a cone-shaped tool made of diamond material. The
experiment was conducted on the specimens at five distinct locations, and the mean value
was recorded. The achievement of this task was facilitated through the utilisation of the
samples that were subjected to microstructural analysis. The Micro Hardness Tester

employed in the study is illustrated in Fig. 3.10.
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Fig. 3.10. Zwick/Roell Indentec Hardness Tester

3.3.3.3 Tensile Test

The test was conducted using an Instron tension testing device. The machine was regulated
using signal conditioners for stroke (LVDT), load, and two strain channels. The regulation
was carried out by a digital controller based on a digital signal processor (DSP) with a
resolution of 24 bits. Equipped with the requisite software and firmware. The extensometer
used in the experiment had a travel distance of 0.5 mm and a gauge length of 12.5. The
COD gauge, on the other hand, had a gauge length of 7 mm, a positive travel distance of 4
mm, and a negative travel distance of 1 mm. The transducers are equipped with an external
shunt reference to facilitate straightforward calibration and incorporate electronic
components to enable the implementation of a full bridge circuit. The furnace in question
was identified as an ATS 3210 series model. The experiment was conducted using a 3-zone

power pack with a power output of 4000 watts and an operating voltage of 230 volts. The
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power pack had a maximum temperature capability of 1200 degrees Celsius. The ambient
temperature recorded during the test was 27°C. Uniaxial loading was applied to the
specimen until it reached the point of failure. The tensile tester currently being utilised

exhibits two perspectives, as illustrated in Fig. 3.11.

Fig. 3.11. Uniaxial loading Tensile test

3.3.3.4 Thermal expansion coefficient test
The thermal expansion coefficients (TCE) of hybrid composites were determined by
employing a thermal mechanical analyzer., as depicted in Fig. 3.12. TCE measurements

were conducted under controlled conditions, specifically at a force magnitude, At a heating

rate of 5 °C per minute, the temperature range considered spans from 30 to 250 °C.

M e

Fig. 3.12. Thermal mechanical analyzer (TMA Q400 V7.4)
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A thermocouple in proximity to the sample was employed to ascertain its temperature. The
data was obtained by measuring the percentage of relative change in length (PRCL) against
a temperature chart. Additionally, the experimental curves were numerically differentiated
to determine the effective immediate CTE. The equation presented is employed to compute

the immediate CTE with a specific temperature.

3.3.3.5 Thermal conductivity test

Thermal conductivity is defined as the quantification of the rate at which heat is conducted
through a material of a specific thickness, in a direction perpendicular towards the surface
of a specific area, due to a specific temperature gradient, while maintaining thermal
equilibrium. The thermal conductivity measurement was performed under steady-state
circumstances utilising an instrument that utilised the parallel heat-flow approach. In the
framework of a state of equilibrium, the thermal conductivity of hybrid composites can be
mathematically represented as K = (Qs/A)/(T/L), where Qs represents the rate of heat
transfer per unit time, A denotes the area of the cross-section, and T indicates the
temperature difference across a specified distance L.

The quick pulse approach is a method commonly employed to directly test the outside the
axis temperature conductivity of composite materials. In the provided equation, the variable
L is used to indicate the thickness of the sample. The symbol o is employed to denote the
thermal diffusivity, while t1/2 is utilised to signify the period required to reach the second
half of the optimum back surface temperatures. The conceptualization of this idea was
originally ascribed to Parker & Jenkins (Parker et al., 1961). The surface of the sample will
be subjected to a short exposure to radiant electromagnetic radiation, while the thermal
diffuseness of the sample will be evaluated by monitoring the duration of heat propagation

over the sample section.

3.3.3.6 Wear Test
The Ducom TR-201-M4 pin on a disc test machine, depicted in Fig. 3.13., was employed to
evaluate the dry sliding wear behaviour of various composite materials. Cylindrical

specimens were utilised in order to carry out wear tests.
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Fig. 3.13. Ducom TR- 201- M4 pin on the disc test machine

The specimens underwent a thorough polishing process at the sliding end, involving the use
of abrasive paper with grades of 600, 1200, and 2000. Subsequently, a diamond polishing
technique was employed, utilising 0.25 mm diamond paste. Prior to each test, the surface of
the disc and the sliding end of the pin (sample) were appropriately cleaned using acetone.
The disc was fabricated using EN-31 hardened steel, which possesses a hardness of 60
HRe.

The diameter of the track on the disc measured 50mm. The wear tests were carried out
using specific test parameters, which included varying sliding speeds of 0.79, 0.94, and
1.04 m/sec, applied forces of 20, 30, and 40 N, and sliding distances of 1000, 1500, & 2000

m. The surfaces of the materials under investigation were analysed via SEM.
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CHAPTER 4
RESULTS AND DISCUSSION

The current chapter presents the results of the effect of various stir-casting parameters on
microstructural characterization, and mechanical and tribological properties. This chapter

has been divided into two sections.

4.1 AA7075/A1203,,,/CSA hybrid composites

4.1.1 Microstructural evaluation

The microstructural pictures of the composites are displayed in Fig. 4.1(a-d). The optical
pictures show a homogeneous distribution of reinforcing particles that are distributed. Fig.
Microsegregation (MgZn2) is uniformly distributed throughout the fine-grained
composition, as shown in Fig. 4.1(a). As seen in Fig.1.4(c, d)., the levels of porosity show
an increased trend with an increase in reinforcing content. The greatest porosity is readily

seen in Fig. 4.1(d). of the research.

ATy Porosity
= o

2

Fig. 4.1. (a) Base AA7075 alloy (NO), (b) HMMC (N1), (c) HMMC (N2), and (d) HMMC
(N3) optical micrographs.
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A high level of integration between the aluminium (Al), alumina (Al1203), and carbon short
fibres (CSA) in the composite material is shown by the uniform dispersion pattern of
reinforced particles seen in the scanning electron microscope (SEM) images of hybrid
metal matrix composites (HMMCs). The reinforced AA7075 alloy specimen photographed
using scanning electron microscopy (SEM) is shown in Fig. 4.2(a). in a very obvious
manner. Fig. 4.2(b-d). A12Mg3Zn3, MgZn2, A12CuMg, All13Fe4, Al7Cu2Fe, Mg2Si, and
Al2Cu are examples of intermediate phases that can develop during the solidification of the
AA7075 alloy [195]. The uniform dispersion of reinforced Al203 and CSA particles is
seen in Fig. 4.2(b,c). 4.2(b, ¢). As seen in Fig. 4.2(d). The porosity level is seen to rise as
the weight % of reinforced particles is raised, according to section Fig. 4.2(d). of the

research.
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Fig. 4.2. (a) Base AA7075 alloy (NO), (b) HMMC (N1), (¢) HMMC (N2), and (d) HMMC
(N3) are shown in the following SEM photos.
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Fig. 4.3. shows the images obtained by scanning electron microscopy (SEM) of the
AA7075 alloy, coupled with the energy-dispersive X-ray spectroscopy (EDX) evaluation
that goes with it. The example is Fig. 4.3.(a). has been strengthened. Fig. 4.3(b-e). is

shown in detail.

Fig. 4.3. (a) Base metal (NO0), (b, c) HMMC (N1), (d, e) HMMC (N2), and (f, gy HMMC
(N3) were all examined using SEM with EDX.

The particle phases reinforced with alumina (A1203) and coconut shell ash (CSA) in
AA7075 were effectively generated and analysed in the current investigation. Energy-
dispersive X-ray spectroscopy (EDX) and scanning electron microscopy (SEM) were used
in the experiment. The presence of (Al, A1203, Si, Zn, and Cu) is clearly visible in the
graph's principal peaks, confirming the presence of reinforced particles in the composite
specimens. The presence of reinforced particles acts as a barrier, changing the direction of
migration of dislocations between neighbouring grains and increasing the final tensile

strength. In contrast to monolithic aluminium, composite samples with well distributed
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reinforcement and little porosity exhibit multidirectional stresses due to the existence of
grain refinement. The findings of the investigations performed on the samples using
energy-dispersive X-ray spectroscopy (EDX) and scanning electron microscopy (SEM) are
shown in Fig. 4.3. SEM pictures of the composite samples show consistent reinforcement
dispersion, which points to a high-quality inclusion of hybrid AI/A1203/CSA metal matrix
composites (MMCs). For homogeneous reinforcement dispersion inside the matrix, precise
parameter selection for the stir casting process is essential. The distribution of
reinforcement becomes more homogeneous as the temperature rises. The decision to use a
high molten temperature in the process was made because the particles' melting point is
higher than that of molten aluminium, which makes it easier to reduce clusters. With an
increase in Al,Os3 content, tiny clusters become more visible, mostly as a result of the
reinforcements' thermal mismatch with the matrix. A liquid alloy's rate of solidification is
slowed down by the presence of hard ceramics nearby, which promotes the growth of
clusters. However, increasing the cross-sectional area (CSA) results in a decrease in the
development of clusters since it is a malleable ceramic material.

The X-ray diffraction (XRD) profile. SiO2 and Al203 are present in substantial quantities
in Fig. 4.4. The figure also suggests that CSA and AI203 are present in the hybrid
composite. The lack of supplementary parts shows that the composites were cast
successfully. The careful control of a number of casting process parameters, including as
reaction time, reaction temperature, and melt stirring time, is necessary to achieve this

result.
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Fig. 4.4. XRD profile of developed hybrid composite
4.1.2 Evaluation of Mechanical behaviors

The mechanical characteristics of hybrid composites are improved by the inclusion of
Al203 and CSA particles. Fig. 4.5. shows that the reinforcing materials CSA and Al203
improve the hardness of the AA7075/A1203/CSA hybrid metal matrix composites

(HMMCs). Comparing the composite to the AA7075 alloy, the composite showed a much

higher level of hardness. With the exception of pure AA7075, it was found that adding

Al203 and SiO2 (CSA) particles to the matrix material increased the hardness of all

samples. Al203 prevents persistent deformation after indentation by increasing the top

surface's hardness.
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Fig. 4.5. Effect of the reinforcement's % composition on hardness
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The hardness characteristics of hybrid metal matrix composites (HMMCs) are improved
when ceramic particles are added to a metal matrix, which causes a change from ductility to
brittleness. Increased non-uniformity and non-wettability issues are brought on by an
increase in the weight % of reinforced particles, which ultimately results in increased
molten metal viscosity and pouring challenges. The presence of evenly dispersed reinforced
particles, the density of the reinforcement, the pace of solidification, and a decreased level
of porosity were some of the major variables that influenced the hardness of the HMMCs
(281). The resistance of the reinforced particles to being indented was assessed using the
Brinell Hardness Number (BHN). For the NO, N1, N2, and N3 specimens, the ideal
hardness levels were 85, 98, 138, and 142 BHN, respectively. Specimen N3 produced the
best results. When hard ceramics are added to the matrix of aluminium, a malleable
material, it changes state and becomes brittle, increasing its level of hardness. A larger
amount of reinforcement causes the matrix to become less homogeneous and non-wettable,
which raises the viscosity and makes pouring the composite material more difficult. The
uniform distribution of reinforcement, the rate of solidification, the density of
reinforcement particles, and the existence of minimum porosity are a few major parameters
that influence the hardness of composites [282, 283].

All composite specimens that have been manufactured have been found to have lower
impact strength than the AA7075 metal. A graphic representation of the average impact
strength is shown in Fig.4.6.
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Fig. 4.6. Impact strength is affected by the reinforcement's % composition.
The Al-alloy exhibits noteworthy impact energy and ductility, resulting in durable
deformation even at standard ambient temperature. The composite material's total impact
strength is decreased by the presence of reinforced particles. Due to the hard ceramic
particles' innate brittleness, stress concentration results. Clusters arise when there is an
uneven distribution of reinforcement in the matrix material, which weakens the link
between the matrix and the reinforced particles. The impact strength of Hybrid Metal
Matrix Composites (HMMCs) is negatively impacted as a result of this phenomenon [284,
285]. A helpful statistic for determining how much energy reinforcing materials can endure
and absorb is the impact strength value. Specimens NO, N1, N2, and N3 had ideal impact
strength values of 3.1, 2.8, 2.4, and 2.21, respectively. Fig. 4.6. shows the value for the
maximum impact strength for specimen NO, which is made of the AA7075 alloy. The
pictures show fractographic analysis performed on an impact-fractured specimen using
scanning electron microscopy (SEM). Fig. 4.7. Because there are more dimples than
cleavage facets in specimen NO, it has higher impact strength ratings. The Al-alloy
underwent a shift from a ductile to a brittle state as a result of the addition of second

particles. Fig. 4.7(a-d) makes it easy to see how the fracture started and developed.
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Fig. 4.7. After impact testing, SEM fracture surfaces of the casting: (a) Base metal (NO), (b)
HMMC (N1), (¢) HMMC (N2), and (d) HMMC (N3) are examples of materials.

In the aluminium matrix, the phenomena of fracture propagation occurs at the grain
boundaries, where it causes the formation of facet structures inside the grains. There is
evidence that stress concentration zones can emerge where reinforcing particles are present,
resulting in an uneven fracture with inadequate energy absorption. Numerous sites inside
the reinforcing particles exhibit the void nucleation phenomena. The growth of bigger voids
results from a later alteration of the original crack forms. The review of the literature
reveals an additional inverse link between impact strength and tensile strength. In
particular, there is a direct correlation between tensile strength and impact strength.
Brittleness and irregular hollows on the cracked surface might be blamed for this. In
combination with Al203 particles, Fig. 4.8. shows the change in the average ultimate

tensile strength (UTS) as a function of various CSA particles.
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Fig. 4.8. Final tensile strength and % elongation are affected by the percentage composition
of the reinforcement.

CSA content was added as a weighted proportion to the UTS results. The ultimate tensile
strength (UTS) increases with increasing A1203 and SiO2 concentrations (CSA) because of
mechanisms for stress transfer between the matrix substance and reinforcement particles.
The existence of strong reinforcing particles, which serve as a barrier and stop cracks from
propagating, explains the observed behaviour. The Orowan mechanism, also known as the
crack propagation restriction, slows down the acceleration of dislocations in high modulus
matrix composites (HMMCs) [286]. An improvement in ultimate tensile strength (UTS)
may result from the considerable increase in dislocation density inside the aluminium
matrix. Grain boundaries are enhanced as a result of the addition of CSA and Al203 to the
aluminium matrix. A large increase in the existence of grain boundaries can be linked to the
observed decrease in microcrack propagation, which increases the material's strength. The
difference in the coefficient of thermal expansion between the matrix and reinforcement
materials is one more explanation for the formation of geometrically necessary dislocations
at the interface between the matrix and nano-reinforcement during the cooling process,
which can increase strength. Through the preheating of Al203 with CSA particles, the
interfacial tensile strength and homogenous distribution of reinforced particles in the Al
matrix are improved in stir casting. Furthermore, preheating dispersed particles induces
thermal stress, which lowers the ultimate tensile strength (UTS) in heterogeneous
microstructures. A material's capacity to endure tensile forces may be indicated by the size

of UTS. For samples NO, N1, N2, and N3, the corresponding mean ultimate tensile

107



strengths (UTS) values are 182, 225, 292, and 276 MPa. When compared to the AA7075
alloy, the N2 specimen showed the greatest value. Fig. 4.8. shows how yield strength and
% elongation may vary. In terms of elongation, the N1 sample has the greatest value of
28.3%, while the N3 sample has the lowest value of 13%. As seen in Fig. 4.9., tensile

specimen fractures are often categorised as either ductile or brittle.
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Fig. 4.9. Tensile test, the casting's SEM fracture surfaces: (a) Base metal (NO), (b) HMMC
(N1), (¢) HMMC (N2), and (d) HMMC (N3) are examples of materials.

The existence of non-uniform distributions of reinforced particles within the aluminium
matrix and the production of secondary phases during the stir casting process are the main
determinants of fracture behaviour. The existence of irregularly distributed second particles
suggests that the brittle and stiff dispersion particle (AI203-CSA) and the ductile AA7075
alloy matrix have different strain capacities. FESEM images of stress fractures were used to
analyse specimen failure behaviour, in particular micro-void coalescence and cleavage. In
contrast to ductile fracture, which may be explained by the emergence of specimen
necking, brittle fracture is characterised by a lesser degree of micro-void coalescence and
plastic deformation, which is the cause of transgranular grain boundary movements. When

a load is applied that is greater than the ultimate tensile strength (UTS), crack propagation
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is shown to quicken. Both the agglomeration of grains and the creation of transgranular
facets through micro-voids are thought to be responsible for this occurrence, which speeds
up the cracking process [288].

The final compressive strength changes depending on whether CSA and nano-Al203 are

present, as seen in Fig. 4.10.
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Fig. 4.10. Effect of reinforcing composition percentage on final compressive strength

In compared to the parent AA7075 alloy and the comparable results published by Embury
[289], the ultimate compressive strength of all HMMCs samples has been enhanced. The
considerable inclusion of calcium sulfoaluminate (CSA) and nano-sized aluminium oxide
(A1203) particles is responsible for the hybrid aluminium composite's increased strength.
The intentional procedure was continued until the matrix material could successfully
accommodate the reinforced particles without experiencing any kind of distortion [290].
Due to the CSA and nano-Al203 enhanced particles' innate brittleness and hardness, matrix
dispersion hardening takes place. As a secondary phase inside matrix alloys, the reinforced
particles efficiently prevent the migration of dislocations and increase the overall strength
of the hybrid composite. The compressive strength figures for the NO, N1, N2, and N3
specimens are, respectively, 450, 502, 650, and 645 MPa.

Fig. 4.11 shows how variations in the reinforcement affect flexural strength. The inclusion
of reinforcement enhanced the flexural strength when compared to the basal aluminium
alloy. The insertion of the reinforcement increased the specimens' strength and elastic

modulus. This enhancement was made by restricting dislocation movement, which
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eventually increased the flexural strength value. In contrast to the base Al-alloy, the

composite specimens' flexural strength values show an increase.
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Fig. 4.11. Flexural strength is impacted by the reinforcement's % composition.
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Fig. 4.12. Variation in each sample's thermal expansion coefficient at room temperature.

Fig. 4.12 and Fig. 4.13 demonstrate the link between the weight % of A1203 and CSA and

the coefficient of thermal expansion in various samples.
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Fig. 4.13. Each sample's thermal expansion coefficient at various temperatures.

The results show that when exposed to temperature changes, hybrid composites display
superior dimensional stability than the basic alloy. Particle size, the thermal expansion
mismatch between the matrix and reinforcement, and interfacial interactions are some of
the variables that affect the coefficient of thermal expansion of hybrid composites[291].
This analysis takes into account temperatures between 25 and 200 °C. The coefficient of
thermal expansion (CTE) of the composite material under research has been seen to
decrease with the addition of CSA particles and an equivalent amount of alumina.
Compared to the AA7075 material, the hybrid composites have a lower coefficient of
thermal expansion (CTE). Low coefficients of thermal expansion (CTE) ceramic materials
include calcium aluminate (CSA) and aluminium oxide (AI203). The coefficients of
thermal expansion (CTE) of the hybrid composite should be reduced as a result of
incorporating these reinforcements into the base alloy matrix. Aluminium alloys' high
coefficient of thermal expansion (CTE) causes dimensional instability as temperature rises
[291]. Because of its quality, it cannot be used in final applications like electrical and
electronic packaging. It is feasible to adjust the coefficient of thermal expansion (CTE) to
meet the needs of various industrial applications by mixing reinforcements with AA 7075.

Each sample was subjected to ten readings altogether.
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Fig. 4.14. shows the thermal conductivity values of the basic alloy AA7075 and the
CSA/AI203 composites at various temperatures while taking into account different CSA
weight percentages. The number in Fig. 4.14. and the supplementary Fig. 4.15.
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Fig. 4.14. Variation in each sample's thermal conductivity at room temperature
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Fig. 4.15. Each sample's thermal conductivity varies as a function of temperature.
In comparison to the thermal conductivity of the base alloy, it was found that the thermal

conductivity of hybrid composites was somewhat lower. The processing technique used,
the warm conductivity & wettability characteristic of the reinforcing elements, the
microstructure all have a major impact on the thermal conductivity of hybrid composites

[292].
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In this instance, it is shown that the thermal conductivity of both reinforced particles has
significantly decreased. However, the produced composites show enhanced bonding
between the matrix and reinforcing components, as well as a uniform distribution of the
constituents. The production of dislocations at the grain boundary area can be caused by the
existence of a thermal mismatch between the materials. At the interface between the
reinforcement and matrix, these dislocations may cause phonon and electron scattering. In
the current situation, it is shown that phonons and electrons both significantly contribute to
improving a material's thermal conductivity. The critical energy transfer that takes place
between photons and electrons at the contact is what allows for effective thermal
conductivity. As the amount of cross-sectional area (CSA) rises, it is predicted that the
density of dislocations would rise as well. The elastic strain field associated with the
dislocation lines scatters phonons and electrons when dislocations are present [293]. The
aforementioned clements significantly affect how much thermal conductivity hybrid
composites have.

Fig. 4.16. shows the connection between second-phase particles and wear rate.
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Fig. 4.16. Effect of reinforcement's % composition on wear rate under various loads.

Fig. 4.17. shows how the 2™ phase elements affect the fluctuation in the coefficient of

friction.
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Fig. 4.17. Effect of the reinforcement's % composition on the friction coefficient under
different loads.

In order to evaluate the resistance of the composite materials close to the sliding surface
when exposed to fresh surfaces, the coefficient of friction and wear rate were determined.
When there is less plastic deformation between the sliding material and the region of
contact during sliding, the rate of wear is reduced. The existence of reinforced particles can
be linked to the development of plastic deformation, which reduces the transfer of shear
stress during sliding.

A new layer forms on the pin's surface as a result of the oxidation of metallic particles that
occur during the sliding process. a translationally motion-formed stratum that exhibits
deformation, delamination, and fracture. In order to prevent the dilution of contact surfaces, a
fresh stratum is generated between mating surfaces [294, 295]. When compared to the base
alloy, each composite specimen's wear rate consistently shows a reduction. The presence of
CSA particles within the HMMCs lowers the coefficient of friction. The discharge of soft
CSA particles acts as a solid lubricant during the wearing process, lowering the coefficient of
friction. When pin surfaces roll or slide across the surface of the abrasive disc during rolling
or sliding contact, a small-scale removal mechanism takes place, which results in the removal
of material. The micro-cutting and micro-plowing processes are the main causes of abrasive
wear. According to the results of the literature research, it has been shown that deformation

occurs in circumstances with low levels of wear, principally because excessive wear and
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micro-plowing conditions are present. The micro-cutting process is also responsible for
deformation. The switch from micro-plowing to micro-cutting in HMMCs enhanced the wear
resistance in the wear test against constant parameters such sliding distance, applied force,
and sliding time. A modest amount of material displacement and a larger quantity of material
removal occur in materials with strong wear characteristics. By using a micro-cutting
mechanism, material is removed, resulting in the development of extremely small chips. On
the other hand, the micro-plowing process causes material displacement, which results in the
formation of a micro-edge.

Specimen NO, which is free of any reinforced particles, shows obvious indications of
disintegration. The composite specimen that was created had improved wear resistance due
to the addition of soft particles (CSA) and hard ceramic particles (Al1203) to the aluminium
matrix. A comparative study of specimen N2 with other composite specimens reveals that it
has the least amount of wear.

Adhesion and delamination are the main wear processes seen in the basic alloys, as seen in

Fig. 4.18.

L3

M Wagr POOEX  EWT=1000W Egnal &= BT _J-n Vagr BMKEL T et1000my Egral&wZED  Dabe 27 Dwc 2527
T WD simam G Vaces = | Se 0T mile Torm 110147 — Wo= 15m B e = 15 b b a1

P - T g =

e P
: : '.f "“‘_“mﬂ_.‘u'u‘ear Diebris
i \ 3 7 \

i plﬂu}iﬁg :

Wear track

M pege Z0KK EHTE1000W SwpwAniE]  [we37esiEh | Tem Mg SOUEA BT 1D Sigear e SET  Thatn 37 e HEH
I ¥ LR Ga i = 1 D6 B T 050 H = WES 11 G i = 1 0 O Y e (W50

Fig. 4.18. Wear pattern of the (a) base alloy and (b-d) developed hybrid composite
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There is proof that the land has been ploughed. It is possible to see a sizable plastic
distortion in the direction of sliding, which denotes a greater level of wear. The prevalence
of flake-shaped particles in the wear debris for N3 as seen in the scanning electron

microscopy (SEM) picture suggests that delamination is the main cause of wear.

4.2 AA7075/A1203,, /CSA hybrid composites
4.2.1 Evaluation of Microstructure and XRD Analysis
Fig. 4.19(a—d) depicts the optical microstructure of the hybrid composite and base alloy

samples.

Fig. 4.19. The grain refinement for the dispersion of reinforcing particles is shown in
optical metallographic pictures (a), (b), (c), and (d).
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Evident uniform distributions of reinforced particles may be seen in the accompanying
photos. Intermetallic phases including MgZn2, Al2CuMg, Al2Cu, Al7Cu2Fe, Mg2Si,
All13Fe4, and others have been seen to develop during the solidification of the 7075
aluminium alloy, according to earlier research [296]. A finely disseminated intermetallic
phase, namely MgZn2, with a consistent distribution throughout the alloy matrix, is found
in Sample MO after analysis. Dislocations travel from one grain to the next while
undergoing plastic deformation, crossing the boundaries separating distinct grains. When
compared to the grain boundaries seen in the other samples, the grain boundaries of sample
MO show a much bigger size. Reinforcing chemicals like CSA and Al203 can be added to
materials to improve their mechanical characteristics, which causes the creation of larger
grain boundaries.

Fig. 4.19(b—d). shows the enlarged grain boundaries related to the strengthening of the
particulate. Reinforcements operate as a barrier, preventing dislocations between
neighbouring grains from moving in a certain direction and increasing the tensile strength.
Due to the enhanced reinforcing distribution and decreased porosity in hybrid composite
specimens, which results in the finer grain, multi-directional stresses are induced in
composite samples as contrasted to the basic aluminium alloy.

The two-stage stir casting method must be used in order to achieve consistent CSA and
AI203 particle dispersion inside the matrix. The CSA particles have a very low density as
compared to Al203 and AA7075, which causes them to scatter throughout the molten
material during the whole process. The CSA particles are manually incorporated into the
semi-solid melt to extend their suspension. To achieve a state of homogeneity among the
reinforced particles inside the matrix, it is crucial to choose the right conditions for
ultrasonic stir casting.

Fig. 4.20. summarises the findings of the investigations performed on the as-cast samples
using scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS). Fig. 4.20(a-d). The spreading of reinforcing elements inside the matrix is uniformly
seen in the scanning electron microscope (SEM) pictures, indicating the high calibre of

hybrid advanced materials composites (HAMCs).
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The use of ultrasonic treatments causes a more uniform distribution of reinforcement
throughout the matrix. The melting temperature of the reinforcements was more than that
of the liquid aluminium alloy, thus a procedure was used that used a high molten
temperature of 900°C to prevent cluster formation. Due to a thermal imbalance between the
reinforcements and the matrix, the presence of high quantities of AI1203 causes the creation
of tiny clusters. Hard ceramics slow the solidification process down and make it easier for
clusters to form when they are present near a liquid alloy. The difference in density
between CSA and the aluminium matrix is one of the elements that help a cluster develop
within the matrix. Cluster formation is reduced when ultrasonic treatment is used during the
casting process. Additionally, CSA disposal offers a financially sensible and ecologically
responsible way to improve environmental sustainability and cleanliness. In addition, the
production process is more economically efficient.

Fig. 4.21. shows the fabricated specimen's X-ray diffraction (XRD) analysis. Multiple
peaks are seen in the case of pure AA 7075 at various diffraction angles. Furthermore, it is
shown that the peaks for the phases of Zn, Cu, and Mg overlap with the peaks for
aluminium. The other elements have relatively low quantities, which are below the

detection limit.
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Fig. 4.21. Base alloy and manufactured composite specimen XRD analysis
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It has been noted that there is a constant increase in the strength of AI203 peaks when the
weight % of Al1203 and CSA rises. The peaks connected to aluminium, on the other hand,
showed diminished intensity and a modest shift towards greater two-theta angles. The lack
of supplementary parts shows that the composites were cast successfully. The careful
control of a number of casting process parameters, including reaction length or holding
time, reaction temperature, melt stirring time, and ultrasonic treatment, is necessary to

obtain this result.

4.2.2 Evaluation of Mechanical behaviors
The mechanical properties of metal matrix composites (MMCs) are influenced by the size
and distribution of the reinforcements. It is crucial to investigate the relationship between

the mechanisms for enhancing reinforcement and the distribution of reinforcement.

4.2.2.1 Density and Porosity
Fig. 4.22. shown in the study reveals density fluctuations. The experiment involves

changing the reinforcement content's weight % at a value of Fig. 4.22.
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Fig. 4.22. Fluctuation in density when reinforced by a certain percentage.
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According to published data, AA7075, A1203, and CSA have theoretical densities of 2.818
g/cc, 3.21 g/ce, and 0.48 g/cc, respectively. while calculating the theoretical density,
Equation 1 is used, and while figuring out the experimental density, Equation 2.

The findings show that adding CSA content causes the density of the hybrid composite
specimens to decrease. A similar outcome has been observed in the body of existing
research, where the addition of rice husk ash causes a reduction in density and an increase
in porosity in the composite material [297]. Due to the lower density, it is possible to
hypothesise that the manufacture of lightweight aluminium hybrid composites might be
done at a cost that is acceptable. Using Equation 3, it is possible to calculate the porosity of

the composite material.

Sample M1 showed a drop in density of 17.8% when compared to the base alloy, sample
M2 showed a loss of 18.3%, and sample M3 showed a decrease of 11.9%. The increase in
porosity level and the growth of CSA particles were shown to be positively correlated. The
dependability of this technology in the creation of hybrid composites is shown by the fact
that the porosity shown in two-step ultrasonic stir casting is comparably lower than that
seen in traditional stir casting. When a composite material's porosity is less than 4%, it is
judged acceptable, claims a study [298]. At a weight of 9 units, it can be shown that based
on the values in Table 4.1. The hybrid composite created for this investigation shows a

tolerable maximum porosity of 4.6% for SiC.

4.2.2.2 Hardness

Fig. 4.23. shows the connection between increasing reinforcing particle density and
increasing hardness. Fig. 4.23. When the reinforcement is increased, the hardness shows a
rising tendency. The increased hardness is due to the matrix's increased fraction of
reinforcing particles with higher difficulty [299]. The confined indentation zone gradually
contains stiff silicon carbide particles, increasing the hardness. Dislocation movement is
limited by the load-bearing capabilities of the Al203 particles implanted in the matrix.
When reinforcement is used, the hardness value follows a similar rising trend, according to

an earlier study [300].
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Fig. 4.23. Effects of reinforcing variation and hardness

The image in Fig. 4.23. The grain refining that takes place with greater A1203 and CSA
reinforcement content levels is obviously shown. Fig. 4.23. The link between grain refining

and the ensuing rise in hardness is governed by the Hall-Petch equation.

4.2.2.3 Tensile response

The ultimate tensile strength (UTS) of hybrid composites is noticeably improved when
there are more ceramic particles present in the matrix. The better particle dispersion
obtained throughout the manufacturing process is responsible for this improvement. The
reason for the observed improvement is the strengthening effect brought on by the matrix
bonding at the interface between the reinforcing particles. The M2 sample's maximum
tensile strength was significantly increased by 35% as compared to the matrix. It was noted
that the alloy AA7075's yield strength decreased in relation to its ultimate tensile strength
when Al203 was added, following a similar trend. Fig. 4.24. demonstrates the relationship
between engineering strain and stress. While the percentage elongation has been discovered

to decrease, the weight ratios of AI203 and CSA in the composites have been seen to rise.
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Fig. 4.24. Hybrid composite engineering stress-strain diagram

This implies that the composites' ductility has decreased. Hard A1203 and CSA are present
in the hybrid composites, which increases brittleness and decreases ductility. A mixture of
Al203 and CSA particles is distributed uniformly throughout the composite material. This
uniform distribution was accomplished using the best stirring methods, and the
improvement in ultimate tensile strength (UTS) is connected to it. See Fig. 4.25. shows the

tensile properties of the created hybrid composites.
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Fig. 4.25. Behaviour of the manufactured hybrid composites under tension.
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Incorporating evenly distributed reinforcements helps hybrid composites meet the Orowan
strengthening requirements [301] by limiting the mobility of dislocations and thus
increasing their tensile strength. The tensile strength of the aluminium matrix improved
similarly with the addition of Al203. In particular, the M3 sample's ultimate tensile
strength (UTS) rose by around 32% in comparison to the base alloy matrix. The
strengthening of interfacial connection between the components is responsible for this
improvement [302]. The use of SiC and WC as reinforcements in composites has boosted
ultimate tensile strength (UTS) and yield strength, according to the cited paper [303]. The
development of volumetric strain around the reinforced particles is caused by the existence
of a significant difference in the thermal expansion coefficients between the matrix and the
reinforced particles. As a result, geometrically necessary dislocation (GND) loops arise. As
a result of this event, the composites' strength was improved. The total tensile strength of
the composite material is increased as a result of the presence of dislocations near A1203
particles, which inhibit the propagation of fractures under tensile loading conditions.
Consistent findings from research on the mechanical characteristics and strengthening
processes of AA5052/ZrB2 suggest that increasing the amount of ZrB2 particles increases
strength [304]. With an increasing weight % of AI203 particles and a constant amount of
CSA, the dislocation motions and resistance to fracture propagation showed an increased
trend. As a result, the mechanical qualities were improved.

The various forms of failure that occur during the tensile test are analysed using the
structural equation modelling factor graphs shown in Fig. 4.26. The ductile and brittle
fracture processes in Metal Matrix Composites (MMCs) were studied by the researchers.
The research's findings show that the AA7075Fig basal material has a large number of
dendritic globules. According to Fig. 4.26 (a)., dendritic fractures have been seen in hybrid
composites (305). Fig. 4.26(b-d). shows the dendritic microstructure of the hybrid
composites reinforced with AI203 and CSA. The phenomena are illustrated in section Fig.
4.26 (b-d). functions as both a stress riser and a weak zone, finally resulting in the
beginning of fractures [306]. The interaction between the ceramic particles and the alloy
matrix interface, which operate as sites of stress concentration, promotes the spread of

fractures along dendritic boundaries.
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Fig. 4.26. The composite specimen's tensile specimens' fracture surface.

At the interfaces between ceramic particles and the soft alloy matrix material, microcracks
are further produced, gradually displaying a dendritic structure. The failure of hybrid
composites as a suitable alloy is supported by the observation of inter-dendritic stepwise
dendrites and trans-granular cleavage facets on the fracture surface fractographs, as shown
in Fig. 4.26(b). and Fig 4.26(c)., Figure. The results show that specimen M2, when

compared to both the base alloy and specimen M3, had fewer microcracks and vacancies.

4.2.2.4 Coefficient of thermal expansion and thermal conductivity
The connection between the weight % of Al203 and CSA in each sample and the
coefficient of thermal expansion over the temperature range of 25 to 200 °C is shown in

Fig. 4.27.
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Fig. 4.27. A variation in each sample's thermal expansion coefficient at different
temperatures (b) as compared to (a) room temperature

The coefficient of thermal expansion (CTE) of the composite material under consideration
has been seen to decrease when a larger concentration of CSA particles is present together
with an equivalent amount of alumina. In comparison to the AA7075 basic material, the
hybrid composites' CTE value is reduced. Low coefficients of thermal expansion (CTE) are
characteristic of ceramic materials like calcium aluminate (CSA) and aluminium oxide
(Al1203). The coefficients of thermal expansion (CTE) of the hybrid composite are
expected to be reduced as a result of the addition of these reinforcements to the base alloy
matrix. Aluminium alloys have a higher-than-average coefficient of thermal expansion
(CTE), which makes them more susceptible to dimensional instability as temperature
increases.

Considering various weight fractions of CSA, Fig. 4.28. shows the thermal conductivity of
the base alloy AA7075 and /A1203/ CSA composites at various temperatures. Fig. 4.28. It
was found that the heat conductivity of hybrid composites was significantly less than that
of the basic alloy. The processing technique used, the thermal conductivity and wettability
of the reinforcing elements, and the microstructure all have a major impact on the thermal

conductivity of hybrid composites [24, 25].
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4.2.2.5 Tribological Behavior
Fig. 4.29. shows a graphical depiction of the wear rate variations for various reinforcement

combinations.
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Fig. 4.29. Variation in the rate of wear for various combinations of reinforced particles.

Among all cast goods, the unreinforced AA7075 is determined to have the greatest wear

rate, whereas sample M3 has the lowest wear rate. Fig. 4.30(a-d). shows the wear rate of
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AA7075 and hybrid composites at various sliding distances under 10N and 20N loads. As

the sliding distance grows, the wear rate shows an increasing trend that is predominantly

caused by frictional forces between the in-contact surfaces.
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It has been shown that the temperature rise is inversely proportional to the separation

between the contacting surfaces. This behaviour can be linked to frictional forces operating

on the surfaces, which cause the pin material to soften and the contact point to subsequently

be harmed. As a result, the monolithic alloy continues to wear as a result of this process

[307]. In comparison to the base alloys, the wear resistance of the AI203 and CSA-

reinforced hybrid composites showed a significant improvement, which can be mostly
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attributed to the hardness improvement's large reduction in wear. Similar results were seen
when SiC and fly ash were used to form a composite material, which was then stir cast into
an AA2024 matrix [308].

Comparing specimens M1, M2, and M3 to specimens MO reveals an increase in wear
resistance, which may be attributed to a comparable rise in hardness brought on by a larger
proportion of reinforcements. The load is the tribological parameter that has the greatest
impact, as can be seen from the graphical trend [309]. Due to the amplified frictional
forces, it has been discovered that material deterioration and temperature rise
simultaneously with an increase in load. Similar trends were seen in the earlier
investigation [310].

Both the composite surfaces and the metal contact surfaces are seen to develop oxide layers
when the load is not very high. The tribological qualities are significantly influenced by the
presence of oxide layers, which results in a major decrease in the coefficient of friction
(COF) and the rate of wear. As the load is applied, the temperature at the interface of the
contact surfaces rises proportionately, causing the oxide layers to gradually erode.

Layer development at contact surfaces is no longer prevented by the existence of oxide
layers. As a result of the increased grain, which results from the development of frictional
heat, the pin material softens [311]. This phenomenon happens as a result of wear, which
causes the contact area to enlarge and the delimitation to shift as the applied stress rises.
Fig. 4.30(c, d). shows the coefficient of friction (COF) at a maximum load of 20 N. The
results are in section Fig. 4.30(c, d). show that the coefficient of friction (COF) decreases as
the weight percentage (wt%) of silicon carbide (SiC) rises relative to the base alloy when
there is a lubricating layer between self-mated couplings. According to reference [312], this
effect leads to a more polished contact surface and a lower COF. The worn specimens'
scanning electron microscopy (SEM) investigation revealed a variety of wear processes
connected to various forms of reinforcement. According to Fig. 4.31(a)., adhesion and
delamination are the main wear processes seen in the basic alloys. There is proof that the
land has been ploughed. It is possible to see a sizable plastic distortion in the direction of
sliding, which denotes a greater level of wear. Fig. 4.31(b). shows a similar shape for M1
in this case. Fig. 4.31(b). The adhesion and delamination processes demonstrate

substantially reduced strength when the basic composition is contrasted. Additionally,
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Figure X shows how decohesion damage manifests itself. In Fig. 4.31(c)., the behaviour is
likewise related to surface damage. The main wear mechanism seen in the M2 is

delamination wear.
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Fig. 4.31. (a-d) Developed composite's worn-surface morphology.

The prevalence of flake-shaped particles in the wear debris for M3 as seen in the scanning
electron microscopy (SEM) picture suggests that delamination is the main cause of wear.
The process of delamination is essentially nonexistent when there are higher concentrations
of Al203, as seen in Fig. 4.31(d)., where ploughing is the predominant mechanism of
abrasive wear. [49]. Previous research has shown that when the amount of reinforcing
component rises, the wear mechanism changes from delamination wear to abrasive wear
[313]. As a result of the presence of stiff ceramic particles, a noticeable reduction in plastic

deformation is also seen.
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CHAPTER 5
CONCLUSIONS AND FUTURE SCOPE

5.1. Conclusions

The following results were reached after the current study effort examined the effect of

percentage reinforced particles A1203/CSA in AA7075 alloy:

\/
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Al203 and CSA reinforced particles are uniformly distributed throughout the Al
matrix, as shown in optical microscopy and SEM pictures. SEM with EDX analysis

confirms the presence of reinforcements in the developed hybrid composite.

By including Al203 and CSA reinforced particles in the Al matrix, hybrid
composite's hardness is increased. The sample N3 with the highest hardness value
(142 BHN) was With the inclusion of AI203 and CSA particles, the impact strength

for each specimen of a hybrid composite decreases.

The ultimate tensile strength of the hybrid composite increases with the addition of
AI203 and CSA particles while dropping in the N3 specimen. With a 292MPa
ultimate tensile strength, the N2 specimen tops the list. Transgranular facet, micro-
void coalescence, dimples, and fractures were seen on surfaces that had undergone

tensile and impact cracking.

The CTE of the generated hybrid composites dropped while displaying improved

dimensional stability as the CSA and alumina content rose.

However, the poor thermal conductivity values of the reinforcements and the lack of
effective electron-phonon coupling as a result of the electron and phonon scattering
at the interface were the key reasons why the thermal conductivity was not

enhanced.

The fabrication of the hybrid composites exhibited considerably improved
tribological behaviours because to the addition of A1203 and CSA. Comparing the

composite specimen to the monolithic alloy, the wear rate was 51% lower.

Higher AI203 concentrations make ploughing, the primary abrasive wear

mechanism, readily apparent while almost eliminating the delamination process.
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5.2. Future work

According to this inquiry, the automotive and aerospace industries are using some
of the proposed hybrid composite's possible applications as candidate materials.

In the future, the researchers can expand on this study by doing in-depth research on
the MMC's corrosion and fatigue behaviour.

In this investigation, the composites' performance was assessed in their as-cast state.
By redoing the experiments under mechanical working and heat-treated

circumstances, future researchers can broaden the scope of this work.
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Abstract

The present work is focused on the influences of reinforced particles on mechanical, microstructural, and tribological perfor-
mances of AATOTS hybrid metal-matrix composites (HMMCs). AlxOs and coconut shell ash (CSA) were reinforeed using
two-stage stir casting by varying the wit% (0-5) of reinforcement. Microstructural analysis and various phase identifications.
were examined with the help of scanning electron microscope (SEM) equipped with EDX and optical microscope. Vari-
ous mechanical testing such as tensile, hardness, 3-point bend test, and tribological behaviors were carried out to know the
HMMCs properties. Microstructural images revealed a homogeneous distribution of reinforced particles in the metal—matrix
and EDX confirmed the presence of dispersed reinforcements (Al2Os and CSA) in the HMMCs, Tt was seen that mechanical
properties and tribological behavior have been increased after addition of Al; O3 and CSA reinforced particles whereas slightly
decreased in impact strength. Transgranular cleavage facets, micro-void coalescence, dimples, and crack were shown in SEM
images of fractured specimens during impact and tensile testing,

Keywords AATOTS - Al:Os - Coconut shell ash (CSA) - Stir casting - Microstructure - Mechanical propertics - Flexural tost

1 Introduction

Al-alloys have its own inherent properties such as good
mechanical strength, low density, and excellent corrosion
resistance, and it leads to a widespread application in auto-
mobile and aerospace industries [1]. Particularty AATOT7S
alloy is a cold-finished wronght product having zing as a
primary alloying element. It has the highest ensile strength
among all Al-screw machine alloys, AAT07S alloy is used
for the highly stressed structural components including air-
craft fiting, shafts, gear, and a variety of other commercial
aircraft, transportations, and equipment [2]. Generally, the
Al-alloys strength can be enhanced in various means, includ-
ing: (1} by the addition of insoluble second particles to form
hybrid metal-matrix composite (HMMCs) 3], {ii) by the
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[ Department of Mechanical Engineering, Delhi Technological
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= Department of Mechanical Engineering. Galgotias College of
Engincering and Technology. Greater Noida 201306, India

precipitation hardening method [4], (iii) by the surface coat-
ings methed, {iv) by the cryogenic treatments method, ete,
[5]. Among the above-mentioned processes, HMMCs con-
tain much concentration in improving the tribological and
mechanical properties of alominum, A metal composite 15
generally made up of two or more than two insoluble phase
particles. Comparing the base constituents material,. HMCs
have better properties in various aspects. Since it is easily
fabricable, low density, and superior engineering properties,
aluminum and its alloys are preferably chosen to be as the
matrix material in majorily conditions [6]. Typically, the
Al-MMCs are processed under (1) Liguid-state (pressurized
die casting, stir casting, infiltration process), (ii) solid-state
(diffusion honding, physical-vapor deposition (PYD), and
powder metallurgy (PMY), and (i) in situ dispensation.
Researchers suggested that the stir casting is the helpful
and most effective route among these mentioned procedures,
Prior to the production of HMMCs, several crucial set of
parameters such as stirring time and speed, melting tempera-
ture, holding or dwell time, stirring position, die preheating,
and insoluble second particles can be deliberated, The prop-
erties of developed compuosite are decided by the optimum
selection of mentioned parameters [7-131.
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The present study focuses on the investig: of mechanical, thermal, and corrosion behaviors of casi
hybrid nane-metal matrix composites of AAT075 with AlLO; and coconut shell ash (CSA) nano- and micro-
sized particulates, respectively, as reinforcements. Using an ultrasonic assisted stir-casting technigue, the
hybrid composites were fabricated using 2, 4, and 6% by weight of CSA and 0.5% by weight of ALQ; in
equal proportions. SEM, EDS, XRD, poresity, tensile, damping, dislocation density, coefficient of thermal
expansion, and polarization tests were used to characterize four different combinations. The findings
indicated that the nano- and micro-sized particulates were spread evenly in the matrix, The dislecation
densiiy, which is caused by a thermal mismatch between the matvix and the reinforced particles, as well as
compasite porosity, have been found to have a significant impaet on the damping behaviors of hybrid
composites. Also, the thermal expansion coefficient of HMMCs decreased with the addition of Al;0y and
CSA. The corrosion resistance was gradually increased by increasing the weight percentage of reinforce-

ment in the AATOTS matrix.

Keywords corrosion,  damping  charactenistics,  dislocation
density,  hybrid  composite,  nato-reinforcennent,
thermral property

1. Introduction

Hybrid metal matnx composites (HMMCs) were developed
to improve the performance of composites that were previously
restricted to single reinforcement. In a hybrid metal matrix, two
or more synthetic ceramics are added to a metal matrix,
Carbides, oxides, and borides could be used as ceramic
particles to reinforce the aluminum matrix (Ref 1-3) The most
widely emploved reinforcing materials are aluming (Ref 4),
silicon carbide (Ref 5), boron carbide (Rel 8), and graphite {Ref
7)., among others. Moreover, aluminim oxide and graphite
particles made from these are more alfordable. The desirable
properties, like the fexible cosficient of thermal expansion and
the solid Tubricating characteristic, render these reinforcement
particle forms suitable for producing components such as
enging bearings. cylinder liners, pistons, and piston rings (Ref
8-12), The present scenaric in the Fabrication of hybrid
composite is reinforcing agriculture waste (secondary rein-
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forcement) with synthetic ceramic (primary reinforcement) (Ref
9). The broad applicability of such hybrid compogites has
attracted the attention of researchers who have designed and
conducted experiments o develop superior and cost-efficient
MMCs. Several good attempts have been made at producing
MMCs from industrial wastes like graphite (Ref 7}, fly ash (Ref
Gy red mud (Ref 13), and the ashes of agriculiural wastes like
bagasse ash (Ref 14), coconut shell ash (Ref 15), corn cob (Ref
16}, basalt fibers (Rel 17), coconut shell char (Refl 18). maize
stalk (Ref 190, and rice husk ash (Ref 20, The advantages of
including CSA are ease of access, low cost, low density, and
lower pollution (Ref 21). According te the literalure review,
AMCs with CSA play a significant role in the progress of
HMMCs due to their improvied mechanical behaviors and
widespread applications in a variety of fields. However,
reinforcing matural ceramic is insufficient to improve the
composile’s quality chamcteristics. As a resull, it been
combined with synthetic ceramic to increase mechanical
corrosion, and ibological properties.

In current scenaria, nano-sized reinforcing particulues are
being wtilized in the meral matrix nanoeamposite (MMnC). The
use of manoscale reinforced particulates at mairix interfaces
pravides a larger surface area. which resulls in improved
composite properties like fatigue life. mechanical strength, and
creep resistance at high temperatures without any loss of
ductility (Ref 13, 23-25), The sizes, shapes, distribution of
particulates, thermal stability, and hardening mechanism of
nano-reinforcement materials have a significant impact on the
firial characteristics of MMnCs (Rel” 23). The most difficult
issne it the stir-casting method for processing MMnCs i
achieving uniform reinforcement dispersion. The significant
variabibty m densitics  between nanoparticles. and  molten
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Agriculture waste-reinforced hybrid metal matrix composives (HIMCs) have developed as a petentially green,
productive, econnmieal, and ideal replacement for partcle-reinforeed composites, A number of indusirles,
including aerospace, automottve, and packaging, have demonstated a keen interest in the development of new

Keywards: &nd innovative compasites in a sustainable manner, is bio-waste particulate reinforced composite. The effect of
Coconnt shell ash reinforcements is investigeted in the current reseerch work, which employs the ultrasonic stit casting method
m:w with SiC {ranging from 3 to 9% by weight) and coconut shell ash (5% by weight in equal progortion) as pein-
ot Sucktioe fareement along with the alurndnium matriz. Wik the two-stage ultrasonic sily casting process, the disiclbution of
Micrastriendral evaluatian 1einforcement in the aluminium matrix 15 ensured o be uniform. The micrasiructure evolugion, mechanical and

tribological behavicurs wwere also evaluated to ascertain the integrity of fabricated compasites. The X¥RD analyzis
confinms the reintarcements and ocdde fayer formed on the specimen susfece. Currently, the fabricated composite
improves monelithic alloy in terms of hardness and tensile strength approximaely by 60% and 66%, respes-
tively, while reducing wear rate by 51%. The nanaindentation investigation lmplies that the compasites thar
have heen developed have improvad nanomechanical properties. Overall, using CSA 2lang wirh SiC in HMMCs
could be a potential product to reduce the usage of synthetic fiber and epplication design for economiral
prodiicts.

Ulmasanic-tis casting

1. Introduction

The rapid development of the economy causes substantizf enrich-
ment of organic solid waste, including agricultural, industrial, forestry,
and municipal solid waste (Dang et 2, 2022), Because of the substantial
contzmination produced by the inapprogpriate treatment of organic selid

waste, researchers have been looking for new ways to replace traditonal
rapidly deceriorating and burningin order to address environmental is-
sues (Bahiami 20118), This waste utilisation would not only be
cost-effective, but it may also result in forelgn exchange earnings and
pollution reduction. As a result, current tesearchers are focused on
recycling waste material by transforming it into gresin material for usage

eral.,
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Abstract

Nano-sized reinforcements improved the mechanicsl characteristics efficiently by promoting more implicit particle. hardening mechanizms
compared 1o micron-sized reinforcements. Nano-sized particles lessen the critical particle solidification velocity for swamp and thus offers
better dispersal. In the present investigation, the friction stiv processing (FSP} is utilized to produce AZ31/AL1 05 ndnocomposites at varicus
ool rotation speeds (e, 900, 1200, and 1500 rpm) with an optimized 1.5% volume aluminag $ALO3) reinforcement ratie. The mechanical
and corrosion behavior of AZ3ATOs-developed panocomposites was investigated and compated with that of the AZ31 base alloy. The
AZ31 alloy experienced a comprehensive dynamic reerystallization during FSF, causing substantial grain refinement, Grain-size sirengthening
is the primary factor contributed to the enhancement in the strength of the Fabricated nanocomposite. Tensile sirength and yield strength
values were lower than those for the base mietal matrix, although an upward trend in both values has been observed with an increase in
tool rotation speed. An 19.72% increase in hardness along with superior corrosion resistance was: achieved compared to the base alloy at a
ool rotational speed of 1500 rpm. The corrosion cwrents (Jeorr) of all semples dropped with inerease in the rolgtional speed. in contrast
w the corresion potentials (Ecor), which increased. The values of Teorr of AZ3ALOy were 4236, 56.8%. and 63.5% lower than those
of AX3] alloy al the chosen rotating specds of 900, 1200, and 1500 rpm, respectively, The comasion behavior of friction stir processed
nanocomposites have been addressed in this manuseript which has net been given sufficient attention in the existing literature, Further, this
work offers an effective choice for the quality assurance of the FSP process of AZ31/AIO; nanocomposites, The obtained resubts are relevant
to the development of lightweight automobile and aerospace stroctures and components,

@ 2022 Chongging University. Publishing services provided by Elsevier B on behalf of KeAi Communications: Co. Lud.
This is an open access article under the CC BY-NC-ND license (hitpuforedtivecomimons org/licenses/by-ne-nd/.00)
Peer review under responsibility of Chengging University

Keywordy: Friction stir processing; AZ31 alloy; AlpOs: Nanccompesite; Mechanical properties; Corrosion resistance.

1. Introduction

Magnesiwm (Mgr and its alloys have drawn a lot of inter-
est for several industries, including automotive. aerospace, and
clectronics, in the last few decades (L] Due to their numer-
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article under the O BY-NC-ND license (hirp

ous altractive attributes, such as lightweight and good specific
strength, these alloys are in higher demand [2,3]. The AZ31 is
most frequently used alloys in the AZ-series, and around 70%
of Mg cast products are made from this alloy [4,5]. Numerous
rescarchers have investigated various materials, including car-
bon nanotubes (CNTs) [6], alumina (Als0a) [7,8], graphene
nanoplatelets [2], silicon carbide (SiCy [10], zirconium oxide
(ZrQa) [L1], and ytirium oxide (Y205) [12], as reinforcement
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The need of light weighted materials has led to the use of composites like aluminium (AL} metal matrix
composites [AMMES] for advanced material performance, These days the AMMCs have been considered
as the mast potential candidate for structural and functional applications. AMMCs composite materials
are used in marine, defence, automotive, serospace, and heat prone areas. Stir casting method is promi--
nent technique for devefoping metal matry composites (MMCs] due to its easiness and production at
reasonable price with bulk manufacturing competency. This review article contains substantial aspects
af stir casting route like; mechanical properties, effect of various reinforcement, various challenges and
future research potential in the development of composites:

Keywords:
Stir casting

Aluminium metal matrix compusites
Reinforcement

Mechanical properties
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1. Intreduction

The hybrid composite materials are the biend of two or more
metal or non-metal which are soluble or insotuble to each other,
and possesses numerous properties which show advance o any
of the mdividual base materials. Specific strength of hybrid com-
posite materials 1s much higher than other materials, such as steel,
In the automotive industries, weight reduction is the primary goal
which promotes to replace the ordinary components with MMCs
[1]. Several ranges of secondary particle matersals are available
and the innovative casting technologies are paying attention on
mass production of various MMCs, The various hybrid composite
materials are generally categorized into two types the reinforce-
ment particle and matrix matenals vsed for manufacturing, As
per the matrix material composites; it is categorized as Polymer
fatrix Composites {PMCs), Metal Matrix Composites { MMCs), Car-
bon Matrix composites, and Ceramic Matrix Composites (CMCs),
Among all, MMCs has benefits as compare to other composites
materials due to its lugh temperatures resistance capability, oxida-
tion, electrical and thermal conductivities, and improved mechan-

* Corvesponding author b Department of Mechanival Ergineering, Delhi Tech-
nological University, Delhi 110042, India.
E-moil address; ashuztcoerd@zmail.com (A, Kumar)

A0 & matpr 201 510078
FR5310 2019 Elsevier Lrd. All rights reserved.

ical properties [2-4]. Amongst the existing matrix constituents (Al
Cu, Mg, Fe, and Ti} for production of MMCs, Mg and Al are the very
common in terms of their availability and application. Amongst the
various existing matrix materials, Al alloys are extensively used for
MMCs production. Certain attractive properties of Al are light
weight, availability, cheaper and easy to process with several
methods with higher strength to mass ratio and better corrosion
resistance [21. Fiz, | represents the schematic set up of stir casting
Process,

The reinforcement particles can be in the form of fibre, particu-
lates, interpenetrating or layer type. As per the reinforcement
material utility, composite materials can be categorized into fibre,
flake, laminar, particulate and flled reinforced composite. Among
all reinforce material composites, and particulate reinforced com-
posites are easily available, reasonable and ease to diffuse into
matrix and form comparatively homogeneous distribution in the
metal matrix, The assortment of these remnforce particles are
grounded on the utility and applications of the hybrid composite
[5.6]. Aluminium matrix is generally reinforced with SiC or Al;0s
ot BaC or WC, are one of the freguently used MMCs which develop
enhanced mechanical properties with comparatively lesser fabri-
cation cost [7]. Pz 2 represent the several reinforcement and
matrix materials that can be utilized for the development of MMCs.

Stir casting methods interpretation for approximately 674 by
MNMCs vol. % development [8], and so an extensively evaluation

Selegtinn amd peer-review under responsibality of the scientific committee of the International Cunfierence o Meghanical and Energy Technadogies,
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Ahstract. Aluminium and itz alloys have excellent characteristics such as low deénsity, hish ductility
and appropriate strength. In the manne, sutomotive and high-speed tram sector. they find extensive
applications. The volume percentage of metal matrix and reinforcement material and alse the method
of manufacturing the composites are the vital factors in maling composite product. Composites of a
metal matrix (WMCs), such as 81C and' Al strengthened fly ash particles, are most widely used becavse
of their excellent high hardness high strensth corrozsion resistance, stiffness and wear properties. The
high strength and rigidity of AA 2024 allovs are well known. The high specific strensth of such alloys
with suitable reinforcement gives better yield properties and finds various apphications at 2 reasonable
cost. This article mncludes the study on mechanical and microstructural behaviour of AA 2024 metal
matrix composites by reinforcing SiC and fly ash particles.
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1. Introduction

Now a days the traditional heavy materials components have been replaced by modern lighbweight
composite materials which are economical, high specific strength vsed in various applications. The
stiffhiess, strength and hardness of compesite materials are highly dependent on the type of
reinforcement and percentage volume i the base matrix. In the modem era throughout the globe,
different structural and vehicle manufacturers are concentrating on innovative wear resistance
component and replace the cast iron by aluminivm based composite material m vartous uses [1-2, 15-
17]. Composites materials based on Al as base matrix and reinforced by various secondary particles
like; B4C, 5iC and fly ash had been done by various scientists and researchers. It 15 found that the Al-
based composites have low wear rate, high thermal conductivity as per requirement, low density and
higher heat capacity potential comparing with traditional steel [3-3]. The effect of 20 vol % SiC
reinforced AA3SY aluminimm amalgams has shown higher wear resistance m an and shiding
environment [6].

The preduction of green components has been used to accumulative responsiveness environment
worldwide. Fly ash generally obtained from the pulverized coal burning at various coals based
thermal power plants, the waste by-product of shows a very low density, therefore, very useful in
producing high strength and low weight hybrid metal composites. Reprocessing Fly Ash saves energy
and comparatively cheaper. Several researches have established and shown that Al-Flv Ash hvbrid
composites can enhance the rigidity, tensile strength. shock-absorbing capacity, and wear resistance
but at the same decreasmg the density of base matrix alloy [7. 8]. Flv Ash comprises mostly of Al:Os,
5i0;, FexO:, and oxides such as P, Mg, and Ca, comprises less volume fraction of particles like;
mullite, hematite and crystalline quartz [8].
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