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ABSTRACT

This research has successfully introduced a novel fabrication process which deals

with the combination of vortex, double stir caste, ultrasonic vibration to manufacture

AA7150-hBN, AA7150-SiC, AA7150-TiC, AA7150-B4C nanocomposites and AA7150-hBN-

B4C hybrid nanocomposites with the nanoparticulate reinforcement varying from 0.0 to 2.0

wt% in the steps of 0.5 wt%. The effect of nanoparticle reinforcement on microstructure,

density, microhardness, porosity and ultimate tensile strength was studied. An optical

microscope was used to find the grain formation and grain refinement while electron

microscopy was used for ceramic nanoparticle distribution studies and factographic studies of

fracture surface. Energy Dispersive X-Ray Spectroscopy and X-ray diffraction were used to

study the chemical composition of various composites and reinforcement particles.

Significant enhancement was observed in mechanical properties at as-cast state of

composites with the independent of nano reinforcement particles. Nevertheless, AA7150-1.5

wt% nanocomposite exhibited enhanced performance as compared to base material and

other nanocomposites in the present study. Increase in hBN wt%, increased the hardness and

strength (151.3-180.2 HV and 141-255 MPa) of the nanocomposites due to uniform distribution,

grain refinement and hard phase particles, which promotes load bearing capacity. Further

increment in hBN wt% decreases hardness and strength due to voids, clusters and

agglomerations. Wear studies on AA7150-hBN nanocomposite were studied and found the

wear loss of nanocomposites decreased with the increase in the hBN nanoparticles

reinforcement due to hardness enhancement, which leads to seizure and wear resistance.

Graphical representation of wear results confirmed that the load has greatest influence on wear

loss and temperature due to higher frictional forces. SEM images of wear surface reveals that

the wear is an abrasive type with restricted plastic deformation and acted as protective layer at

1.5 wt% hBN, 3 wt% hBN reveals more debris, oxide layer and delamination on wear surfaces.

AA7150-1.5% SiC nanocomposite showed 83.47% reduction in porosity, 23.9%

enhancement in microhardness, 60.1% in ultimate tensile strength; Similarly, maximum grain

refinement of the TiC nanocomposite is 41.07 μm and minimum porosity is 0.37% which was

decreased by 52.37% (86.23-41.04 μm) and 69.87% (1.23-0.37%) as compared to AA7150

matrix alloy material. The microhardness and tensile strength of AA7150-1.5%TiC
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nanocomposites at as-cast case enhanced due to novel fabrication process followed by UV

treatment effect. These properties of nanocomposites are 177.05 HV and 175 MPa, which

are enhanced by 17.40% (150.81-177.05 HV) and 48.31% (118-175 MPa) as compared to

AA7150 alloy matrix respectively; In case of AA7150-B4C, porosity decreases while

increasing the B4C nano particle content at the observed minimum of 1.5% B4C (0.11%).

Micro-hardness improved by 154.5-192.4 HV (57.7%) Ultimate tensile strength significantly

improved by114.7-180.9MPa (24.5%) and found to have optimal properties at 1.5% B4C.

Maximum ductility of 16.27% was reported at optimal weight percentage of B4C.

Fractographic studies reveal the brittle nature of failure in nanocomposites. In (B4C-hBN)

hybrid nanocomposite, porosity decreases while increasing the particle content and observed

minimum at 1.5% B4C-hBN (82.03%). Micro-hardness, ultimate tensile, and yield strength

significantly improved by 150.81-194.7 HV (29.10%), 94-192 MPa (104.25%), and 35-58

MPa and found to have optimal properties at 1.5% (B4C-hBN). Fractographic studies reveal

the failure of AA7150-hBN, AA7150-SiC, AA7150-TiC, AA7150-B4C nanocomposites and

AA7150-hBN-B4C hybrid nanocomposites are semi-brittle in nature.

Keywords: AA7150, hBN, SiC, TiC, B4C, Ultrasonic, Stir Casting, Metal Matrix,

Nanocomposites, Nanoparticles, Microstructure, Mechanical Properties.
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CHAPTER -1
INTRODUCTION

This chapter deals with a brief introduction and broad classification of engineering

materials and composite materials based on matrix phase as well as Reinforcement Phase

(second phase) particles. The discussion was extended to fabrication methods of metal matrix

composites and their need for the present industrial demand.

1.1 Engineering materials
Engineering materials are materials that are used to develop various components and

structures in engineering sectors. The fundamental objective of an engineering material is to

hold and withstand applied loading without much deflection or breaking. The different main

parts of engineering materials are: ceramics, metals, polymers and composites. The main

classifications of the materials are discussed below in Figure 1.1.

Figure 1. 1 Broad classification of engineering materials.

1.1.1 Metals
It is a material which conducts heat and electricity. Metals are well defined crystal

structures and are typically ductile or malleable. Among several ferrous and non-ferrous

metallic materials, Aluminium (Al) is the world’s 3rd most natural element and abundant

metal comprising 8% of the earths’ crust. Pure Al is corrosive resistant, ductile, soft, and has

high electrical conductivity. Al material is the lightest engineering metal and has superior
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strength to steel due to its high strength to weight ratio coupled with corrosion resistance. Al-

alloys play a dominating role in the different engineering sectors and has a quintessential

alloying element like Silicon (Si), Copper (Cu), Zinc (Zn), Magnesium (Mg), Manganese

(Mn), and Tin (Sn) as minor alloying elements.

1.1.2 Ceramics
It is a solid material involving a non-metallic, inorganic compound of metal which has

complex or amorphous crystalline structure with robust ionic bonds. Ceramic materials are

hard, brittle and strong in compression but weak in terms of tension as well as shear. These

ceramics can also withstand high temperature up to 1500oC.

1.1.3 Polymer
Polymers are “generally long chain of organic macro-molecules with covalent bonds.

Each molecule is formed from a large number of unitary molecules known as Monomer and

some polymers have molecules which cross link with each other by increasing the strength

across the molecules”. Polymers can be stretched & bent easily due to this reason and are bad

conductors of heat and electricity with good elasticity and plasticity property.

1.1.4 Composites
A composite is a “material made from two or more constituent materials with

significantly different physical or chemical properties that, when combined together, produce

a material with characteristics different from the individual components”. This new

composite material may be adopted for many reasons such as being less expensive, lighter,

stronger, less corrosive and wear.

Composite materials are classified into two categories based on matrix phase and

reinforcement phase.

1.1.4.1 Matrix phase

It is a main phase with a continuous nature. It generally holds the reinforcement and

increases the load bearing capacity of composites by distributing the loads to dispersed phase.

This phase usually contains materials which are less hard and more ductile in nature.

https://en.wikipedia.org/wiki/Physical_property
https://en.wikipedia.org/wiki/Chemical_property


2019“Fabrication and Experimental Investigations on Nano-Particulates Reinforced Al7150 Metal Matrix Nano-Composites”

3 “Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S).”

1.1.4.2 Reinforcement or dispersed phase

It is a 2nd phase material which is dispersed in the primary phase in a discontinuous

form. This phase is stronger, harder and brittle than the primary phase.

Based on matrix phase, the composites are further classified into three categories such

as metal, polymer and ceramic matrix composites. Polymer matrix composites are divided

further into two composites like thermoplastics and thermosets. Reinforcement based

composites are further divided into structural, fibrous (continuous and discontinuous with

aligned or random oriented), and particles reinforced (large particles, dispersion strengthened

- micro and nano level size) composites. The detailed classification is shown in Figure 1.2.

(a)

(b)
Figure 1. 2 Classification of composites based on (a) matrix and (b) reinforcements.

Nano-particles reinforced composite materials are different from micro-particles

reinforced composites and alloys due to their superior surface area to volume ratio.

Nanocomposites are special purpose materials with a nanostructure. Reinforcement particles

may be made of fibers (electrospun fibers or nanotubes) or particles such as Titanium Carbide
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(TiC), Boron Carbide (B4C), Titanium Diboride (TiB2), Silicon Nitride (Si3N4), Silicon

Carbide (SiC), Hexagonal Boron Nitride (hBN), Titanium Dioxide (TiO2), Silicon Dioxide

(SiO2), Graphite (Gr), Aluminium Oxide (Al2O3), etc,. In conventional composites,

interfacing area between reinforcements and matrix are typically less than that of

nanocomposites and properties of matrix material are significantly affected by the nature and

size of reinforcements. A small amount of nanoparticles create a large amount of surface area

which can affect the macro-scale properties of composite materials. For example,

incorporation of nanopowder as a reinforcement into matrix material. Nanoparticles may

result in enhanced mechanical properties such as enhanced strength, stiffness, corrosion, wear

and fatigue resistance. The addition of a certain percentage of nano-sized reinforcement into

the matrix during the fabrication process is low (percentage by weight of nanoparticles is the

order of 0.5% to 5.0%) due to low filler percolation threshold.

A Metal Matrix Composite (MMC) is a “composite material with at least two

constituent parts, one being a metal and the other non-metal, ceramic material such as TiC,

SiC, B4C, or organic Rice Husk Ash (RHA), Bamboo Leaf Ash (BLA), Fly Ash (FA), Carbon

compound are most commonly used. When more than one reinforcement materials are added

into the matrix then, it is called a “hybrid composites”. The detailed graphical represented in

Figure 1.3.

Figure 1. 3 Classification of MMCs.
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Al-Matrix Composites (AMC) are a large group in MMCs. These composite matrices

vary from 1XXX to 9XXX alloy series and are fabricated by Powder Metallurgy (P/M) and

Liquid Metallurgy (L/M) methods in which, liquid metallurgy method via stir casting

technique is most widely adopted owing to its various benefits in the fabrication of particulate

reinforced MMCs. The typical advantages of AMCs are high stiffness, strength and thermal

conductivity, low density and excellent abrasion resistance. It has a wide range of applications

in automobile industry, as brake rotors for high speed trains, core wires in electric cables and

aerospace (wings, fuselage frames, seat rails) industry.

1.2 Manufacturing methods for MMCs
MMCs are fabricated through various methods such as In-situ, Co-deposition (Co-dep),

Solid and Liquid states techniques. The detailed fabrication techniques and further

classifications are shown in the following Figure 1.4.

Figure 1. 4 Different fabrication methods for MMCs.

Stir casting is a recommended technique to manufacture MMCs because of its ease

with which the MMCs are fabricated, economical as well as mass production is possible. This

process contains a mechanical impeller to stir the molten liquid metal continuously. During

this process, there is an opportunity to oxidation of the matrix phases. Oxidation plays a

crucial role on the metal surface and reduces the wettability, which results in improper mixing

of secondary phase particulates. To avoid formation of metallic oxidation during the process

an inert gas (argon, helium, krypton, xenon) is used along with wettability agents (Borax, Di-
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potassium Titanium Hexafluoride (K2TiF6), and Mg) to improve wettability between

dispersion phase and matrix phase. Apart from these problems, uniform distribution of

reinforcements in the molten liquid phase is another challenge typically faced during the stir

casting method., which is controlled by stir casting process parameters. Therefore, stirring

parameters such as blade diameter, angle, stirring speed, and stirring time as well as position

of stirrer in a molten liquid play a critical role in uniform distribution of second phase

particles in the matrix phase (Madhukar et al., 2016).

1.2.1 Ultrasonic vibration assisted casting
Homogeneous distribution of second phase particles is an important aspect in molten

phase to produce quality composites. It is very difficult to produce due to high viscosity of

molten liquid and poor wettability which leads to agglomeration/cluster formation.

Mechanical rotary stirring may be required for homogeneous mixing of particles and

improving the quality of composite but it increases the cost of fabrication process in the case

of nanoparticles. To minimize the cost and improve the quality of composite, ultrasonic probe

assisted fabrication process has been used (Xia Zhou et al., 2014). The following Figure 1.5

shows the stir casting and ultrasonic fabrication processes for the nano-particulates reinforced

MMCs. During the fabrication process, atmospheric air interacts with the reinforcement

particles and forms the metallic oxides, because of Al is very much prone to oxidation in

normal atmosphere which form slag, clusters/agglomerations that lead to poor wettability and

also, degrade the properties of MMCs. To avoid such problems, an argon-controlled

atmosphere was used to fabricate Al-MMCs.

Figure 1. 5 Fabrication of MMCs (a) Stir casting method (b) Ultrasonic treatment method.
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1.3 Material characterization and testing methods
Characterization of material is defined as the study of composition and structure

(including defects) of a material that are significant for a particular preparation, study of

properties, or use, and suffice for reproduction of material”. The detailed characterization for

a material is graphically shown in Figure 1.6.

Figure 1. 6 Characterization of materials and testings.

*Chem/Elect/Thermal= Chemical/Electrical/Thermal Properties; DTA=Differential Thermal Analysis;
TGA= Thermal Gravimetric Analysis; DSC=Differential Scanning Calorimetry; CV= Cyclic Voltametry;
LSV= Liner Sweep Voltametry; EIS=Electrochemical Impedance Spectroscopy; OM= Optical Microscope;
SEM=Scanning Electron Microscope; TEM= Transmission Electron Microscope; AFM= Atomic Force
Microscopy; EDS= Energy Dispersive X-Ray Spectroscopy; XRD=X-Ray Powder Diffraction

1.4 Need of composite materials
“The main advantage of a composite material over conventional material is the

combination of different properties which are not often found in the conventional”materials.

Nowadays, nanocomposites are becoming more popular due to tremendous advantages they

bring and the number of applications they promise. Leading manufacturing industries are thus

concentrating on as well as spending lots of money on nano material research and
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development. A composite material is “composed of at least two materials, which combine to

give superior to those individual constituents”. The major reason for choosing the composite

material is due to its light weight relative to its strength and stiffness. For example; a

composite reinforced with carbon fiber is 5 times stronger than steel (Grade:1020) with 1/5th

the weight of steel. Al6061 alloy is very close to the weight of carbon fiber reinforced

composite and somewhat heavier but the composite has 7 times strength and 2 times the

modulus. Therefore, demands for composites across the globe is increasing and composite

industries are being set up for designing new materials for industrial applications like

aerospace, automobile, marine and other engineering domains.”

1.5 Summary
This chapter deals with the nanocomposites and their benefits over micro-composites

as well as monolithic materials. The chapter also discusses broad classification of engineering

materials and composite materials based on matrix phase as well as second phase particles.

The discussion was extended to fabrication methods of metal matric composites and their

classification, especially Al-MMCs and stir casting process.
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CHAPTER -2
LITERATURE REVIEW

This chapter represents the literature review of the research work carried out by the

researchers on MMCs from the past two decades and discussed liquid state manufacturing

processes and characterization of MMCs in detailed.

2.1 Introduction
From the last two decades, researchers are aiming for Al and Mg alloys because of

their high strength to weight ratio. The traditional fabrication methods for lightweight MMCs

involve mechanical stirring, P/M, squeeze casting and semisolid stirring. In recent years,

ceramic particles have been scaled up to nano-size such as nano Al2O3, SiC, B4C, hBN, TiC,

TiB2, etc, for use as reinforcements to form Metal Matrix Nano-Composite (MMNC). There

are several ways to produce MMNCs, two popular methods being P/M and L/M routes. The

casting process is a liquid phase method to manufacture a component with highly complex

shapes. But getting uniform dispersion and distribution of ceramic particle in a metallic liquid

is highly difficult and challenging task, due to its poor wettability, gravity segregation,

oxidation of matrix materials, high viscosity as well as huge ratio of surface to volume. Since

the fabrication of MMNCs through P/M route is very costly and also, involves series of

processes like, selection of proper size and distribution of particulates of both matrix and

reinforcements, blending, mixing, lubrication, compaction, sintering and secondary processes

post fabrication, considering these challenges, in the present investigation the fabrication of

MMNCs is planned by fallowing liquid metallurgy method via stir casting route.

2.2 Fabrication methods through liquid casting

2.2.1 Stir casting route

Rotor and ceramic crucible reservoir are used to distribute the reinforcement particles

into molten matrix materials by mechanical stirring. It contains heating furnace with electric

resistance coil to melt the base metal, feeding mechanism for ceramic nanoparticles and a

mechanical stirrer connected to an electrical motor to mix the preheated nanoparticles in

matrix liquid. Researchers have fabricated hybrid MMCs through stir casting method
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(Thirumalai Kumaran S et al., 2015; Jaswinder Singha et al., 2015; Rajmohan T et al., 2013;

Thirumalai T et al., 2014) and conducted experiments to analyze it in various aspects; in one

such attempt, Radhika et al., 2013, studied Hybrid Composite (HC) of AlSi10Mg reinforced

with Al2O3 & Gr and unreinforced alloy specimens they performed microstructural analysis as

well as examined mechanical properties such as tensile strength, double shear strength and

hardness of HC with that of unreinforced alloy. They found that hybrid MMCs had higher

values than that of unreinforced alloy. The tribological behavior of HCs was studied using

Pin-On-Disc (POD) test machine, and it was concluded that the HCs had higher wear

resistance compared to unreinforced alloy and wear debris; worn out surfaces analyses were

studied by SEM. Pradeep Sharma, et al., 2016, developed HC of AA6082-Si3N4 & Gr, and

investigated mechanical properties and micro structure with analysis done using SEM, and

XRD. Both micro as well as macro hardness and tensile strength of HCs were examined and

notice the enhancement in the properties.

2.2.2 Compo casting (Two step stir casting) method

A recent interesting development involves matrix material heating above its melting

temperature and then cooling it to a certain temperature between liquid-solidus points. At this

stage, preheated nano reinforcement particles are added and mixed. The slurry is heated again

to get it to liquid state and stirred thoroughly. It was used to prepare HCs by different nano

reinforcement particles such as Bamboo Leaf Ash (BLA) & Al2O3 (Alaneme K K et al., 2014)

in the Al–Mg–Si alloy (Prakash C H et al., 2011) as a base material; in such connections,

through two-step stir casting (Dora Siva Prasada et al., 2014) was used to enhance various

properties. Kenneth Kanayo Alaneme et al., 2014 investigated the wear and corrosion

behavior of Al–Mg–Si alloy material reinforced with rice husk and SiC particles, which was

fabricated through double stir casting technique. Potentio dynamic polarization measurements

and open circuit corrosion potential (OCP) were used to steady corrosion behavior. The

corrosion resistance was improved by reinforcement of SiC and RHA; SiC had great

corrosion as well as wear resistance.

Kenneth Kanayo Alaneme et al., 2013 investigated the wear and corrosion behavior of

Al–Mg–Si alloy material reinforced with RHA and Al2O3 particles, which was fabricated

through double stir casting technique. The results indicated that Al-Mg-Si/10wt.% Al2O3

single reinforced composites were superior to hybrid MMCs in Sodium Chloride (NaCl) 3.5%
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solution. Corrosion rate increased with increasing Weight Percentage (wt.%) RHA in the HCs

while wear rate also increases with the addition of wt.% RHA.

2.2.3 Ultrasonic assisted stir casting method

The experimental set up consists of a heat furnace with resistance to melting base

metal, a gas protection system, a feeding mechanism with nanoparticles and ultrasonic

process system. The equipment has mild steel crucible of 127 mm height and 114 mm inside

diameter, which is used for melting base metal matrix. In ultrasonic process, a probe, which is

made up of Niobium C-103 alloy and Ti alloy, is used due to its high-temperature resistance

property and because it does not react with molten liquid during the sonication process, to

produce maximum 4 kw power output and 17.5-20 kHz frequency for melting process; the

niobium probe, 39cm in length and 35mm in diameter, is dipped into the melt pool and in case

of Ti alloy probe, 115 mm in length and 20 mm in diameter to achieve effective sonication.

The ultrasonic processing melt temperature is about 700-800 degree centigrade (°C). This

process is performed after adding pre-heated ultra-fine (nano) ceramic particles through steel

tube into the matrix melt and the process can refine grain size of matrix material significantly

and disperse as well as distribute homogeneously after finishing the ultrasonic test in molten

matrix; the processed liquid is than poured into a preheated (about 500°C) permanent steel

mold cavity to cast the MMNCs.

2.2.4 The effect of ultrasonication

The treatment of ultrasonic for liquid metals is a dynamic, cost-effective and

environmentally friendly process. Since the 1950s, Ultrasonic Treatment (UST) has been

implemented and it shows ultrasound application during the solidification process of liquid

metals, this technique is introduced to produce a broad area of MMNCs. In the current UST

process, the strongest non-linear effects are generated in molten metal alloy based on great

intensity of ultrasonic waves, namely, acoustic streaming and transient cavitation.

Additionally, the transient miniaturized scale problem areas with a temperature of around

5000 K, and pressure of above 1000 atm can be settled. The solid effect of combination with

confined elevated temperature can clear the molecule surface, break nanoparticles groups,

enhance their wettability and circulate nanoparticles inside the molten metal. Ultrasonic probe

vibrations carried out at the time of solidifying liquid metal results in the following (Jin Ho

Bang et al., 2012):
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I. Reduction in porosity by degassing

II. Particle and grain refinement of primary phase

III. Grain duplication because of dendrite fragmentation and increase in nucleation

because of initiation of substrates through wetting

IV. During the debacle of cavitation bubbles exertion of large acoustic pressures which

cause reduction in segregation and agglomeration

V. Dispersion as well as distribution of immiscible or solid form through natural process

as well as acoustic micro-streaming

2.2.4.1 Dispersion of nanoparticles

It is very tricky to circulate nano-sized particles in a liquid medium because of their

higher surface to weight ratio as well as poor wettability; these nanoparticles form clusters

because of their surface property when mixed with a liquid medium or when they are exposed

to the atmosphere and cluster formation as shown in Figure 2.1 with and without sonication.

So, the new fabrication method gets rid of nano-clusters to get uniform distribution. In this

process, uniform distribution and breaking of nano-clusters take-place because of acoustic

streaming phenomena.

Figure 2. 1 SEM image (a) Without high-energy ultrasonic field (b) With high-energy

ultrasonic field (Song-Li Zhang et al., 2014).

2.2.4.2 Acoustic streaming

Lan J et al., 2010, found that in contrast with conventional energy sources, ultrasonic

illumination stipulates fundamentally odd response conditions (a brief span of too many high

temperatures and in addition pressures in fluids) that can't be acknowledged by different

strategies strikingly, and such exceptional situations are not obtained in a straightforward
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fashion from ultrasound vibration. Acoustic wavelengths are significantly greater than sub-

atomic measurements. Rather, acoustic cavitation (i.e., the development, enlargement as well

as the implosive failure of air bubbles in fluids) is determined through the chemical impact of

ultrasound by high-intensity ultrasound represents. At the point when fluids are illuminated

through ultrasound, broad and compressive acoustic waves produce bubbles (i.e., cavities).

The faltering air pockets can increment ultrasonic energy efficiently while developing a

specific range in microns (μm). Under normal circumstances, an air pocket (bubbles) can

increase and collapse subsequently, discharging moving energy saved in the rise inside a

bubble within fraction of seconds (with a cooling as well as heating rate of >1010Ks-1). This

cavitation implosion is extremely confined with 1000 bar pressure, and transient at 5000 K

temperature. This heightened energy is adequate to break groups of clusters and scatter

nanoparticles in different directions.

2.2.5 The effect of the ultrasonic probe (horn)

Li X et al., 2007, noticed that at a particular frequency, the natural vibration forms a

represented shape of mode with specially designed tools such as sonotrodes (ultrasonic horns)

as well as boosters. The axial-mode half-wavelength sonotrode is the easiest example of the

existence of predominant direction of vibrational motility together with the axis of sonotrode.

Half-wavelength is defined as the variation of vibration amplitude along the length with zero-

point (axial) motion in the middle. The ultimate function of the horn is to amplify the

frequency of the tool to the level required for efficient machining assistance, although it

serves as a means of transmitting the vibrational energy from the transducer and helps the

better dispersion of reinforcement particles in the liquid.
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Figure 2. 2 (a) Ultrasonic chain: (b) Stepped ultrasonic horn (correlation l - λ and
amplitudes) (Alexandru Sergiu Nanu et al., 2011).

Figure 2. 3 Horn designs (Alexandru Sergiu Nanu et al., 2011).

Figure 2.2 represents the relation between length-frequency and amplitude of the

stepped horn (Alexandru Sergiu Nanu et al., 2011). In the ultrasonic treatment process, we

insert the stepped horn in the molten metal. When it starts vibrating the horn releases acoustic

waves into the molten metal. Figure 2.3 represents a few horn designs which were used in the

casting industries for ultrasonic treatment.

Wang X J et al., 2014, fabricated Mg-SiC (micro 5-20 wt.%) MMCs by Ultrasonic

Vibration (UV) assisted stir casting processing. They were revealed that there exists an

optimal time in favor of sonication and that too long or too short times for the process,

resulted in non-homogeneous particles circulation and they proved that ultrasonic is essential
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to attain uniform particle circulation and the grain size of the composite decreased along with

increase of particle content, resulting in increase of yield strength, ultimate strength as well as

elastic modulus. They concluded that ultrasonic treatment apparently improves the

mechanical properties of composite compared with traditional stir casting.

Harichandran R et al., 2015, added B4C particle reinforcement of nano and micro size

particles to the Al matrix. They fabricated the composite by conventional stir casting assisted

by ultrasonic cavitation casting process. The researcher investigated mechanical properties

when B4C nanoparticles were added to the base metal. The mechanical property of the tensile

test results revealed that 6% B4C with nanoparticles showed better properties than micro

particles. This article also includes impact energy and ductility analysis of micro and

nanocomposites. The micro B4C reinforced composites were shown to be fewer compared to

nano. The performance of nanocomposite wear resistance notably increased with B4C particle

amount and increased up to 8 wt.%. Dinesh Kumar Koli et al., 2015, fabricated Al 6061- nano

Al2O3 (40 nm) composite by mechanical stirring assisted by the ultrasonic cavitation casting

process. They prepared different wt.% compositions (1-4 wt.% of reinforcement with a

variation of 0.5%). They investigated microstructure of nanocomposites. The microstructure

analysis indicated that uniform distribution in Al matrix by ultrasonic frequency at 20 kHz

and they conducted mechanical tests to find out properties like hardness, tensile and

compressive strength. The test resulted in an increase in mechanical properties.

Jufu J et al., 2015, fabricated nano-sized SiC / Al-7075 matrix composite by ultrasonic

dispersion technique. They examined the mechanical and microstructural properties of the

prepared composite. The effect of acoustic streaming as well as cavitation of the ultrasonic

experiment was studied while mixing nano SiC in the molten liquid. They carried out heat

treatment process for the campsite and they compared the values of mechanical properties

before heat treatment and after heat treatment. The heat treatment led to an improvement in

mechanical properties. Ravindra Singh Rana et al., 2014, fabricated Al-5083/ 10 wt.% nano-

SiC composite by mechanical stirring assisted by ultrasonic cavitation machining and they

performed a wear test using Taguchi technique. The experiments were conducted at different

factors and levels. The results were analyzed using Analysis of Variance (ANOVA). The

results showed that the highest influencing parameters are applied load along with speed and

distance on the nanocomposite.
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2.3 Investigative studies on properties of MMCs

2.3.1 Microstructure evaluation

The primary task of fabrication process is to produce the composites with uniformly

distributed particulates in the matrix and secondary, is to avoid the clusters/ agglomerations

during the fabrication process. Qiang & Qiu., 2018, and Jayakrishnan et al., 2016, UV process

introduced in molten liquid and investigated degassing phenomena, nanoparticles distribution,

and grain refinement. Easton et al., 2011 investigated the grain refinement of material during

the fabrication process and achieved the grain refinement by novel experimentation which

deals with semisolid casting process, electromagnetic stirring and UV treatment. Yang et al.,

2017, found that UV treatment was also a highly effective technique to distribute ceramic

nanoparticles in molten liquid because of acoustic streaming and cavitation effect. The

ultrasonic energy introduces cavitation bubbles which develop micro level “hot spots”

containing high temperature and pressure. Hence, these can break up the agglomerations and

enhance the wettability of nanoparticles in the molten liquid of Al alloy. In the meantime,

acoustic streaming stimulates homogeneous mixing of ceramic nanoparticles in the metal pool.

Yong Yang and Li, 2007, fabricated nanocomposites through ultrasonic assisted

process and achieved homogeneous dispersion of nano SiC particles. From the results, it was

noticed that the enhancement of material properties was achieved due to the incorporation of

SiC particles. Puga et al., 2009, studied the effect of parameters such as power, processing

time and temperature of melt during ultrasonic degassing process in Al melt. The results

suggested that the UV treatment has an important role to improve the degassing effect in

molten liquid. Du Yuan et al., 2019, studied the effect of squeeze casting and UV techniques

for reinforcement and the effect of SiC nanoparticle distribution of A356-2wt.%SiC

nanocomposites. It is observed that UV treatment reduces secondary dendritic arm spacing of

α-Al by 49% while it also reduces squeeze casting by 55% compared to base A356 alloy.

Helder Puga et al., 2009, studied the intensity of UV effect on degassing of AlSi9Cu3
alloy melt. The different parametric influence of ultrasonic, processing time and temperature

were investigated on degassing efficiency and found that the degassing efficiency strongly

influenced by the processing time, power of ultrasonic and melting temperature of matrix.

Harichandran and Selvakumar, 2016, in their process, high energy ultrasonic waves were

introduced in the melt pool to generate nonlinear effect called transient cavitation and acoustic
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streaming. Acoustic streaming as well as transient cavitation process involves to form the

cavitation bubbles and to develop energy levels, which is highly greater than the energy levels

produced by mechanical stirring process; therefore, these transient cavitations and

macroscopic streaming have a tendency to disperse nanoparticles to prevent agglomeration,

and enhance the wettability of reinforcement in molten liquid.

2.3.2 Physical properties

In general, the density of composite material increases when the ceramic particulates

reinforced in to alloy during fabrication. Nevertheless, the mixing of low-density ceramic

particulates, reduces the density of composites (Miracle D.B., 2005; Alanemea et al., 2013;

Olugbenga et al., 2010). Boopathi et al., 2013, calculated the experimental density values of

Al/FA, Al/SiC, and Al/SiC/FA composites. It was noticed that the experimental density of

composites decreased with increase of FA content due to its low density. Similar results are

also notice, i.e., the density decreases with increase of FA reinforcement content and the same

phenomenon also been noticed for FA particulates reinforced composites studied by Gnjidi et

al., 2010 and Rao et al., 2001.

Rajmohan et al., 2013, reported that the experimental density of mica reinforced Al-

Mica HCs was higher than that of ceramic reinforced composite density. It was also reported

that the density of the composite increased with increase in mica reinforcement. The Sahin,

2003, experimental results are also in line and found that the experimental density increased

by increase in the particulate contents of reinforcement. The enhancement of material density

indicates that the breakage of particle may not have any influence on the composite material

and the interfacial bonding between the matrix and particulates. The existence of porosity

levels may be due to pull out of particles, improper mixing and casting, clusters/

agglomerations. As per Alaneme et al., 2013, slight porosity in the composite material due to

SiC and BLA reinforcements. It was also noticed that the porosity level does not increase with

multiple reinforcements. These porosity levels are very much lower than that of acceptable

range in composite materials (Kok M, 2005; Alaneme K.K et al., 2012).

In another report, Alaneme K.K et al., 2013, discussed that the density was decreased

by 6% in the HCs which is fabricated with RHA & Al2O3 and it is also compared with

ceramic particulate reinforced composites. The density of composite significantly decreases as

the contents of RHA increased due to its lower density. The reliability of the composite can be
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in line with a lower porosity level and it is a good sign for the quality of manufacturing

process (Kok M, 2005; Alaneme K.K., 2012). Prasad et al., 2012, noticed that the

experimental density of hybrid Al-x%SiC-x%RHA (x=0-8 wt.%) composite decreased with

increased particles content. It was mainly due to the lower density values of RHA particles. It

was also noticed that the porosity of the composite enhanced with increase of particles content

due to gas involvement during the mixing and shrinkage of the material during solidification

process.

2.3.3 Mechanical properties

2.3.3.1 Hardness

Low aspect ratio of ceramic particle reinforcement is very much important as far as

hardness of the composites material is concerned. According to Hutching, 1987,

reinforcement particles like Al2O3, and SiC enhance the hardness of MMCs. Miyajima et al.,

2003, noticed that the composite fabricated through ceramic particles were much harder than

that of fiber & whisker reinforced MMCs. The effect of reinforcement particles on

microhardness of Al-MMCs have been reported by several researchers and their contribution

discussed below:

Boopathi et al., 2013, noticed that the reinforcement particle increases the hardness of

the MMCs. It was significantly enhanced with increase of weight fraction of particle content

and also observed the maximum hardness for Al-10%SiC-10%FA composite due to the FA

reinforcement which leads to enhance the interfacial bonding between matrix and particles.

Rajmohan et al., 2013, successfully fabricated HC (Al-x%mica-10SiC; x=0-8wt.%) and

estimated the microhardness of the composite. It was noticed that the microhardness of Al-

10SiC-3%mica shown better than that of Al-10SiC-6%mica HC material. Improving of

machining characteristic of the HMMCs concern, the lower hardness values are plays an

important role. Songmene et al., 1999, observed that the brittle material required more energy

for machining operation than that of ductile materials due to more forces required to shear the

material. It was also reported that the hardness of HMMCs increased with the mica content.

Prasad and Shoba, 2014, noticed that the microhardness of the A356.2-x%RHA-

x%SiC was significantly enhanced as compared to pure A356.2 alloy. the microhardness of

the monolithic enhanced with mixing of particles reinforcement content because of hard phase
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ceramic particulates. It was also reported that the hardness was enhanced with incorporating

of particle reinforcements up to 8wt.%. Uvaraja and Natarajan, 2012, investigated the effect

of B4C (3 wt.%) & SiC (0–15 wt.%) ceramic particles on the microhardness of base metal.

The microhardness of HMMCs achieved more hardness than the monolithic material due to

hard ceramic phase and minimum dislocation movement. It was also noticed that the

monolithic and Al-5SiC-3B4C reinforced HC showed similar results of microhardness but Al-

15SiC-3B4C shown significant improvement in microhardness and low toughness as

compared to Al-10SiC-3B4C HC due to higher % of ceramic particles is closely related to

superior microhardness. During the investigation, the maximum wt.% of reinforcements was

suggested for optimal hardness and strength of HMMCs. Alaneme K K et al., 2013, studied

microstructure, corrosion behaviour and mechanical properties of Al-HMMCs (Al-SiC-BLA)

which were fabricated through stir casting method. Experimental investigation for these

composites were done, while results indicated that hardness of hybrids decrease with increase

in BLA reinforcement and the same trend was observed with Prakash C H et al., 2011.

Alaneme K K et al., 2013, fabricated HMMCs by RHA & Al2O3 (RHA: Al2O3 = 0:10,

2:8, 3:7 & 6:4) reinforcements. The microhardness of HCs was decreases (4.58%, 8.14% &

10.94% is compared to monolithic) with increase of RHA content. The same trend was also

noticed with SiO2 in RHA. The SiO2 has lower hardness value as compared to ceramics

reinforcements (Courtney, T.H., 2006; Alaneme K.K., 2013). Hence, RHA particles have

noticeable effect on the microhardness of the Al-MMCs. Arun Kumar M et al., 2011,

prepared HCs (Al6061-eGlass-FA) with different wt.% by L/M method. Specimens were

machined as per test standards and casting defects were found using ultrasonic flaw detector,

some of the mechanical properties had been calculated and compared with Al-MMCs. The

researchers were reported the improvement of hardness in HC and also increased with

increases in wt.% of FA particles. Devaraju A et al., 2013, developed surface-based HCs with

reinforcement of (SiC & Gr) and (SiC & Al2O3) nano sized particles through friction stir

casting process. Microstructure of both composites were investigated with various tests, and

based on the results they concluded that the hardness of both HCs was improved, when

compared with average Vickers Hardness (HV) 104 of the matrix material. The composite

(Al-SiC-Gr) showed less hardness due to the Gr content and (Al-SiC-Al2O3) showed superior

hardness.
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Devaraju A et al., 2013, prepared surface HC with reinforcements such as SiC and Gr

to the Al alloy matrix through friction stir process. Taguchi method was used to find the

optimal parameters such as rotational speed and Volume percentage (Vol %) of

reinforcements for enhancing the mechanical and tribological properties of hybrid surface

composites. It was observed that the microhardness of HC increases due to the presence of

SiC particles. Venkat Prasad S et al., 2013, tried to produce HCs with low cost reinforcements

such as FA and Gr to improve the mechanical properties. HCs (AlSiMg-Gr-FA) were

fabricated by stir casting technique. It showed superior hardness when correlated with

unreinforced composite. Adding Gr particles to the matrix material decreases the hardness of

hybrid.

Nayak D et al., 2014, fabricated Cu-HMMCs with reinforcement of Gr and TiC

through P/M route and used factorial method to analyze the tribological performance and

found that the addition of Gr, reduced the hardness of HC and addition of TiC increases

hardness. Radhika N et al., 2013, manufactured HMMCs (AlSi10Mg reinforced with Al2O3-

Gr) by stir casting technique where unreinforced alloy specimens were also fabricated for

comparison. Investigation was done for microstructure as well as mechanical properties; it

was found that HMMCs showed higher microhardness values then that of unreinforced alloy.

2.3.3.2 Tensile strength

Mechanical properties of composites are much important and play a key role in the

application point of view. Chen et al., 1997, observed that the composite strength increased

with particle content due to the strong interface between the particulates and matrix. Further,

Thakur S.K., 2001, noticed the improvement of interfacial strength because of proper

distribution of ceramic particulates (preheated) in the composite material. In Al-MMCs, two

types of strengthening mechanisms have been noticed; i.e., indirect and direct strengthening

mechanisms. As per Chawla N et al., 2001, the direct strengthening occurs when the hard

phase ceramic particulates involved with the soft phase matrix. Which results, load baring

capacity of a composites increase due to transfer of load from matrix to ceramic particles and

resistance offered by the composite material increases. M.K. Surappa, 2008, the indirect

strengthening arises due to Coefficient of Thermal Expansion (CTE) mismatch between the

monolithic and particle reinforcements while solidification process which leads thermal

stresses and dislocation movement. The effect of size and reinforcement content place a
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critical role in the indirect strengthening. The strength of MMCs increases with decreases in

particulate size or increase particulate content due to dislocation density and larger contact

area for punching of dislocation in composite material. Various findings for the material

strength of MMCs are discussed below.

Mitrovic S et al., 2012, carried out research on HCs to make it lightweight often

resistance to wear and improve the mechanical properties. The chosen material matrix was

based on Zn-Al and reinforced with Gr and SiC particles. The results showed that HCs had

higher tensile strength compared with pure alloys. Essam R.I M et al., 2010, carried out

investigation on fabrication process and wear behaviour of HCs (Al1050 with SiC & Al2O3).

It was carried out on pure Al sheet by reinforcement mixture of SiC & Al2O3 by friction stir

process, and various tests were used to evaluate the strength. The average COF decreased

with increment of Al2O3 particles in relative ratios. Wu H F et al., 1995, studied the failure

characteristics of straight-sided and dog bone-type specimens and analyzed fiber/metal hybrid

laminates through stress analysis in part I, it was found that the UTS is significantly different

at 5% significance level. The authors recommended straight-sided specimen of fiber-

reinforced Al2O3 laminates as being better than dog bone type specimens for tensile testing.

Wu H F et al.,1994, discussed the study of tension test specimens, with a comparison of size

and alignment effects between straight-sided and dog bone-type specimens. The effect of size

(width) on tensile strength in fiber or metal laminates is insignificant over the range of

specimen width investigated for a constant strain rate.

Attharangsan S et al., 2012, investigated influence of Carbon Black (CB)/ RHA ratio

on tensile properties, curing characteristics and fatigue life of the composite. They found that

the inclusion of carbon black in hybrid decreases curing and scorch time but increases the

torque. As the carbon % increases the modulus, fatigue and tensile strength increase whereas

elongation decreases at break. Pradeep Sharma, et al., 2016, developed HC of AA6082-Si3N4

& Gr, and investigated mechanical properties and micro structure with analyzed using SEM,

and XRD. Both micro as well as macro hardness and tensile strength of HCs were examined

and notice the enhancement in the properties. Thirumalai Kumaran S et al., 2015; Jaswinder

Singha et al., 2015; Thirumalai T et al., 2014, fabricated hybrid MMCs through stir casting

method and conducted experiments to analyze it in various aspects. They performed

microstructural analysis as well as examined mechanical properties such as tensile strength,
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and hardness of HC with monolithic. They found that the hybrid MMCs had higher values

than that of monolithic alloy.

Oluwagbenga Babajide Fitile et al., 2014, investigated mechanical behaviour and

microstructure analysis of Al-Mg-Si alloy MMCs which were reinforced with SiC and Corn

Cob Ash (CCA) nanoparticles, and fabricated through 2 step stir casting process. Density

measurements, percentage porosity, tensile strength, micro hardness measurements and

microstructure characterization were done to characterize the HCs; based on the results, the

author concluded that mechanical properties such as UTS, hardness of HC gradually decrease

with CCA content. Complementing reinforcement for the development of high performance,

low cost Al-HCs. Ravindran P et al., 2013, investigated through experimental study hybrid

Al-MMCs with SiC & Gr reinforcement particles through P/M method while investigation

was done for the tribological and mechanical properties. It was found that the strength

improved by increasing Gr reinforcements particles. It was noticed the greatest achievement

with the combination of 5wt.% SiC-10wt.% Gr in HCs when compared to matrix material.

Wong W L E et al., 2005, studied mechanical characteristics of Mg based HC (Mg-5 vol.% of

micron and nano Al2O3 particulates), fabricated through P/M technique. Different

experimental tests were done and it was concluded that addition of micro and nano sized

particles to the composites increases in elastic modulus, strength as well as hardness and

decreases ductility when compared to pure Mg. There was increase in the vol% of Al2O3 nano

size particles reinforcement from 0.75 to 1.0 vol%, while the overall mechanical properties of

the HCs also improved.

2.4 Mechanical property evaluations of Al-MMCs based on nano

reinforcement particles
Al-MMCs exhibit better mechanical properties with particulate (p) reinforcements

because of their high strength and improved wear resistance than unreinforced Al alloy

(Veeresh Kumar GB et al., 2012). From the recent past nanocomposites have been attracting

the attention of researchers because they have low density, high strength and other properties

such as high thermal conductivity, low CTE and dumping properties (Chen Baiming et al.,

2008). The production of nanocomposites is a very difficult process and faces several hurdles

like random distribution of reinforcement particles, poor wettability, porosity, clusters and

agglomerations formation during the fabrication. An ultrasonic-assisted stir casting method
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may overcome the above-mentioned difficulties and also improve the uniform distribution of

particles and wettability (Yang Y et al., 2007). Double stir casting (compo casting) technique

was adopted to improve the uniform distribution of nanoparticles during the fabrication of Al-

MMNCs (Ezatpour H R et al., 2013). In a study of Al-Graphene MMNCs, the nano-grains

during the reheating process significantly enhanced the yield strength. The graphene sheets

with onion shape decreased the agglomeration of SiC nanoparticles. Wrapping graphene sheet,

resulted in lessening the porosity, thereby enhancing the tensile properties of Al-MMNCs

(Fadavi Boostania A et al., 2018).

Shusen Wu et al., studied the microstructure and mechanical properties of nano-

SiC/Al-MMNCs by diluting the molten Al under UV via squeeze casting and noticed that the

nano-SiC are uniformly distributed in the Al-SiC MMNCs and the tensile strength of the

MMNCs improved compared to Al356 alloy matrix (Shulin Lü et al., 2018). In a study of γ-

Al2O3/A356 MMNCs the UTS and elongation of the MMNCs enhanced and the improvement

was attributed to the homogeneous distribution of the nanoparticles and refinement of the

grains (Xu Tuo et al., 2019). The Al-Cu MMNCs with Magnesium Silicide (Mg2Si)-nanoSiC

were subjected to microstructure and mechanical properties studies. The UTS and yield

strength results indicated higher values than the other composites with good ductility. The

improvement in the properties was attributed to the refined eutectic Mg2Si phases in Mg2Si-

SiC/Al-Cu MMNCs (Li Jianyu et al., 2019). The Al6005-TiB2 MMNCs fabricated via

Mechanical Alloying (MA) and hot extrusion was showed good distribution of the nano-

reinforcement through optical studies and nano-indentation test shows an increment in

hardness values with TiB2 reinforcement in the Al6005 alloy (Abu-Warda A et al., 2018).

Al6061-Zirconium Diboride (ZrB2) MMNCs properties like hardness, strength and

elongation were significantly improved due to the ZrB2 nano-dispersoids and a quantitative

calculation indicated that as ZrB2 content increased, Orowan strengthening contributed to

improved yield strength (Zhang ZY et al., 2018). The P/M route developed Al-B4C MMNCs,

showed that the hardness of the Al-B4C MMNCs were higher than Al whereas the density and

electrical conductivity of Al-B4C MMNCs were lower than pure Al. This behavior has been

explained by Hall–Petch Model and Orowan strengthening (Javad Nasr Isfahani Mohammad

et al., 2019). Al-TiC MMNCs were synthesized by MA with nano-diamonds as precursors.

The DSC showed that the composite developed was stable within a wide range of

temperatures, which permit its application in casting technologies (Popov Vladimir A et al.,
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2018). Shimaa A et al., prepared Al/Ni-SiC MMNCs with nano-Ni and SiC as reinforcements

by P/M process and concluded that an enhancement in the CTE with increasing Ni-SiC

percentage (Elkady Omayma A et al., 2019). For Al6061-SiC-Gr hybrid MMNCs, the

influence of nano SiC and Gr content resulted in improved wear resistance, lower COF and

superior surface compared to Al6061 (Manivannan I et al., 2018). In a microstructural study

of Gr-B4C hybrid reinforced ZA27 MMNCs fabricated via Mechanical Milling (MM) and hot

pressing, the optical results revealed that MM method can be utilized for homogeneous

distribution of the nano-sized additives in the matrix alloy (Dalmis R et al., 2018). Al6061

was reinforced with TiC, Al2O3 and hybrid (TiC & Al2O3) nanoparticles, the wear tests

indicated that the wear rate increased with the load and sliding velocity. Hybrid Al6061

MMNCs had lower wear rate and COF compared with the other MMNCs investigated

(Jeyasimman D et al., 2014).

Beitallah Eghbali et al., fabricated the Al2024-SiO2-TiO2 hybrid MMNCs, where the

structural and mechanical properties were examined; this indicated an increase in the hardness,

tensile and yield strength of hybrid MMNCs. The Al7075-SiC MMNCs were fabricated

through stir casting technique to provide significant benefits compared to other methods in

terms of enhanced mechanical characteristics compared with unreinforced Al7075 (Suresh S

et al., 2019). In a study of P/M synthesized Cu-B4C MMNCs on the microstructure and

abrasive wear performance, the MMNCs with 1.5 wt.% of B4C revealed superior micro-

hardness and wear resistance (Poovazhagan L et al., 2019). In a study of Graphene reinforced

Cu-MMNCs, optical studies confirmed even distribution of the reinforcement phase in the

matrix with nano-crystalline microstructure and strong interfacial bonding between Cu and

graphene with improved hardness and Young’s modulus. The increment in strength was

attributed to the microstructural refinement and dislocation pinning at the strong matrix-

reinforcement interface (Roy Debdas et al., 2019).

Prasanta S et al., 2018, studied the effect of Tungsten Carbide (WC) nano-particles on

tribological behaviour of Mg-based MMNCs on the Vicker’s micro-hardness and wear

behaviour of MMNCs and concluded that the micro-hardness and wear resistance of

composites increased with increase in the WC nano-particles in the matrix. Jinling Liu et al.,

2018, investigated the dry sliding wear behavior of Mg based nanocomposites using the ball-

on-disk wear tester. The COF of Mg-SiC reinforced nanocomposites were much higher than

pure Mg and Mg-AZ31B alloy. Analysis on the surface and debris suggested that the
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dominant wear mechanism of the Mg-SiC nanocomposites was oxidation by analyzing the

surface morphology and debris.

Pallav Gupta et al., 2018 reported the dependence of wear behavior on sintering

mechanism for iron (Fe) –Al2O3 MMNCs fabricated via P/M technique. They indicated that

the XRD pattern of sintered nanocomposite showed the formation of Iron Aluminate

(FeAl2O4) phase. Wear and COF behavior of nanocomposite specimens were investigated and

it was found from the studies that the wear properties in nanocomposite specimen depends on

the sintering temperature and time respectively. Mehrdad S et al., 2019, studied the AA2024-

SiO2-TiO2 hybrid nanocomposites, fabricated via stir casting process and their structural and

mechanical properties were examined. The results indicated that the analysis of mechanical

properties showed an increase of hardness, tensile strength and yield strength. The larger

amounts of nanoparticles, SEM studies showed that there were more quantities of

nanoparticles agglomerates in the structure, reducing the mechanical properties of the

nanocomposite, as compared to the nanocomposite with 0.5 vol.% of SiO2 nanoparticles. The

main strengthening mechanisms were estimated to be Hall-Petch strengthening, Orowan

strengthening, and the CTE mismatch and elastic modulus mismatch between the

reinforcements and metal matrix. There was also some evidence showing some of the singular

and agglomerated nanoparticles in the matrix on the fractured surfaces of the nanocomposites.

Liangchi Zhang et al., 2019, aimed to develop a microstructure-based model to describe the

material deformation and fracture of the particulate reinforced MMCs. The most important

factors, such as particle morphology, distribution, matrix deformation, fracture, and particle-

matrix debonding, were comprehensively integrated into the modelling. It was found that such

a microstructure-based model can capture the major material deformation and failure

mechanisms. Particle fracture happens near its sharp corners, while matrix failure initiates

around the particle crack tips and propagates to connect the microcracks caused by particle

fracture, or through the area with high stress/strain concentration, leading to the fracture of the

whole workpiece. Tuo Xu et al., 2019, in their study, showed that the nanometer in-situ � -

Al2O3 particles reinforced Al-MMCs were successfully fabricated by the A356 alloy and

Cobalt Oxide (CO3O4) powder at 850oC by means of in-situ reaction in the high temperature

melt. It was found that the UTS and elongation of the 0.6 vol% �-Al2O3/A356 composites had

enhanced in comparison to the matrix and this was attributed to the homogeneous distribution

of the nanoparticles, the refinement of the grains and the modification of the eutectic Si

phases.
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Fadavi Boostania et al., 2018, revealed that the semi-solid deformation of Al-MMNCs

by restricting the growth of the nano-grains during the reheating process to significantly

enhance the yield strength of the fabricated composites. The graphene sheets with onion shape

have also shown the unique capability in alleviating the agglomeration of SiC nanoparticles,

attributed to the manipulated Hamaker constant of these particles as a result of wrapping

graphene sheets, which has resulted in diminishing the porosity and stimulating multi-scaled

micro/nano grains, thereby significantly enhancing the tensile properties of the fabricated

composites. Sandra V et al., 2019, studied and developed a model to predict the wear rate of

the Al356 reinforced with SiC nanoparticles which were produced by compo-casting process.

The tribological tests were performed on block-on-disc tribometer under wet conditions. A

model was developed for prediction of wear rate, by using regression model and Taguchi

analysis and it was concluded that the predicted values were close to the experimental values.

Abu-Warda A et al., 2018, fabricated Al6005-TiB2 composites through MA route. Hot

extrusion was employed as a consolidation process. The obtained results through the optical

studies and micro-hardness tests showed a good distribution of nano-reinforcement within the

Al matrix. Nano-indentation test shows an increment in hardness values with TiB2

reinforcement in the A6005 alloy.

Debdas Roy et al., 2019 studied the graphene reinforced Cu MMNCs fabricated by

High Pressure Torsion (HPT) process. The optical studies confirmed even distribution of the

reinforcement phase into the matrix with nano-crystalline microstructure and strong

interfacial bonding between Cu and graphene with improved hardness and Young's modulus.

The increment in strength was attributed to the microstructural refinement and dislocation

pinning at the strong matrix-reinforcement interface. Further, the results indicated that HPT

consolidation is an efficient mean for synthesizing Cu-graphene nanocomposite with

improved strength with negotiable conductivity.

2.4.1 Review on hBN reinforcement based MMCs

h-BN is a layered material and isostructural to Gr, also called graphitic-BN, h-BN, g-

BN, and α-BN. h-BN is an insulator with bandgap ~ 5.9 eV. Boron reinforced materials find

nuclear applications due to their capability for neutron absorption and better suits in MMCs

because of the unique properties as well as crystal structure (Duan X et al., 2016). The

structure of hBN is the same as that of Gr and each B-N atom exhibits covalent bond as well

https://www.sciencedirect.com/topics/physics-and-astronomy/insulators
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as “Weak Van der Waals Forces” in their adjacent layers. Hence, it acts as a solid lubricant

material.

Lava Kumar Pillari et al., 2018, investigated Al-hBN composites fabricated through

P/M route. The high energy ball mill was performed to convert micro particles to ultrafine

nanoparticles of hBN. Al-2% hBN and Al-5% hBN composites were green compacted at a

pressure of 250 MPa and 500oC temperature under nitrogen environment. The authors

observed that the milling time effectively worked upto 10 hrs and beyond this time, the

composites showed agglomerations. 2% hBN reinforced composite enhanced the

microhardness and reduced the melting point. Palanivel R et al., 2016, fabricated Al-TiB2, Al-

TiB2-hBN, Al-hBN composites by Friction Stir Process (FSW). Author noticed that the

uniform distribution of TiB2 and hBN particles through the composite. It is also observed that

the wear loss of Al-TiB2-hBN composite was minimum as compared to individual composite

materials. Firestein K L et at., 2015, fabricated Al-hBN nanocomposites through Spark

Plasma Sintering (SPS) method and studied the microstructural behaviour, distribution of

nanoparticles, damping and mechanical properties. The samples were analyzed through TEM,

SEM and Temperature Dependent Internal Friction Measurement (TDIF). It was noticed that

the strength of nanocomposite improved at elevated temperature (300oC) and at room

temperature respectively. Jeyasimman et al., 2015, investigated the effect of hBN

nanoparticles reinforcement on dry sliding wear behavior of pure Mg and Mg-MMNCs

synthesized by P/M technique, and followed by a hot extrusion process. The obtained wear

test results show that the Mg-MMNCs wear level rises with higher sliding speeds and loads.

Mg-MMNCs shows lower wear rates and COF compared with other MMNCs.

2.4.2 Review on B4C reinforcement based MMCs

B4C is the 3rd hardest material with a melting point of 2450oC, great mechanical

properties, corrosion and wear resistance and also more neutron absorption capacity. Knoop

hardness of B4C (ρ=2.52 g/cc) at hot press material is 29.0±1.5 GPa. Due to these attractive

properties, B4C has a wide range of applications including as grinding tool, blasting nozzle,

high weight armour plating, cutting tool, and neutron absorption material. Recently, research

focused towards the Al-B4C based MMCs due to the attractive enhancement of mechanical

properties.
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Mohammad J N I et al., 2019, developed Al-B4C nanocomposites by P/M technique

and investigated the structural, mechanical and electrical properties and concluded that the

hardness of Al-B4C nanocomposites were higher than Al whereas the density and Electrical

conductivity of Al-B4C nanocomposites were lower than pure Al. The behavior has been

explained by Hall–Petch Model and Orowan strengthening. Guo H et al., 2019, investigated

the influence of ball milled B4Cnp on the Al-B4C nanocomposites. Morphological studies on

Al-B4C nanocomposites were done through TEM, SEM and XRD analysis. The results are

showed that the increase in B4C reinforcement content increases the grain refinement of

nanocomposite even at low dislocation densities and lattice strain.

Poovazhagan L et al., 2019, studied the behaviour of Copper (Cu)-B4C

nanocomposites on the abrasive wear performance and microstructure of Cu nanocomposites

synthesized by solid state P/M technique. Abrasive wear experiments were carried out by

sticking the abrasive sheets of 400 grit SiC onto disc of POD wear tester. It was concluded

that the nanocomposites with 1.5 wt.% of B4C possess the superior micro-hardness and

maximum wear resistance property. Dalmis R et al., 2018, concentrated on the effect of MM

on Gr & B4C hybrid reinforced ZA27 nanocomposites were fabricated via a combination of

MM and hot-pressing techniques. The nanocomposites were investigated for microstructural

and mechanical properties. The results showed that MM method can be utilized for

homogeneously distributing the nano-sized additives. Flake-shape morphology negatively

influences physical and mechanical properties.

2.4.3 Review on SiC reinforcement based MMCs

SiC is also known as carborundum containing “Si” (50%) and “C” (50%). Si-C has

very strong tetrahedral covalent bonds and each carbon atom contains 4-Si atoms and vice

versa. “It is also characterized by its high-temperature strength, high thermal conductivity,

resistance to chemical reaction, low thermal expansion, and ability to function as a

semiconductor. Jianya Li et al., 2019, developed nano-sized SiC particles and in-situ Mg2Si

particles reinforced Al-Cu composites. The microstructure and mechanical properties were

studied. The eutectic Mg2Si phase in the Mg2Si/Al-Cu composites were refined in Mg2Si-

SiCnp/Al-Cu composites, which is uniformly distributed inside Al2Cu phases that precipitated

at the grain boundary. The UTS and yield strength of the composites results indicated higher

values than those of Mg2Si/Al-Cu composites while maintaining good ductility. Omayama A

et al., 2019, prepared Al/Ni-SiC composites with 10 wt.% nano-Nickel along with SiC
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particulates as reinforcements by P/M process. The CTE was measured and they concluded

there was an enhancement in CTE with increasing Ni-SiC percentage.

Manivannan I et al., 2018, in their investigation, fabricated Al6061 reinforced with

nano SiC and fixed quantity of micro Gr hybrid nanocomposites which were prepared by

ultrasonic assisted stir casting method. The influence of nano SiC & Gr content on the

mechanical and tribological properties of Al6061 hybrid nanocomposites was studied. The

obtained results of Al/SiC/Gr hybrid nanocomposites showed improved wear resistance,

lower COF and showed superior surface smoothness compared to Al6061 alloy. Suresh S et

al., 2019, aimed to fabricate Al7075- nano-SiC powder reinforced nano-MMCs through stir

casting technique and to provide significant benefits compared to other methods. The

mechanical characteristics like tensile, micro-hardness and wear behaviour were examined

and revealed that the characteristics were enhanced with the increase wt.% of nano-SiC

powder in the Al7075 compared with unreinforced Al7075.

2.4.4 Review on TiC reinforcement based MMCs

TiC is an extremely hard material (Mohs 9–9.5), and similar to WC. It shows excellent

chemical and thermal stability, wear resistance, high melting point, and extensively used for

cutting tools. Investigation of nano TiC particle reinforced Al-MMCs has not been adequately

studied and it has come into popularity only recently due to its low CTE, high melting point,

superior hardness and wear resistance (Wang Y et al., 2001; Salem H et al., 2009). The size of

the particles which ranges from micro to nano level scale, increases the mechanical properties

but it tends to increase the clusters and agglomerations (Hanada K et al., 1997; Tan M J et al.,

1998; Fagagnolo J B et al., 2006). It is also an important task to produce homogeneous

distribution of nano scale reinforced particles in dense liquid metals to attain the required

properties (Khakbiz M et al., 2009).

Vladimir A Popov et al., 2018, presented the work showing that the in-situ synthesis

of TiC nanoparticles in the Al matrix during DSC is possible when nano-diamonds are used as

a precursor. They concluded based on DSC that the composite developed is stable within a

wide range of temperatures, which allow its application in casting technologies. Jayasimman

D et al., 2014, aimed to investigate sliding wear behaviour of AA6061 MMNCs reinforced

with TiC, Al2O3 and hybrid (TiC & Al2O3) nanoparticles. The wear tests were performed on a

POD wear tester at room temperature and indicated that the wear rate increased with the load
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and sliding velocity. Hybrid nanoparticles reinforced AA6061 MMNCs had lower wear rate

and COF compared with the other nanocomposites investigated.

2.5 Research gap analysis
After extensive of the existing literature survey, it is found that limited research work

was carried out for nano-particulates reinforced MMCs. Mixing of nanoparticles is very

difficult through conventional mechanical rotary impeller due to high surface area to volume

ratio of nanoparticles. Limited work is available on the MMCs fabricated through stir casting

route with ultrasonic assisted dispersion of particulates in the matrix alloy. It was also found

that very meager information available in the literature related to AA7150 matrix alloy

reinforced with B4C, hBN, SiC, and TiC ceramic nanoparticles. Based on these findings, the

recent literature was discussed Al-MMCs and nano-particulate reinforcements.

 Applications of AA7150

It finds applications in aerospace industry and used in the manufacturing of fuselage,

stringers, floor beams, airline passenger seat tracks, upper and lower wings is shown in

Figure 2.1.

Figure 2. 4 Applications of 7 series
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2.6 Objectives of the research work
Aerospace and automobile sectors are always in search of new materials with higher

grade mechanical and wear properties along with ease of fabrication and the ability to vary

composition so that a range of desired properties may be attained. Lightweight, high stiffness,

and high strength make Al-Zn-Cu-Mg alloy MMCs a suitable candidate material for

aerospace, military and automobile applications. Ceramic micro-particulates are injected into

Al alloy to enhance its mechanical and wear properties but in recent years, nanoparticles have

been introduced to fabricate MMCs and these exhibit far better properties than micro

composites which has been confirmed by positive results, especially with respect to strength,

corrosion resistance, wear resistance, fatigue life of the material and temperature creep

resistance. AA7150 finds applications in aerospace industry and used in the manufacturing of

fuselage, stringers, floor beams, airline passenger seat tracks, upper and lower wings.

 To study the effect of ultrasonication over a double stir casting process on AA7150-

SiC Nanocomposite.

 To study the effect of individual nano sized hBN, B4C, TiC, SiC, hybrid particulates &

ultrasonication on mechanical, microstructure and fracture studies of AA7150 metal

matrix nanocomposites.

2.7 Problem statement
In the present investigation is aimed at the development of hBN, B4C, TiC, SiC,

hybrid nano-particulates reinforced AA7150 metal matrix nanocomposites through a novel

fabrication process by combining a sequence of vortex, two step stir casting and

ultrasonication techniques to investigate the homogeneous distribution of nanoparticles,

leading to refinement of microstructure in the nanocomposites.

2.8 Overall work plan
The consolidated work plan for the fabrication of AA7150 based nanocomposites

through ultrasonic assisted stir casting was given below for the better understanding the

process.
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Figure 2. 5 Flow chart of the overall work plan.

2.9 Summary
This chapter deals with the literature review related to the introduction and fabrication

methods of liquid casting which includes stir casting, compo casting and ultrasonic assisted

casting. In the ultrasonic assisted casting, the effect of cavitation and acoustic streaming on

nanoparticles dispersion. The literature is mainly focused on fabrication methods, matrix

materials, reinforcement particles, nanocomposites, mechanical properties and microstructure

characterization as well as testing processes followed. It also deals with the research gap

analysis, objective of the work, problem statement and overall research plan.
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CHAPTER -3
MATERIALS AND METHODS

This chapter deals with materials required to fabricate ceramic particle reinforced

nanocomposites, fabrication method, and various testing methods for characterization.

3.1 Materials
AA7150 ingot was chosen as matrix material and bought from Venuka Engg. Pvt. Ltd.,

Hyderabad, India. The chemical composition is shown in Table 3.1. B4C, SiC and TiC were

procured from Platonic Nanotech Pvt. Ltd., Jharkhand, India. SiC with a density of 3.216 g/cc,

>99.9% purity and Average Particle Size (APS) of 40-60 nm, TiC with a density of 4.91 g/cc,

>99.5% purity and APS of 40-50 nm, B4C with a density of 2.52 g/cc, >99% purity and APS

of 40-60. Nanoparticles of hBN were purchased from Sisco Research laboratories private

limited, India with an average particle size of 70 nm, density of 2.1 g/cc, and >99.9% purity.

Hexachloroethane (C2Cl6) and Mg were selected as degassing agent as well as flux and

purchased from Taranath Scientific & Chemical Company, Hanamkonda. Mechanical stirrer

was coated with ZrO2 (melting point: 2,715 0C) to improve the temperature resistance of

stirrer blade.

Table 3. 1 Chemical composition of AA7150 in weight percentage.

Chemical
Composition Mg Zn Cu Fe Zr Si Mn Al

AA7150 2.56 6.37 2.25 0.12 0.11 0.08 0.009 Balance

Table 3. 2Mechanical properties of matrix and reinforcement particles.

Material Elastic Modulus
(GPa)

Density
(g/cc)

Hardness
(VH)

Tensile Strength
(MPa)

AA7150 71 2.83 140 160

hBN 64.8 2.21 3800 83.3

B4C 472 2.52 3200 569

TiC 451 4.91 2400 258

SiC 410 3.21 2500-3500 290
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The microstructure and XRD patterns of purchased materials (AA7150, hBN, B4C,

SiC, and TiC) were examined to confirm material, purity and the good peak arrangement with

reported values of “Joint Committee on Powder Diffraction Standards (JCPDS), X’Pert

HighScore Plus” and shown in Figure 3.1.

AA7150 hBN TiC

SiC B4C
Figure 3.1 XRD pattern of AA7150, hBN, TiC, SiC, and B4C
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3.2 Fabrication process
The experimental setup for the fabrication process is shown in Figure 3.2 and the

respective flow chart is shown in Figure 3.3. AA7150 ingot was melted and maintained at

750oC for an hour to achieve uniform melting throughout liquid. A Zirconium Oxide (ZrO2)

coated mechanical stirrer was used for stirring process and the stirring action was performed

for 20 minutes in two steps. While stirring, 1 wt.% Mg powder was added to improve the

wettability of reinforcement and C2Cl6 for degassing. Preheated (500oC) reinforcements (0.5,

1.0, 1.5, 2.0 wt.%) were individually added in the melt pool to prepare individual

nanocomposites. In case of B4C, preheated temperature was about 300oC and K2TiF6 for

wettability enhancement. Double stir casting process was performed followed by UV test of

10 min. The fabricated molten liquid was poured into preheated (500oC) mold and allowed to

cool for 24 hrs at room temperature.

ZrO2

Coating

Figure 3. 2 Experimental setup for UV assisted stir casing.

In case of hybrid nanocomposites, the reinforcement particles were added (50-50%)

one after another through stirring action and followed by flux to improve the wettability

between metal liquid and nanoparticles. Then double stir casting process for 20 min in two

steps as well as UV process for 10 min as a part of fabrication process.
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Figure 3. 3 Fabrication process with materials, stirring, sonication and spacemen.

3.3 Detailed mechanism for novel fabrication process
A novel fabrication process was developed to produce homogeneous mixing of

nanoparticles throughout the Al melt pool and the schematic line diagram is represented in

Figure 3.4. This fabrication process involves a combination of three techniques, namely

vortex method, double stir casting method and UV method. Vortex method was conducted at

750oC temperature (above liquidus) to increase the flowability of liquid as well as the

particles redirected into liquid metal. Double stir casting method was a two-step stirring

process that used a mechanical rotary impeller. Each step involved 10 min of stirring process.

Step-I: It was performed at 650oC for 10 min leading to reduction in the agglomerations due

to high viscosity of material at low temperature. This led to break up of the agglomeration

because of high frictional forces between the reinforcements and matrix. Then molten liquid

was then allowed to become semi-solid. Step-II: It was performed at 750oC (above liquidus)

temperature and it allowed the distribution of ceramic nanoparticles due to the liquid property

of high flowability and low viscosity at high temperatures. Finally, ultrasonic vibration was

performed on the above liquidus temperature because of high flowability of the nanoparticles

with low viscosity, where ultrasonic energy waves transferred effectively through liquid pool

leading to the creation of cavities and acoustic streaming. The cavitation bubbles are produced
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at high temperature (>5000 K) along with high pressure (>1000 atm). Due to the transient

difference in pressure and temperature, the bubbles collapse and break the nano

agglomerations. Meanwhile, the acoustic stream spreads the nanoparticles into liquid metal

and the combined effect of streaming and cavitation process encourages uniform distribution

of nanoparticles.

Figure 3. 4 Schematic diagram for detailed mechanism of novel fabrication process.

The fabricated samples were machined as per ASTM standard. The prepared test

specimens were used for tensile, fracture and microstructure studies. Density, microhardness

and tensile tests were repeated 6 times and mean value of each test was consider to analysis

the results. Samples were polished on four different grades of emery paper, where disc

polishing, etching, and cleaning were the steps followed to prepare the sample for OM and

SEM analysis. Initially the samples were hand polished. Then disc polished for 10 minutes

where Al2O3 powder was used for better surface finish and then etched. Now the samples

were ready for SEM and OM analysis.
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3.4 Microstructure analysis

3.4.1 Sample preparation

Samples were polished on four different grades of emery paper followed by disc

polishing and etching. To study the microstructure analysis through OM/SEM initially,

samples were polished manually on I/0, II/0, III/0, and IV/0 standard emery papers. The

direction of polishing changes from one grade to other. Alternatively, perpendicular directions

were selected to eliminate all the hatching lines on the surface of the specimen. Then samples

were disc polished for 10 minutes, where Al2O3 powder was used for better surface finish

while mirror-like finish was obtained after disc polishing. Polished samples (Figure 3.5) were

etched with a solution of Kellar etchant which elevates grain boundaries (25-27 minutes) on

the surface and the samples were than cleaned with acetone. OM images were used to

investigate the grain refinement of different nanocomposites and SEM for particle distribution

as well as fracture surface analysis.

(a) (b)
Figure 3. 5 Sample preparation (a) Disc polishing machine (b) Sample polishing.

3.4.2 Optical microscopy
OM studies were carried out on various nanocomposites. The optical microscope is a

type of microscope which uses visible light and a system of lenses to show surface

morphology (i.e., formation of grain distribution) at different magnification views and the

typical diagram is shown in Figure 3.6. Microscopic analysis was done for all the samples,

and the images were taken at different magnification values.
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Figure 3. 6 Optical Microscope.

3.4.3 Scanning electron microscopy
SEM instrument was used to investigate the distribution pattern of particle and

fracture surface. EDS was used for elemental analysis and a typical diagram is shown in

Figure 3.7. Nanocomposite microstructure analysis was performed by SEM (Vega 3 LMU

Model, Tescon Make) and elemental analysis was carried out with the help of EDS (Oxford

Instruments, U.K).

Figure 3. 7 SEM for microstructure analysis.

3.4.4 X-Ray diffraction
XRD technique is a non-destructive and universal technique to identify phase

formation, chemical composition, and crystallographic structure of the specimens. XRD

(Model: PANALYTICAL XPERT POWDER) was used to examine the monolithic and
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nanocomposites and this has also confirmed the presence of base metal as well as reinforced

particulates in elemental analysis. The XRD machine setup (work place: NIT-Warangal, India)

is shown in Figure 3.8.

Figure 3. 8 XRD for material characterization set up.

3.5 Material properties

3.5.1 Density
The density of monolithic and various weight percentage reinforced composites was

calculated using “Archimedes” principle, which involves weight in air as well as weight in

water. The calculation process of experimental density (Ex-Density) is explained below:

Figure 3. 9 Density calculation using Archimedes principle

)1.3(
21

1 



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m
mmc

Where m1 is the sample mass in air, m2 is the sample mass in distilled water.
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The theoretical density can be calculated using the rule of mixing formula as given

below:

)2.3( rrmmth VV 

Where, ρm, Vm, ρr, Vr are the density and volume fraction of matrix, and reinforcement

particles respectively. The volume faction of each % is calculated through the following

equation.

)3.3(
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Where, ρm, and ρr are the density of matrix and reinforcement particles respectively,

and Wr is the weight percentage of reinforcement particles.

3.5.2 Porosity
Porosity plays a critical role to determine the properties of material in the casting

process. While porosity levels are normal, when incorporating the particles, the atmospheric

air interacts with particles, resulting in porosity. Avoiding porosity is very difficult but it can

be minimized and controlled during the process.

3.5.3 Hardness
Hardness of monolithic and particle reinforced nanocomposites were evaluated using

Vickers microhardness tester (ECONOMET VH 1MD, 2 kgf), as per ASTM G92 standard

(10X10 mm2 block). The experiment was performed on test surface by applying 200g load for

15sec dwell time and the experimental set up of vickers micro-hardness is shown in

Figure.3.10.
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Figure 3. 10Micro-hardness tester.

3.5.4 Tensile strength test
Tensile tests were conducted on cast samples of monolithic and nanocomposites using

UTM (Make: BLUE STAR WDW-100 S) with a cross-head speed of 0.5 mm/min at

atmospheric temperature and the fracture surfaces were captured with SEM. It is also tested

heat treated (“T6 heat treatment in which solution treatment is carried out at around 530°C

followed by ageing at temperatures in the range 150–180°C”) nanocomposites at particular

reinforcement to know the influence of temperature over green casting.

Figure 3. 11 UTM for strength prediction



2019“Fabrication and Experimental Investigations on Nano-Particulates Reinforced Al7150 Metal Matrix Nano-Composites”

43
"

“Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S).”

Figure 3. 12 (a) Tensile test schematic diagram and (b) Samples as per ASTM E8.

The tensile behaviour of various nanocomposites was tested as per ASTM E8M standard.

The sample size had 9 mm gauge diameter, 45 mm gauge length and 100 mm of total length.

The schematic diagram as shown in Figure 3.12. For each combination, the test was repeated

6 times.

3.5.5 Wear test
The tribological experiments were carried out at room temperature on POD tribometer

by varying the different input parameters such as wt% of reinforcement (0.5-2.0%), applied

load (10-40N) against EN 31 stainless steel having 60HRC hardness. The output responses

such as COF, Wear loss, and Temperature (oC) were noted from the Linear Variable

Differential Transformer (LVDT). hBN nano particulate reinforced composites were tested

for wear parametric influence.

Figure 3. 13Wear test machine and wear track
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3.6 Summary
This chapter deals with the materials such as AA7150, TiC, SiC, B4C and hBN.

Chemical compositions and properties of the matrix and reinforcement particles are discussed.

This chapter also explains the experimental procedures like UV process and flow chart for

fabrication of individual and hybrid nanocomposites. The detailed mechanism of double stir

casting and ultrasonic effect for particle distribution in-terms of ultrasonic cavitation and

acoustic streaming was also presented. The material testing and characterization methods

were also explained for the composite materials in detailed.
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CHAPTER -4
EFFECT OF DOUBLE STIR CASTING AND
ULTRASONICATION ON NANOCOMPOSITE

This chapter deals with the fabrication of AA7150-1 wt.% SiC nanocomposite through

novel fabrication process and compared with the existing double stir casting technique. The

experimental results were displayed through graphical and tabular form.

4.1 Introduction
Ceramic particle reinforced Al-MMCs are widely used in aerospace and automobile

industries. Al-Zn-Mg-Cu alloys are used especially in upper and lower wings, fuselage and

stringers of aeroplane due to high specific modulus and strength to weight ratio. SiC particles

are primary choice as ceramic reinforcement for lightweight alloy matrix due to their

exceptional characteristics like high hardness, high melting point, good thermal stability, low

CTE, high corrosive resistance and low density. The strength of Al-MMCs depends on the

size of reinforcement and interparticle spacing. Micro ceramic particulates incorporated as

reinforcement into liquid metal matrix, and show significant improvement in strength of

composite material at the cost of declined ductility. Recently nano ceramic particles were

introduced to fabricate MMCs and was proved that the size of ceramic reinforcements are

playing a crucial role in the MMCs properties and distinctly enhance the base material

properties while ensuring beneficial elongation as well as high resistance to creep. The quality

of MMNCs fully depends on the ceramic nanoparticle distribution and dispersion into the

liquid matrix metal. UV is widely used technique in Al-MMCs to ensure uniform dispersion

of micro/nano-sized particles as well as to ensure wettability between the matrix to ceramic

reinforcements with reduced porosity.

4.2 Materials and methods
Matrix material was AA7150 (Al-Mg-Zn-Cu Alloy) ingots and nano SiC ceramic

particles having 40-60 nm average particle size and >99.9% purity which were used as

reinforcements. The density of AA7150 and SiC nanoparticles is 2.83 g/cc and 3.92 g/cc. Mg

was used for improving the wettability for matrix and reinforcement, while C2Cl6 tablet was

used for degassing Al melt pool.
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4.3 Experimental results and discussions

4.3.1 Microstructure analysis

4.3.2.1 Optical microscope analysis
Figure 4.1a-c shows the OM images of monolithic and reinforced composite

developed by double stir casting as well as novel fabrication methods. The novel process of

manufacturing AA7150-1% SiC nanocomposite was evident from the image (Figure 4.1c) as

the grains were significantly refined when compared to monolithic material and double stir

cast AA7150-1% SiC nanocomposites. The Average Grain Size (AGS) can be measured using

Linear Intercept Method (LIM) and Planimetric (Jeffries) Method. In this article, LIM was

used to find the AGS on principle planes (Transfer and Longitudinal directions) of each

microphotograph with the help of “ImageJ software”. The measured values were determined

using a formula (
grains ofNumber 

line  theofLength  = AGS ) to get the size of grain. The grain size of

nanocomposite decreases with increase of weight fraction of nanoparticles in decrease of

nanoparticle size. Figure 4.1c also shows that the agglomerations and clusters which were

minimized due to novel process nanocomposite compared to double stir casted nanocomposite

due the UV effect, which breaks the clusters and agglomerations. The AGS of unreinforced

and reinforced materials was calculated using liner intercept technique. The AGS is the ratio

of linear length of line to number of grains in a line. The length of line was calculated through

“ImageJ Software” and the values of AGS of each material are reported in Table 4.1. Fine

grain refinement was observed with 24 µm (i.e., 64.7% reduction) in the novel process for

manufacturing AA7150-1% SiC nanocomposite compared with base material and 29 µm (i.e.,

17.2% reduction) with double stir cast AA7150-1% SiC nanocomposite (Double Stir is 57.3%

reduction with base material). The graphical representation of grain refinement is shown in

Figure 4.1d.
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(a) (b)

(c) (d)
Figure 4. 1 Optical Micro-images of (a) AA7150 (b) Double Stir casting AA7150-1% SiC

(c) Novel AA7150-1% SiC (d) AGS of different materials

4.3.2.2 SEM and EDS analysis
Figure 4.2 shows the SEM photographs of 2 μm magnification. Novel fabrication

process of AA7150-1% SiC nanocomposite shows uniform distribution of nanoparticles and

low porosity as compared to double stir casting process of AA7150-1% SiC nanocomposite.

The particle distribution depends on the viscosity of liquid metal. At temperature lower than

650oC, the viscosity of the molten liquid is high and the friction between ceramic

reinforcements to matrix material is more while the mechanical stirring. The viscosity of melt

decreases with increase in temperature which reduces the friction between molten metal and

ceramic nanoparticles. Therefore, mechanical stirring at lower temperature increases particle

distribution and reduces agglomerations/cluster size due to more friction. UV treatment at

high temperature provides better distribution of mixture due to less viscosity leading to

transmission of high energy ultrasonic waves. These waves break the nanoclusters/

agglomerations as well as spread the nanoparticles homogeneously throughout the melt.



2019“Fabrication and Experimental Investigations on Nano-Particulates Reinforced Al7150 Metal Matrix Nano-Composites”

48 “Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S).”

(a) (b)
Figure 4. 2 SEM photographs for particles distribution of (a) Double Stir AA7150-1% SiC

(b) Novel AA7150-1% SiC

Figure 4.3 shows the SEM photographs with EDS spectroscopy for monolithic as well

as 1% SiC nanocomposite at 9μm magnification level. EDS spectroscopy confirms the

chemical composition of major elements such as Al, Mg, Zn, Cu for AA7150 and Al, Mg, Zn,

Cu. Si, C for 1% SiC nanocomposite.

Figure 4. 3 EDS spectrum for elemental analysis at AA7150-1% SiC.

4.3.2 Material properties

4.3.1.1 Density and porosity
Table 4.1 represents the measured density, and porosity of the matrix material, and

double stir casting process composite as well as novel fabrication process composites. The

density of AA7150-1% SiC composite increased by 3.67% while porosity decreased by
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74.1% due to the effect of ultrasonic degassing as compared to the base material. Double stir

casting of AA7150-1% SiC composites increased 2.53% while porosity decreased by 51%

compared to the base material. The corresponding bar chart for porosity is represented in

Figure 4.4.

Figure 4. 4 Porosity graph for AA7150, Double Stir process AA7150-1% SiC,

and Novel process AA7150-1% SiC

4.3.1.2 Hardness and tensile strength
Figures 4.5, and 4.6 shows the mechanical properties of monolithic and 1% SiC

reinforced nanocomposite with different techniques. Uni-axial load was applied gradually and

the corresponding results were generated. This load was gradually transferred from particle

lacking place to particle-rich place in nanocomposite due to the hard phase SiC particles,

because of which load-bearing capacity of the composite increased. The microhardness and

strength of novel fabrication process composite was more than that of the counterparts. These

improvements were due to decrease in porosity, uniform distribution and grain refinement.

The reduction of porosity and increase in grain boundary density reduces dislocation

movement resulting in better strength of the composite.

Table 4. 1 AGS and mechanical properties of AA7150 and nanocomposites

Composition Densit
y (g/cc) Porosity Hardness UTM AGS

(%) Error (HV) Error (MPa) (μm) Error

AA7150 2.6967 4.71 0.235 154 7.725 114.4 68 3.4
AA7150-1% SiC Double
Stir 2.7678 2.3 0.115 165.9 8.295 120.6 29 1.45

AA7150-1% SiC Novel 2.7984 1.22 0.061 170.7 8.535 144.2 24 1.2
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Figure 4. 5 Stress-Strain of AA7150, Double Stir AA7150-1 wt.% SiC and

Novel AA7150-1 wt.% SiC

(b)
Figure 4. 6 Hardness graph for AA7150, Double Stir AA7150-1% SiC and

novel AA7150-1% SiC
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4.3.2.3 Fracture surface analysis
The fracture surface of the novel method fabricated AA7150-1% SiC nanocomposite

is shown in Figure 4.7. An analysis of fracture surfaces reveals that the failure mechanism is

a combination of naturally occurring locally ductile and brittle fracture in the nanocomposite

due to soft and ductile nature of Al matrix as well as hard phase ceramic SiC particles. Failure

of the composite because of microcracking, voids, and decohesion is evident on the fracture

surface. The behaviour of the fracture is governed by ceramic SiC particle mismatch to matrix

alloy. It diminishes the strain carrying capacity among the hard phase particles to soft Al-alloy

matrix. Therefore, it promotes stress concentration effect of SiC nanoparticles and

clusters/agglomerations from the next alloy matrix.

Figure 4. 7 Fracture surface of AA7150-1%SiC nanocomposite.

Based on the analysis of results and discussions, it can be observed that SiC

nanoparticle distribution also plays a vital role to improve the mechanical properties.

Generally, particle clusters are initial source of crack formation, which leads to load failure of

composite materials. The existence of clusters/agglomerations in the composite material is

necessary for crack initiation and propagation resulting in the reduction of mechanical

properties. Therefore, the novel fabrication process has been introduced successfully to

produce AA7150-1% SiC nanocomposite with uniform distribution and better mechanical

properties compared to double stir casting process.
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4.4 Summary
AA7150-1% SiC nanocomposite was successfully fabricated through a novel

fabrication process by combining vortex, double stir casting, and UV techniques.

Microstructure and mechanical properties were investigated for novel fabrication process and

compared with double stir casting process and base material. The following conclusions are

stated below.

1. Grain refinement was observed more in the novel fabrication process than any other

process and the AGS of novel process was 24 μm (64.7% reduction) while it was 29 μm

(57.3% reduction) for double stir casting process when compared to the base material (68

μm).

2. Double stir casting of AA7150-1% SiC nanocomposite showed 5.42% increase in tensile

strength, 7.73% increase in microhardness and 64.7% reduction in porosity compared to

base alloy.

3. Novel fabrication process shows improvement in mechanical properties of AA7150-1%

SiC with 144.2 MPa (26.05% increase) in tensile strength, 170.7 HV (10.85% increase)

in microhardness and 74.1% reduction in porosity as compared to base alloy.

4. SEM photographs confirm that the novel fabrication process led to uniform distribution

of nanoparticles and minimum porosity (47% reduction) compared to double stir casting

process.

5. SEM photographs of fracture surface of nanocomposites confirm mixed kind of ductile

and brittle failure mechanism.

As discussed above and from the obtained results it is confirmed that the novel method

of fabrication is very well suited to fabricate nano particulate reinforced metal matrix

composites. The same procedure was adopted to fabricate the AA7150 Nanocomposites with

hBN, B4C, TiC, and SiC ceramic particulates as reinforcements. The various tests performed

on the fabricated nanoparticulate reinforced metal matrix composites along with the obtained

results were discussed in the next chapter.
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CHAPTER -5
MICROSTRUCTURE AND MECHANICAL

CHARACTERIZATION OF NANOCOMPOSITES

This chapter deals with microstructure and mechanical properties of nano particulates

reinforced AA7150 MMCs fabricated using novel fabrication process. Microstructure of

nanocomposites were analysed by OM and SEM. The mechanical characterization was done

using microhardness tester and UTM. The properties microstructure was evaluated for the

following nanocomposites.

1.) AA7150-hBN Nanocomposites

2.) AA7150-B4C Nanocomposites

3.) AA7150-SiC Nanocomposites

4.) AA7150-TiC Nanocomposites

5.1 AA7150-hBN nanocomposites

5.1.1 Microstructure studies of AA7150-hBN nanocomposites
Figures 5.1.1a-f, show the OM images of monolithic and nanocomposites. In the OM;

images it can be noticed that the elements are segregated at the boundaries for matrix

materials and the size of the grains reduces (grain refinement) with the content of hBN

reinforcement resulting in improvement in mechanical properties.

%Wt OM SEM

0%

(a) (g)
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2%

(e) (k)

3%

(f) (l)

(m)
Figure 5.1. 1 (a)-(f) OM images, (g)-(l) SEM images of AA7150, 0.5 wt.%, 1.0 wt.%, 1.5
wt.%, 2.0 wt.%, 3.0 wt.% hBN reinforcement particles, and (m) XRD analysis for chemical

composition at 1.5 wt.% hBN.
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SEM images in Figures 5.1.1g-i show particle distribution of reinforced and

unreinforced composites and it may be concluded that (Figure 5.1.1j) 1.5% hBN shows

uniform distribution, fewer voids and better grain refinement compared to 2% & 3% of hBN,

which leads to better mechanical properties. According to Hall-Petch effect, the grain

refinement and fine grains show better properties for uniformly distributed particles.

There are several techniques to support the strengthening of MMCs. Each technique is

individual and does not depend on a unique technique but several act simultaneously. The

current article used grain refinement and fracture surface analysis to predict the strength.

From Figures 5.1.1a-f, it is observed that there is grain refinement at each composition. The

calculated results for monolithic and nanocomposites are presented in Table5.1.1. From the

results, the finer grain size was confirmed in 1.5%hBN nanocomposite when compared to its

counter parts. Hence, it is understood that 1.5%hBN shows superior mechanical properties for

Al7150. Figure 5.1.1m shows the XRD analysis to analyse the phase interactions of optimal

reinforcement. It is observed that the Aluminium Boride Nitride (Al0.93B1.44N0.56), Magnesium

Nitride (Mg3N2), Magnesium Boride (B4Mg), Magnesium Zinc (MgZn2), Aluminium Copper

(Al4Cu9), Boron phases are present in the composite.

5.1.2 Mechanical properties of AA7150-hBN nanocomposites
The graphs for both experimental density and porosity are shown in Figure 5.1.2. The

theoretical density is decreasing with increasing hBN reinforcement particles due to its low

density (2.21 g/cc). Theoretical density was calculated using the rule of mixing while

experimental density was calculated by “Archimedes Principle”. From the experimental

results, it was observed that the density decreasing with increasing hBN reinforcement due to

lower density value of hBN and ultrasonic degassing effect which minimizes the porosity and

% of porosity decreases due to ultrasonic cavitation effect as well as closely packed uniform

distribution of nanoparticles due to ultrasonic streaming effect.
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(a) (b)
Figure 5.1.2 (a)Ex.Density, (b) % porosity vs different wt.%.

The graphical trend of microhardness is shown in Figure 5.1.3. The microhardness of

hBN reinforced nanocomposites increases with increasing the wt.% of particle content due to

hBN hard phase particles and tight adhesion between hBN as well as matrix material. This

limits the movement of dislocation, even distribution of load from matrix to reinforcement

particulates and hence increase in hardness.

Figure 5.1. 3 Hardness vs different wt.% hBN.

From the figure it is clear that there is increase in hardness with the increase in the

wt.% of hBN nano-reinforcement from 0.5 wt.% to1.5 wt.%, further the hardness decreased

with the increase in the wt.% of hBN nano-reinforcement. The decrease in hardness of the
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NMMCs beyond 1.5 wt.%, hBN was reasoned to the formation of agglomerations,

nonuniform distribution and formation of clusters of hBN nano-reinforcement particulates.

Table 5.1.1 shows the results of hardness, ultimate, % elongation and AGS of

monolithic and nanocomposites with error values as well. The fracture surface of tensile

specimens was studied through SEM pictograph. Figure 5.1.4 shows the results of Stress-

Strain, UTS and % elongation of monolithic and reinforced nanocomposites of hBN particles

at T6 condition. It is also compared with the room temperature as shown in Figure 5.1.5. Heat

treated composites shown better strength and found to be 38.14% enhancement at 1.5% hBN

due to grain refinement and fine precipitates at grain boundaries of heat-treated composites.

These precipitates can be act as barriers to dislocations, so the UTS of nanocomposites

increases. The observations were made based on the results that the UTS increases with

increasing wt.% of hBN content by upto 1.5% due to higher dislocation between nanoparticles

as well as base material along with the larger surface area of hard hBN phase particles, which

bear higher load transformation by matrix during loading and grain refinement. Further

improvement in hBN content leads to diminishing strength due to voids, clusters and

agglomerations, which advance the failure. The % of elongation also follows the same trend

for up to 1.5%hBN and then decreases and is shown in Figure 5.1.4a.

Table 5.1. 1Mechanical properties and AGS of each composition

S. No. Sample Hardness UTS (T6) % Elongation AGS
(μm)

(HV) Error (MPa) Error Error
1 AA7150 151.3 7.565 141 7.05 4.03 0.2015 76
2 AA7150+0.5%hBN 177.6 8.88 223 11.15 7.684 0.3842 53
3 AA7150+1.0%hBN 179.4 8.97 230 11.5 10.86 0.543 33
4 AA7150+1.5%hBN 185.2 9.01 255 12.75 11.78 0.589 17
5 AA7150+2.0%hBN 176.4 8.82 243 12.15 10.30 0.515 26
6 AA7150+3.0%hBN 160.8 8.04 216 10.8 7.22 0.361 34
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(a) (b)
Figure 5.1. 4 (a) Stress vs Strain curve of monolithic and reinforced nanocomposites

(b) UTS, %Elongation vs wt.% at T6.

Figure 5.1. 5 UTS of monolithic and reinforced nanocomposites at RT and T6 conditions.

5.1.3 Fracture studies of AA7150-hBN nanocomposites
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Figure 5.1. 6 SEM images of tensile fracture surface (a) AA7150 (b) AA7150+1.5 wt.% hBN
(c) AA7150+3 wt.% hBN.

SEM images of tensile fracture surface at 200-micron scale for monolithic, 1.5 wt.%

hBN and 3.0 wt.% hBN reinforced nanocomposites are shown in Figure 5.1.6 and also

enlarged for analysis. Figure 5.1.6a represents many voids, cracks and grape-liked dendrites,

and the enlarged picture attributes of the grains are caused due to grain detachment; these are

confirmed as brittle fracture in nature. Figure 5.1.6b represents the image at 1.5 wt.% hBN

reinforced nanocomposite, which results in superior properties, with fewer voids, cracks,

facets and grape-like dendrites. The enlarged scale shows the facets, step-wise dendrites and

its attributes in B-N bonding strength between adjacent layers of crystal structure, which
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elevate the surface energy as well as the interface friction required for particles to detach.

3wt.% hBN reinforced SEM image comes with larger voids and cracks

(Figure.5.1.6c)compared with other two, which confirmed with the declination in properties.

5.1.4 Wear behaviour of AA7150-hBN nanocomposites
The tribological studies related to the fabricated materials were conducted on a fully

computerized tribometer at room temperature under dry sliding conditions, the wear

experiments at a load of 10-40 N while the sliding distance 3000 m was maintained and

sliding speed of 2 m/s was considered and maintained constant. ASTM G-99 standard was

followed for the conduction of the tribo experiments with cylindrical specimens of

dimensions 8 mm in diameter and 30 mm in length was used for the tribo experiments. The

weight loss of the samples was measured in microns for different loads, wt.% of hBN and

other output responses with LVDT. The average surface roughness of the Al7150 alloy and its

composites pin and disc were maintained at 0.1 µm Ra.

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

(e) (f)

(g) (h)

(i) (j)

Figure 5.1. 7 (a)-(d) Distance vs wear height loss at each load (e)-(g) Load vs temperature,
wear height loss, wear rate (h) wt.% vs wear at each load (i) Distance vs wear at 1.5 wt.%hBN

(j) COF at 40 N.
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Figure 5.1.7a-d shows the wear loss of sliding distance 3000 m at a load of 10-40 N

and it was observed that the wear loss of the monolithic and nanocomposites increases with

increasing of sliding distance due to friction between the sliding surfaces hence the higher

temperature rise at larger distances leads to soften the pin material and heavy deformation at

contact point results in more wear loss. The wear loss of the hBN reinforced nanocomposites

was significantly reduced as compared to monolithic material up to 1.5wt.% hBN due to the

hardness enhancement, results in seizure and wear resistance improvement of materials.

Further higher wt.% of hBN leads to reduce the wear resistance due to lower hardness and the

same has been shown in Figure 5.1.7e. Figure 5.1.7f-g shows the influence of applied load

on wear and temperature rise. The graphical trend was confirmed that the load has greatest

significant effect and the most influencing tribological parameter. As the load increased, the

wear loss also noted to increase and temperature due to higher frictional forces. Figure 5.1.7h

also shows the wear loss against to wt.% at 25 min time period also attribute that the load

increase on the nanocomposites, improves the wear loss respectively. Figure 5.1.7i shows

that as the load increases, the wear increases with raise in temperature. When the load is low,

oxides form on the surfaces of the composites and interact with the metal contact surfaces.

These oxides significantly affect the tribo characteristics, results in lower COF and wear rate.

Further, when the applied load increased, heat at contact surface is also increased and worn

out the oxide layers, therefore the oxide layers are no longer capable of preventing layers at

metallic contact surfaces, this frictional heat softens the pin material, resulting in

enhancement in the grain size. This is attributed to more contact surface area and increase in

wear loss, and further change to delamination with further increase in load. The COF at

maximum load at 40 N load, Figure 5.1.7j shows that COF decreases with increasing hBN

wt.% content as compared to monolithic material due to the interaction of lubricating film

with self-mated couples and this leads to smooth contact surface while reducing the COF.
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(a) (b)

(c) (d)

Figure 5.1. 8 SEM images of wear surface (a) AA7150 at 10 N load (b) AA7150 at 40 N load
(c) AA7150-1.5 wt.% hBN at 40 N load (d) AA7150-3.0 wt.% hBN at 40 N load.

Figure 5.1.8a-b SEM images display the monolithic worn surface at minimum load

10 N and maximum load 40 N. 10 N image disclose patches of seriously damaged domains,

as well as deep abrasion grooves due to lower load and it leads to severe wear. Figure 5.1.8b

shows the worn surface of the monolithic alloy at a maximum load of 40 N, and reveals more

plastic deformation in films as well as deeper grooves due to high frictional temperature,

which softens the pin material at coupled region, resulting in massive plastic deformation and
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oxide layers. From Figures 5.1.8a-b, it is evident that lower loads lead to more delamination

as well as abrasive wear; at higher loads heavy plastic deformation results.

Figure 5.1.8c shows the worn surface of 1.5 wt.% hBN nanocomposite at a load of 40

N, and indicates the abrasive wear with deeper grooves due to increase in hBN wt.%;

therefore, the plastic deformation is restricted and acts as a protective film, which results in

minimum surface damage. Figure 5.1.8d displays the worn surface of 3 wt.% hBN

nanocomposite at 40 N load, revealing more delamination, debris and oxide layer formation

on wear surface.

5.1 Summary of AA7150-hBN nanocomposites
The MMCs of Al7150-hBN nanocomposites were fabricated and the influence of hBN

nanoparticles reinforcement was investigated on mechanical, tribological and the following

conclusions were inferred. UV assisted double stir casting technique and vortex methods were

used to fabricate the novel Al7150-hBN nanocomposites with uniformly distributed hBN

nanoparticles.

1. XRD and EDS analysis revealed the major elements of Al7150 alloy and hBN

nanoparticles presence in the matrix alloy with no impurities.

2. Increase in hBN wt.%, increased the hardness and strength (151.3-185.2 HV and 141-255

MPa) of the nanocomposites due to uniform distribution, grain refinement and hard phase

particles, which promotes load bearing capacity. Further increment in hBN wt.%

decreases the hardness and strength (185.2-160.8 HV and 255-216 MPa) due to voids,

clusters and agglomerations.

3. Microstructure analysis of Al7150-hBN nanocomposites OM & SEM reveals the grain

refinement, uniform nanoparticle distribution and nature of failure in nanocomposites.

4. Wear loss of nanocomposites decreased with the increase in the hBN nanoparticle

reinforcement due to hardness enhancement, which leads to seizure and wear resistance.

5. Graphical representation of wear results confirmed that the load has greatest influence on

wear loss and temperature due to higher frictional forces.

6. SEM images of wear surface reveals that the wear is an abrasive type with restricted

plastic deformation and acted as protective layer at 1.5 wt.% hBN. 3 wt.% hBN reveals

more debris, oxide layer and delamination on wear surfaces.
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5.2 AA7150-B4C nanocomposites

5.2.1 Microstructure studies of AA7150-B4C nanocomposites

(a) (b)

(c) (d)
Figure 5.2. 1 OM images of(a)0.5% B4C (b)1.0% B4C (c)1.5% B4C (d)2.0% B4C.

The strength of the material depends on the grain size and it increases as the grain size

reduces as per Hall-Petch theory. Toughness and ductility of material are significantly

affected by the grain size. Throughout AA7150-B4C nanocomposite liquid solidification

process, the B4C nanoparticles act as the centre of non-homogeneous nucleation as well as

reinforcement of matrix alloy grains. The main reason for maintaining the ductility of

composites even after inclusion of reinforcements is due to the grain refinement and size

reduction of the matrix material. Therefore, grain refinement is an attractive mechanism

compared to other strengthening mechanisms due to the retention of ductility as well as

toughness of the materials.

From the above Figure 5.2.1a-d, it is clear that the formation of grain boundaries

decreases by up to 1.5 wt.% and then increases to 2.0 wt.% due to high content of cluster
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particles along with nanoparticles. Therefore, 1.5 wt.% nanocomposite has higher strength

compared to other wt.% reinforcements.

(a) (b)

(c) (d)
Figure 5.2. 2 SEM for nanoparticles distribution B4C in AA7150 matrix alloy (a) 0.5% B4C

(b) 1.0% B4C (c) 1.5% B4C (d) 2.0% B4C.



2019“Fabrication and Experimental Investigations on Nano-Particulates Reinforced Al7150 Metal Matrix Nano-Composites”

“Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S).”68

(a)

(b)

Figure 5.2. 3 EDS for elemental analysis (a) AA7150 (b) 1.5% B4C (c) XRD for chemical
composition at 1.5 wt.% B4C.



2019“Fabrication and Experimental Investigations on Nano-Particulates Reinforced Al7150 Metal Matrix Nano-Composites”

“Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S).”69

Figure 5.2.2 shows particle distribution of various wt.% of nanocomposites and it is

observed that there is uniform distribution of B4C nanoparticles of 0.5, 1.0, 1.5, & 2.0 wt.%. It

is also observed that 1.5 wt.% of B4C represents more particles and homogeneous distribution

throughout the AA7150 matrix alloy. Figure 5.2.2d clearly indicates that the number of voids

and cluster is increased and the porosity spread around the material which leads to increase in

grain sizes. Figure 5.2.3 shows the elemental analysis of monolithic, optimal wt.% of (1.5%

B4C) nanocomposite using EDS and XRD analysis at 1.5wt.%. It is confirmed with the

interaction phases like Aluminium Boride (AlB2), Magnesium Zinc (MgZn2), Aluminium

Copper (Al2Cu) and ZnC4 in the composite. EDS confirmed with the presence of the major

alloying elements in monolithic material like Al, Cu, Mg, Zn and nanocomposite like Al, Cu,

Zn, Mg, B, C.

5.2.2 Mechanical properties of AA7150-B4C nanocomposites
Figure 5.2.4 shows the experimental results of density and porosity of various

nanocomposites as well as base metal. It is observed that the experimental density decreases

with the increase of reinforcement content due to lower density of B4C (2.52 g/cc) particles.

Porosity of the nanocomposites decrease first and then increase at 2.0% with increase of B4C

content. Increase of porosity at 2.0% B4C is mainly due to voids, cluster formation and it is

confirmed by Figures 5.2.1d and 5.2.2d.

(a) (b)

Figure 5.2. 4 (a)Ex-Density and (b) % Porosity graphs against to wt.%.

Figure 5.2.5a shows the results of Vickers hardness test for various nanocomposites.

Hardness behavior of B4C reinforced MMNCs is represented through bar graph and the
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corresponding values are shown in Table 5.2.1. Hardness increases with increase of particle

wt.% gradually due to UV, which in turn leads to homogeneous mixing of B4C. Movement of

dislocation can be prevented by the engulfed B4C particle as the indentor movement increases

when particle congregation increases near the indentor and it leads to an increase in hardness

of nanocomposites. There is a reduction in the value of hardness at 2wt.% due to the

formation of a large number of clusters compared to other wt.%.

(a) (b)
Figure 5.2. 5 Bar chart for (a) Micro-hardness Vs wt.% B4C (b) UTS Vs wt.% B4C.

Table 5.2. 1Mechanical properties of various nanocomposites and monolithic material

Reinforcement
(wt.%)

Hardness Yield
Strength

Ultimate
Strength

%
Elongation

(HV) Error (MPa) (MPa) Error

AA7150 154.5 7.725 35 114.7 5.735 13.34
AA7150+0.5% B4C 166 8.3 41 130.15 6.5075 13.49
AA7150+1.0% B4C 169 8.45 66 160.39 8.0195 14.08
AA7150+1.5% B4C 192.4 9.62 77 180.9 9.045 16.27
AA7150+2.0% B4C 159 7.95 96 172.5 8.625 13.69

Figure 5.2.5b shows the tensile results of the base material and B4C nanoparticles

reinforced composites at room temperature. The effect of B4C reinforcement in Al-MMNCs

was analyzed for tensile values. It was observed that the UTS increases as B4C wt.% increase

by up to 1.5%. average value of UTS of base metal and 1.5 % B4C reinforced nanocomposites

are 114.7 MPa and 180.9 MPa and beyond 1.5% B4C, Al-MMNCs register an increase in

voids, clusters, and agglomeration. Therefore, the strength of 2% B4C nanocomposite exhibits
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grater reduction in properties and the % of elongation follows the same trend as shown in

Figure 5.2.6. The reason can be rightly attributed to the interaction of ultra-fine B4C particles

which lead to grain refinement that increases the UTS. Large UTS with increased ductility

make this material useful for industrial and structure-related application.

Figure 5.2. 6 Line graph of UTS and % elongation against to % reinforcement.

5.2.3 Fracture studies of AA7150-B4C nanocomposites
Tensile fracture surface fractographic images at 100X magnification for base metal

and different wt.% of reinforcement are shown in Figure 5.2.7. The optimal wt.%

fractography was enlarged for the fracture surface analysis and it is represented in Figure

5.2.8. Figures 5.2.7a-e, reveal that the number of cracks, voids, and grape shaped dendrites

are more at monolithic material and are moderately increasing, while increasing wt.% of

reinforcement particle content. Figure 5.2.7d confirms that the voids and cracks are

minimized compared to other wt.%. Further increment in wt.% leads to an increase in huge

voids and cracks which are of various shapes and sizes as confirmed by Figure 5.2.7e. It is

also confirmed that facets and dimples are present. A large number of dimples are associated

with particulates and the samples failed because of brittle behaviour without any identification

of neck formation. Therefore, the nature of the failure of AA7150-B4C may be said to be

semi-brittle.
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(a) (b)

(c) (d)
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(e)
Figure 5.2. 7 Fracture surface of (a) AA7150 (b) 0.5 wt.% B4C (c) 1.0 wt % B4C

(d) 1.5 wt % B4C (e) 2.0% B4C.

Figure 5.2.8 shows the enlarged photography of 1.5%B4C nanocomposite at 20μm

from a 200μm fractograph. The enlarged photography shows many stepwise dendrites and

facets. At the same time, it also reveals the boron-carbide strength of the next crystal layer,

which elevates the high surface energy and friction between adjacent interfaces required to

detach the particles. Therefore, it leads to optimal strength of nanocomposites.

Figure 5.2. 8 Enlarged fracture surface of 1.5%B4C nanocomposite.
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5.2 Summary of AA7150-B4C nanocomposites
AA7150-B4C nanocomposites were successfully fabricated through UV assisted

double stir casting technique using vortex method. The experiments were conducted in as-cast

condition. Mechanical properties were found to increase with increase of B4C particles

reinforcement of up to 1.5 wt.% and any further increase led to reduction in mechanical

properties due to the presence of voids, clusters, and agglomeration. Microstructure analysis

confirms good bonding, formation of grain boundaries and uniform distribution of

nanoparticles at 1.5% B4C compared to others. Porosity decreases while increasing the nano

particle content at the observed minimum of 1.5% B4C (0.11%). Micro-hardness and UTS

significantly improved by 154.5-192.4 HV (57.7%) and 114.7-180.9 MPa (24.5%) and the

nanocomposite found to have optimal properties at 1.5%B4C. Fine ductility of AA7150-B4C

was maintained without compromising its strength, while maximum ductility of 16.27% was

reported at optimal wt.% of B4C. Fractographic studies reveal the brittle nature of failure in

nanocomposites.
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5.3 AA7150-SiC nanocomposites

5.3.1 Microstructure studies of AA7150-SiC nanocomposites
The grain refinement of a particle reinforced nanocomposite is a crucial strengthening

mechanism because it improves the strength and fracture toughness of the composite at low-

temperature conditions. The strengthening value is given by Hall-Petch formula

)(
d
K

hp  where, K is strength coefficient and ‘d’ is the grain size. Therefore, the strength

of the composite material is inversely proportional to the grain size of the material.

Strengthening and grain refining takes place because of dislocation interactions with grain

boundaries. SiC nanoparticles act as nucleation sites towards the matrix phase and limit the

solidification procedure in composite material, which results in grain refinement. Therefore,

the grain refinement of AA7150 increases the grain boundary’s density and protects the

movement of dislocations, which contribute to the strength in composite material. Grain

refinement is enhanced with increase in wt.% of ceramic reinforcement particles. Figures

5.3.1a-d show the grain refinement of alloy matrix grains and reinforcement magnitude with

the addition of second phase ceramic nanoparticles and it increases with an increase of wt.%

of SiC nanoparticles by up to 1.5 wt % in nanocomposites. Beyond 1.5 wt.% of SiC, the grain

size of the matrix increases as shown in Figure 5.3.1e, due to clusters/agglomerations, voids,

and these are confirmed with SEM photograph Figure 5.3.2d.

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

(e) (f)
Figure 5.3. 1 Optical microstructure for grain refinement of (a) AA7150, (b) 0.5 wt.% SiC,

(c) 1.0 wt.% SiC, (d) 1.5 wt.% SiC, (e) 2.0 wt % SiC, and (f) Graphical representation of AGS

The magnitude of grain refinement size was calculated through LIM and ImageJ

software. The grain sizes were measured in the direction of principal planes and the values

obtained are represented in Table 5.3.1., and the corresponding graphs are shown in Figure

5.3.1f. From the result, it is observed that the % reduction in grain size is 57.9% compared to

alloy matrix.

Figures 5.3.2a-d. show SEM micrographs of particle distribution with various wt.%

of SiC nanoparticle reinforced composites at as-cast material conditions. EDS at 1.5 wt.% SiC

reveals information about elements and shows nanocomposites with major chemical elements

such as Al, Mg, Zn, Cu and Si, C as second phase elements (Figure 5.3.3) and also XRD

analysis for chemical composition. The phase interaction peaks like Aluminium Magnesium

Zinc (AlMg4Zn11), Magnesium Zinc (MgZn2), SiC, Copper Silicade (Cu3.17Si), Diamagnesium

Silicide (Mg2Si)have been observed in the composite. A high wt.% of reinforcement mixing
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shows more probability of clusters/agglomerations, voids and it is confirmed from Figure

5.3.2d at 2 wt.% SiC reinforcement in AA7150. Figures 5.3.2a-c demonstrate uniform

distribution of nano SiC particles in the Al alloy matrix using the novel fabrication process.

The distribution increases with increase in wt.% of SiC. It is also noticed that porosity is

decreasing with increasing wt.% of SiC upto 1.5% due to ultrasonic degassing effect and

beyond 1.5 wt.%, it shows clusters and porosity due to high surface area to volume ratio. The

graphical representation of porosity is shown in Figure 5.3.2e. From the result, it is observed

that the % reduction in porosity is 83.5% compared to alloy matrix.

(a) (b)

(c) (d)
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(e)
Figure 5.3. 2 SEM images for particle distribution of (a) 0.5 wt.% SiC, (b) 1.0 wt.% SiC,

(c) 1.5 wt.% SiC, (d) 2.0 wt.% SiC, (e) Graphical representation of porosity.

(a)

(b)
Figure 5.3. 3 (a) EDS spectrum (b) XRD analysis of AA7150-1.5 wt.%SiC.
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5.3.2 Mechanical properties of AA7150-SiC nanocomposites
The densities of nanocomposites were measured by careful experiments to determine the

porosity level of the composite material; Archimedes Principle was used to calculate density

by considering the sample weight in air and its weight in distilled water; the nanocomposites

were cut from nanocomposite blocks. Theoretical density of each nanocomposite material was

calculated through rule of mixing method. The alloy matrix and SiC nanoparticles had

densities of 2.83 g/cc and 3.216 g/cc respectively. It can be observed from the graph that the

composite densities were enhanced compared to that of the base matrix. Further, experimental

density increased as shown in Figure 5.3.4, with increase in wt.% of nano SiC in the

nanocomposites. These increments in experimental density of AA7150-SiC nanocomposites

are primarily due to higher densities of SiC particles compared to Al7150 alloy material.

Table 5.3. 1 AGS and mechanical properties of nanocomposites and base alloy matrix

Composition Ex-Density
(g/cc) AGS Porosity UTM Hardness

(μm) Error (%) Error (MPa) Error (HV) Error
AA7150 2.725573 152 7.6 3.69 0.1845 114 5.7 151.8 7.59
AA7150-0.5%SiC 2.763739 101 5.05 2.4 0.12 131 6.55 168.2 8.41
AA7150-1.0%SiC 2.787498 73 3.65 1.62 0.081 143.7 7.185 172.76 8.638
AA7150-1.5%SiC 2.817805 64 3.2 0.61 0.0305 182.5 9.125 188.1 9.405
AA7150-2.0%SiC 2.825773 113 5.65 0.77 0.0387 169 8.45 177.72 8.886

To find the porosity, the densities values based on experiments were tested on base alloy

matrix and its reinforced with SiC nanocomposites at as-cast state. The % of porosity after

incorporation of SiC nanocomposites is represented in Figure 5.3.4. It is observed that the %

of porosity decreases with increase of SiC nanoparticles by up to 1.5% weight fraction due to

ultrasonic degassing effect and uniform dispersion of nanoparticles. Further increase in

reinforcement leads to increase in porosity due to large surface area to volume ratio of

nanoparticles. Once the limit is crossed in the molten pool, there is improvement in the

formation of clusters and voids resulting in more porosity. It is confirmed by Figure 5.3.2d.
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Figure 5.3. 4 Graphical representation of experimental density and porosity.

The microhardness of monolithic and SiC reinforced nanocomposites was carried out

through Vickers hardness tester at as-cast state. Each experiment was repeated 8 times and the

mean of all the readings was calculated. The microhardness results are represented in a bar

chat in Figure 5.3.5. It is observed that the microhardness was enhanced and was greater than

that of base alloy matrix. Microhardness was found to increase with increase in wt.% of SiC

nanoparticles and it can be precisely attributed to ultrasonication, which leads to

homogeneous mixing of SiC. The movement of dislocation is prevented by engulfed SiC

nanoparticles as the indentor movement increases particle congregation near the indentor.

Hence, there is increase in hardness of nanocomposites and it is also due to good adhesion

between SiC ceramic nanoparticles and alloy matrix. Beyond 1.5% SiC, the microhardness of

nanocomposite decreases due to higher grain size and clusters formation. It is confirmed in

Figures 5.3.1e & 5.3.2d.
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Figure 5.3.5 Graphical representation of microhardness.

Tensile test was carried out on Instron UTM for reinforced and unreinforced

composites. The results are represented in Table 5.3.1. Figure 5.3.6 shows the UTS

variations against wt.% of reinforcement and it is noticed to increase with increase in SiC

nanoparticles up to 1.5 wt.% due to high dislocation between alloy matrix and nanoparticles,

which leads to more dislocation loops around the reinforcement particles and produces back

pressure that restricts the movement of dislocations as well as grain refinement, resulting in

enhanced strength of nanocomposite. Beyond 1.5 wt.%, there is decrease in the strength of

nanocomposite due to clusters/agglomerations, resulting in advancing the failure of

nanocomposites and a consequent reduction in mechanical properties. This reduction is

attributed to cluster/agglomeration present in the composite and creates high stress

concentration which leads to crack formation and further propagation, resulting in advancing

the material properties.
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Figure 5.3. 6 Graphical representation of UTS.

5.3.3 Fracture studies of AA7150-SiC nanocomposites
SEM facto-graph images of alloy matrix, at optimal strength was observed in the

AA7150-1.5 wt.%SiC and maximum reinforced MMNCs AA7150-2 wt.%SiC, were taken

from tensile fracture surface, as shown in Figure 5.3.7. These images were captured at 200X

magnification as well as the enlarged scale of 1000X magnification. Figure 5.3.7a shows the

fracture surface of Al7150 alloy matrix sample which shows large grape shape quantities as

well as dendritic globules. SiC reinforced nanocomposites (Figures 5.3.7b-c) show dendritic

microstructure and these act as a weak zone as well as stress riser, leading to crack initiation.

These cracks spread around the dendritic boundaries due to alloy matrix and ceramic particle

interface, behave like stress concentration spots. Micro-cracks are produced at interfaces as

well, which run through soft alloy matrix material and ceramic particles that show stepwise

dendritic structure. The failure of SiC reinforced nanocomposites as suitable alloy is

confirmed with inter-dendritic, stepwise dendrites and trans-granular cleavage facets on

fracture surface facto-graphs as shown in Figures 5.3.7b-c. It is also observed that the voids

and micro-cracks are minimized at AA7150-1.5 wt.% SiC compared to base alloy and

AA7150-2 wt.%SiC nanocomposite.
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(a) (b)

(c)
Figure 5.3. 7 SEM images for fracture surface of (a) AA7150, (b) AA7150-1.5wt.%SiC,

(c) AA7150-2wt.%SiC.

From the results and analysis, it is confirmed that the mechanical properties of

AA7150-1.5 wt.% SiC nanocomposite play a crucial role with respect to porosity, distribution

and dispersion of nanoparticles throughout the material. Hence, a novel fabrication process

was successfully developed based on a sequence of operations involving vortex, double stir

casting, and UV methods to manufacture AA7150-1.5 wt.% SiC nanocomposite and by this
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process minimum porosity and maximum homogeneous distribution of SiC nanoparticles was

achieved.

5.3 Summary of AA7150-SiC nanocomposites
AA7150-SiC nanocomposites were fabricated successfully with enhanced nanoparticle

distribution and improved performance of nanocomposite. The microstructure and mechanical

properties were evaluated. The optical microstructure analysis revealed grain refinement and

it increased with an increase in SiC nanoparticles and maximum refinement was observed at

1.5 wt.%SiC. SEM photographs confirm uniform distribution of SiC nanoparticles. The

mechanical properties of AA7150-1.5 wt.%SiC exhibit significant improvement compared to

counter parts and it reveals an enhancement of 23.9% (151.8-188.1 HV) in microhardness,

60.1% (117-182.5 MPa) in UTS and minimum porosity (83.47% reduction) at 1.5 wt.%SiC

compared to matrix alloy.
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5.4 AA7150-TiC nanocomposites

5.4.1 Microstructure studies of AA7150-TiC nanocomposites
The OM photographs for ceramic TiC nanoparticle reinforced AA7150 alloy

composites and unreinforced alloy material are shown in Figure 5.4.1a-e followed by AGS

graphical representation. It is calculated from LIM and the maximum reduction is 41 μm.

SEM graphs for TiC nanoparticle reinforced nanocomposites were used to study particle

distribution. EDS for elemental characterization of each nanocomposite and its nanoparticle

size distribution graphs are shown in Figure 5.4.2 and we also investigated the fracture

surface for establishing the nature of failure analysis of nanocomposites.

Firstly, microstructural examinations were done on the prepared sample of monolithic

and TiC nanoparticles reinforced nanocomposites and the grain boundary photographs are

shown in Figures 5.4.1a-e. It is observed that fair grain boundary structures were appearing

due to reinforcement of TiC nanoparticles. The majority of nanoparticles were repelled to

grain boundary areas and beyond 1.5 wt.%, TiC nanoparticles reinforcement formed the

cluster/agglomerations and those were trapped between the grain boundaries.

(a) (b)

(c) (d)
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(e) (f)
Figure 5.4. 1 Optical microstructure of (a) AA7150 (b) AA7150-0.5 wt.% TiC
(c) AA7150-1.0 wt.% TiC (d) AA7150-1.5 wt.% TiC (e) AA7150-2.0 wt.% TiC

(f) AGS of each nanocomposite and alloy matrix.

It is noticed that grain size reduces with increase of wt.% of TiC nanoparticles

reinforcement due to UV effect. During the UV treatment in molten liquid, the grain size of

primary α-Al decreases and the number of grains (α-Al) in composite material increases due

to cavitation and acoustic streaming of UV treatment which leads to homogeneous

distribution of nanoparticles. The AGS of unreinforced and untreated composite is 86.23 μm

and this reduces continuously by adding TiC nanoparticles reinforcement due to UV effect.

The optimal refinement of grain size (41.1 μm) for reinforced and UV treated composite is

observed at 1.5 wt.% TiC. The reduction of composite grain size has two major reasons.

Firstly, TiC nanoparticles interrupt the grain growth of matrix due to accumulation of

nanoparticles at grain boundaries. Secondly, grain refinement of nanocomposites is

strengthened because of UV effect. This reduction of grain size leads to improvement in the

strength of AA7150-TiC nanocomposites according to Hall-Petch theory. Compared to other

existing strengthening mechanisms, grain refinement is a beautiful theory because it does not

affect the toughness or ductility of the materials. It is proposed to explain that the fabrication

process is capable of grain refinement with TiC nanoparticles reinforcement. The grain size of

each composite was determined through LIM. Line length was estimated through “ImageJ

Software”. From Figure 5.4.1f, it is noticed that the maximum grain size reduction at 1.5

wt.% TiC is 52.37% (86.23 to 41.1 μm ) compared to base alloy matrix.

SEM photographs of novel fabrication process (reinforced composites for nanoparticle

distribution and respective histogram for nanoparticles size distribution) are shown in Figure

5.4.2. It reveals the presence of TiC nanoparticles in Al7150 alloy and uniform distribution of
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nanoparticles in 0.5 wt.%, 1.0 wt.%, & 1.5 wt.% TiC except for 2 wt.% TiC. Therefore,

improvement in mechanical properties is observed due to uniform distribution of particles as

per Orowan strengthening theory but in 2 wt.% TiC, SEM micrographs reveal the formation

of cluster/agglomeration. Figure 5.4.2 confirms uniform distribution of TiC nanoparticles.

The corresponding elemental analysis was studied through EDS of each particle distribution

photograph. EDS spectroscopy reveals a major element of AA7150 and TiC nanoparticle

reinforcement with elemental peak intensities. It is also observed that the porosity of

nanocomposites decreases with increase of wt.% of TiC nanoparticles which plays a crucial

influence in improving material properties of composites. Minimum porosity and maximum

TiC nanoparticle distribution was noticed at AA7150-1.5 wt.% of TiC nanocomposite as

shown in Figure 5.4.2c. The reduction of porosity and homogeneous dispersion of

nanoparticles is mainly due to UV treatment which involves cavitation as well as acoustic

streaming. This effect leads to optimal strength of the nanocomposites according to Orowan

strengthening mechanism. The histogram representation for nanoparticle size distribution also

supports uniform distribution of TiC nanoparticles which increases with increase of wt.% of

ceramic nanoparticles by up to 1.5 wt.% TiC. The majority of nanoparticles are dispersed (0-

150 nm range) throughout the composite material due to sonication effect and it is confirmed

with histogram representation as shown in Figure 5.4.2. In Figure 5.4.2c histogram shows

more nanoparticles dispersed in the range of 30-120 nm compared to counter parts. Further

improvement of nanoparticles (2 wt.% TiC) shows fewer particles distribution <200 nm and

more clusters/agglomerations in the range of 200-600 nm in histogram of Figure 5.4.3d.

XRD analysis of optimal weight percentage (1.5 wt.%) is shown Figure 5.4.3e and

Aluminium Titanium (Al0.48Ti1.52), TiC, Magnesium Zinc (MgZn2 and MgZn5), Aluminium

Copper (Al9Cu11.5), Aluminium Copper Titanium (AlCu2Ti), Ti3AlC2 phases are identified.
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(a)

(b)

(c)
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(d)

(e)
Figure 5.4. 2 SEM photographs and comparable histogram of nanoparticles distribution of

(a) AA7150-0.5 wt.% TiC (b) AA7150-1.0 wt.% TiC (c) AA7150-1.5 wt.% TiC

(d) AA7150-2.0 wt.% TiC and (e) XRD analysis at 1.5 wt.% TiC.
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5.4.2 Mechanical properties of AA7150-TiC nanocomposites
To investigate the strengthening effect of TiC ceramic nanoparticles, the mechanical

properties of AA7150-TiC nanocomposites at room temperature were examined. Al7150 alloy

and TiC nanoparticles have densities of 2.83 g/cc and 4.93 g/cc respectively. In order to find

the porosity level in fabricated samples, the experimental density and theoretical density of

samples were calculated and are represented in Figure 5.4.3a. The experimental density of

various nanocomposite samples and monolith material was calculated through Archimedes’s

principle. Digital electron weighing balance was used to find the samples weight in air and

distilled water. The theoretical densities of the various samples were evaluated through rule of

mixing formula. With the help of experimental and theoretical densities, the porosity of

monolithic and nanocomposites which is reinforced with TiC nanoparticles of 0.5 to 2.0 wt.%,

in the steps of 0.5 wt.% at as-cast state was calculated. The measured values of porosity are

represented in Table 5.4.1.

(a) (b)
Figure 5.4. 3 Influence of TiC % reinforcement on (a) Experimental and Theoretical densities

(b) % of porosity.

The porosity variation with wt.% of TiC reinforced nanocomposites is shown in

Figure 5.4.3b. It is noticed that the porosity of nanocomposite decreases with increase of

wt.% of nanoparticle reinforcement. It is due to the effect of ultrasonic waves which enhance

the wetting of molten Al7150 alloy. TiC nanoparticles behave as nucleates to refine the grains

of the matrix material. It is also observed that the % of porosity reduction at 1.5 wt.% TiC is

69.87% and this can be attributed to ultrasonic degassing effect of liquid metal, enhancement

of fluidity by uniform distribution of nanoparticles and UV effect on liquid homogenization.



2019“Fabrication and Experimental Investigations on Nano-Particulates Reinforced Al7150 Metal Matrix Nano-Composites”

“Department of Mechanical Engineering, National Institute of Technology, Warangal (T.S).”91

Table 5.4. 1 AGS, Mechanical properties of base alloy and nanocomposites

Composition Ex-Density Porosity AGS UTM Hardness

g/cc Error % Error μm Error MPa HV Error

AA7150 2.79524 0.13976 1.23 0.06141 86.23 4.3114 118 150.81 7.5405
AA7150-0.5%TiC 2.81304 0.14065 0.81 0.04048 69.44 3.47189 137 158.56 7.928
AA7150-1.0%TiC 2.82437 0.14122 0.62 0.0312 50.35 2.51768 154 163.86 8.193
AA7150-1.5%TiC 2.83766 0.14188 0.37 0.0185 41.07 2.05355 175 177.05 8.8525
AA7150-2.0%TiC 2.83946 0.14197 0.52 0.026 47.83 2.39133 158 160.5 8.025

Hardness test was carried out on Vickers microhardness tester at a load of 200 g and

15 sec of dwell period. Specimens were subjected to indentation at various locations and 10

readings were taken. The microhardness values of AA7150 and AA7150-TiC nanocomposites

are graphically represented in Figure 5.4.4. The test results of Vickers hardness value with

TiC reinforced nanocomposites were higher than unreinforced matrix alloy. It is noticed that

the inclusion of ceramic TiC nanoparticles to Al7150 alloy matrix significantly increased the

microhardness of nanocomposite material. It is confirmed in Figure 5.4.4, that the

microhardness value of the nanocomposite material was enhanced with enhancement in

ceramic nanoparticle wt.%. It also reveals that hardness increases by up to 1.5 wt.% but it

decreases on further increase of TiC nanoparticles. The optimal magnitude value of

microhardness for AA7150-TiC nanocomposites which has 1.5 wt.% of TiC ceramic

nanoparticles is 177.05 HV because of the existence of hard phase TiC nanoparticles, Hall-

Petch and Orowan strengthening mechanism, as well as uniform particle distribution. The

reason for increase in microhardness of AA7150-TiC nanocomposites can be attributed to the

fact that the presence of TiC nanoparticles which are harder than Al7150 alloy and they

prevent the movement of dislocation which ultimately increases microhardness as well as

strength of composite. Another thing which also contributes to the increase in microhardness

of the nanocomposite is the large surface to volume ratio of ceramic nanoparticles. This large

surface area increased the particle to matrix interface area, which leads to an increase in the

microhardness of the nanocomposites.
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Figure 5.4. 4 Effect of reinforcement on AA7150 alloy hardness.

The reason for decrease in hardness value at 2 wt.% TiC can be rightly attributed to

the formation of agglomeration of nano reinforcement and increased porosity content due to

low nanoparticle percolation threshold effect. It can be confirmed from Figures 5.4.1e and

Figure 5.4.2d.

UTS was tested on AA7150-TiC nanocomposite and the tests were done according to

ASTM E8M standard. UTM (INSTRON – 10 KN Load cell) was used in tensile experiments.

The specimens were clamped between the fixed cross-head and the moving cross-head of the

universal machine. The strength of different specimens was evaluated at 0.5 mm/min cross

head speed. The influence of TiC nanoparticles reinforcement on the tensile strength of

AA7150-TiC nanocomposites was analyzed through tensile results and the graphical

representation is shown in Figure 5.4.5 and it was compared with monolithic material. The

stress-strain graph showed the fracture surface of each AA7150-TiC based composite

respectively. It is realized that the ultimate strength values of TiC nanoparticles reinforced

composites are higher than unreinforced metal matrix alloy. It is noticed that that the material

strength enhanced with enhancement in ceramic reinforcement. However, a marked

improvement in strength was noticed when 1.5 wt.% TiC nanoparticle reinforcements were

added. This is due to fact that porosity was estimated by ultrasonic degassing effects and Hall-

Petch grain refinement and strengthening mechanism. The grains were refined and equated to

Al7150 alloy matrix grains which promote the enhancement of UTS of Al7150-TiC

nanocomposites. Moreover, it is a known fact that Orowan strengthening mechanism is
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substantial while the size of the particle reinforcements is <1 µm and when there is

homogeneous dispersion throughout the alloy matrix.

Figure 5.4. 5 Stress-Strain curves, Vickers hardness (inset) and fracture surface (inset) of
unreinforced and reinforced nanocomposites at room temperature.

The average particle size of TiC was 30-50 nm and these nanoparticles contribute to

dislocation moment which leads to enhancement in the ultimate strength of nanocomposites.

The influence of load sharing effect is minimum and improvement of UTS is primarily due to

grain refinement according to Hall-Petch theory. 1.5 wt.% TiC showed superior tensile

strength value compared to monolithic and other counter parts of the composites. The reason

for improvement in tensile strength (175 MPa) can be suitably attributed to uniform

distribution of TiC nanoparticles, which act as a barrier to dislocation movement. Under

externally applied load, alloy matrix distributes the applied load to ceramic particle

reinforcement when there is solid interfacial bonding strength between two material phases.

This strengthening is attained by distribution of reinforcement particle strengthening,
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dislocation and grain refinement strengthening. The homogeneous dispersion of TiC

nanoparticles provides marked improvement of distribution strengthening in AA7150-TiC

nanocomposites through accommodating most of the applied forces which leads to

improvement in load bearing capacity of matrix alloy to ceramic particles. There is decrease

in tensile strength value for 2 wt.% TiC (158 MPa). The reason can be attributed to the

formation of porosity and increased agglomeration of particles due to the limit on the

threshold value of larger surface to volume ratio in the molten liquid.

5.4.3 Fracture studies of AA7150-TiC nanocomposites
Fracture surface of Al7150 alloy was observed at 100X magnification. Figure 5.4.6a

shows the elliptical shaped molecules of matrix alloy that are clearly visible at 1000X

magnification and it is also observed that the fracture is ductile in nature due to shearing

effects and it in turn is brittle in nature while adding TiC nanoparticles to the content.

Increasing TiC wt.% reduces the voids and elastic deformation due to UV effect in the metal

pool. This deformation can be observed along fracture surface of TiC reinforced composites

(Figures 5.4.6b-e).

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

(e)
Figure 5.4. 6 SEM photographs for fracture surface of (a) AA7150 (b) AA7150-0.5 wt.% TiC

(c) AA7150-1.0 wt.% TiC (d) AA7150-1.5 wt.% TiC (e) AA7150-2.0 wt.% TiC.

At higher TiC nanoparticle reinforcement, micro cracks are observed due to the

cluster/agglomeration supported by Figure 5.4.2d, which initiate and propagate the crack for

the continuous loading and the surface shows brittle fracture mode of Figure 5.4.6e. It is also

due to the strong interface between the matrix alloy and TiC nanoparticles. Therefore, the
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failure of AA7150-TiC nanocomposite is in mixed mode with partially ductile and partially

brittle in nature.

5.4 Summary of AA7150-TiC nanocomposites
Novel AA7150-TiC nanocomposites were fabricated successfully which enhanced the

homogeneous distribution of TiC nanoparticles in AA7150 based composites. The material

properties improved with increased TiC nanoparticle reinforcement of upto 1.5 wt.% due to

sonication effect and then decreased due to clusters/agglomerations. Based on optical and

SEM analysis, it was concluded that the grain size refinement, good bonding between matrix

and reinforcement particulates, and homogeneous distribution of TiC nanoparticles in

AA7150-TiC nanocomposite was due to UV effect. The maximum grain refinement of the

nanocomposite was 41.07 μm and minimum porosity was 0.37% which decreased by 52.37%

(86.23-41.04 μm) and 69.87% (1.23-0.37%) compared to AA7150 material. The

microhardness and tensile strength of AA7150-TiC nanocomposites at as-cast case were

enhanced due to novel fabrication process followed by UV treatment. The microhardness and

tensile strength of AA7150-TiC nanocomposites properties of are 177.05 HV and 175 MPa,

which are enhanced by 17.40% (150.81-177.05 HV) and 48.31% (118-175 MPa) compared to

AA7150 alloy matrix respectively.
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CHAPTER -6
MICROSTRUCTURE AND MECHANICAL

EVALUATION OF HYBRID NANOCOMPOSITE

This chapter deals with microstructure and mechanical properties of hybrid

nanocomposites fabricated through novel fabrication process. Microstructure of

nanocomposites were analyzed by OM and SEM. The mechanical characterization was done

using microhardness tester and UTM. The results are discussed through graphical, tabular and

microstructure in detailed.

6.1 Results and discussions of hybrid nanocomposites

6.1.1 Microstructure analysis of hybrid nanocomposites

(a)

(b)
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(c)

(d)

(e)
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(f)

Figure 6. 1 OM images with 100X and 400X of (a) AA7150 (b) 0.5 wt.% (B4C-hBN)

(c) 1.0 wt.% (B4C-hBN) (d)1.5 wt.% (B4C-hBN) (e) 2.0 wt.% (B4C-hBN) (f) AGS.

The strength of the material depends on the grain size and it increases as the grain size

reduces as per Hall-Petch phenomena. Toughness and ductility of material are significantly

affected by grain size. Throughout the AA7150-B4C-hBN nanocomposite liquid solidification

process, the hybrid nanoparticles act as a center of non-homogeneous nucleation as well as

reinforcement of matrix alloy grains. Grain refinement is an attractive mechanism compared

to other strengthening mechanisms due to the retention of ductility as well as toughness of the

materials.

From the above Figures 6.1a-e show lower magnification (100X) to higher

magnification (400X) for better understanding of grain refinement and it is clear that the

formation of grain boundaries decreases by up to 1.5 wt.% and then increases to 2.0 wt % due

to high content of cluster particles along with the nanoparticles. The AGS of each

nanocomposite were calculated through LIM. The measured values for the AGS are

represented in Table 6.1 and corresponding bar chart is shown in Figure 6.1f. Therefore, it is

noticed that the % of reduction of AGS at AA7150-1.5% (B4C-hBN) is 70.99% compared to

base metal. Hence, AA7150-B4C-hBN hybrid nanocomposite at 1.5 wt.% has higher strength

(192 MPa) compared to base metal.
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(a)

(b)

(c)
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(d)
Figure 6. 2 SEM for hybrid nanoparticles distribution (a) 0.5 wt.% (B4C-hBN) (b) 1.0 wt.%

(B4C-hBN) (c) 1.5 wt.% (B4C-hBN) (d) 2.0 wt.% (B4C-hBN).

(a)

(b)
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(c)

Figure 6. 3 EDS for elemental analysis of (a) AA7150 (b) 1.5 wt.% (B4C-hBN) (c) XRD for
chemical composition at 1.5 wt.% (B4C-hBN).

Figure 6.2 shows particle distribution of various weight percentages of hybrid

nanocomposites and it is observed that there is uniform distribution of hybrid nanoparticles of

B4C-hBN in 0.5, 1.0, 1.5, and 2.0 wt.%. It is also observed that 1.5 wt.% of B4C-hBN

represents more particles and enjoys better homogeneous distribution throughout the

nanocomposite compared to other reinforcements. Figure 6.2d clearly indicates that the

number of voids and cluster formations are increased and the porosity spread around the

material, which leads to increase in grain sizes as well as reduces the strength of composite

material. Figure 6.3 shows the elemental analysis of monolithic and optimal weight

percentage of (1.5% B4C-hBN) hybrid nanocomposite. It is confirmed with the presence of

major elements in monolithic material like Al, Cu, Mg, Zn and nanocomposite like Al, Cu, Zn,

Mg, along with reinforced elements such as B, C, N. Figure 6.3c shows the XRD analysis of

1.5 wt.% composite, and observed the phase interactions like Al, Aluminium Boride (AlB2),

BN, Magnesium Boride (B2Mg), Magnesium Zinc (MgZn2), Copper Zinc(Cu5Zn8),

Aluminium Copper Magnesium (Al0.92Cu1.08Mg), Tricarbon Tetranitride (C3N4) in the

composite.
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6.1.2 Mechanical properties of hybrid nanocomposites

(a) (b)
Figure 6. 4 (a) Density and (b) Porosity graphs against to hybrid reinforcement.

The theoretical and experimental densities of AA7150-B4C-hBN hybrid

nanocomposites and alloy matrix material were measured by rule of mixing and Archimedes

principle respectively. According to the results obtained, the graphical representation of

density and % of porosity against to wt.% of hybrid reinforcement is shown in Figure 6.4.

From the results, it was noticed that the experimental density of AA7150-B4C-hBN hybrid

nanocomposites decreases with increase of hybrid reinforcement content due to lower

densities of reinforcements and the effect of ultrasonic degassing phenomena, which plays a

vital role in minimizing the porosity because of cavitation effect and closely packed

dispersion of hybrid ceramic nanoparticles due to acoustic streaming effect. The existence of

porosity in AA7150-B4C-hBN hybrid nanocomposites and monolithic material was attributed

to theoretical and experimental difference. From the porosity results, it was noticed that the %

of porosity decreases with increase of hybrid nanoparticle content of up to 1.5 wt.% and

maximum reduction at 1.5% due to degassing effect of UV as well as homogeneous

distribution of hybrid nanoparticles throughout composites as compared to counter parts.

Further reinforcement of hybrid nanoparticle content leads to enhancement of % of porosity

due to large surface area to volume ratio of nanoparticles, voids and cluster formation.

Vickers hardness test for various nanocomposites was performed. Microhardness

behavior of hybrid nanocomposites is represented through bar graph (Figure 6.5a).

Microhardness of hybrid nanoparticles reinforced composites was positively enhanced

increasing nanoparticle weight percentage by up to 1.5% due to hard B4C, hBN ceramic

particles which strengthened the composite material. It is also due to better interaction
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between AA7150 matrix and hybrid nanoparticles, Orowan strengthening (uniform

distribution of nanoparticles due to UV effect) mechanism, and Hall-Petch (grain refinement)

mechanism, which restrict the deformation and crystal movement during the indentation.

(a) (b)
Figure 6. 5 Graph for (a) Micro-hardness Vs hybrid reinforcement

(b) Ultimate strength Vs hybrid reinforcement.

Tensile strength results of the base material and hybrid nanoparticles reinforced

composites at room temperature are shown in Figure 6.5b and the corresponding stress-strain

curves are shown in Figure 6.6. The effect of hybrid reinforcement in Al nanocomposites was

analyzed for UTS values. It was observed that the UTS enhanced positively with (B4C-hBN)

hybrid nanoparticles up to 1.5 wt.% due to nanoparticle load bearing effect, inter-facial

distance between the nanoparticles as well as CTE mismatch strengthening mechanism. CTE

variation in AA7150 (23.2 X 10-6/ oC), hBN nanoparticles (1 X 10-6/ oC in ǁ and 4 X 10-6/ oC

in ┴ directions) and B4C nanoparticles (5 X 10-6/ oC) influenced the results because of

thermally developed residual stresses and high dislocation density, which act as a barrier to

movement of dislocation in the nanocomposite material. The reason can also be rightly

attributed to the uniform distribution of ultra-fine hybrid particles in the nanocomposites is

due to UV effect in the Al melt bath, which causes homogeneous distribution of nanoparticles

and grain refinement during the solidification process. This phenomenon promotes the

enhancement of tensile strength in the nanocomposite material. Hence, AA7150-B4C-hBN

nanocomposites strength increases with hybrid nanoparticle content of up to 1.5 wt.% (value

of UTS for base metal and 1.5 wt.% of nanoparticles reinforced nanocomposites of 94.7 MPa

and 192 MPa) and then decreases further. This decrement of ultimate strength in AA7150-
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2wt.% hybrid nanocomposites mainly due to clusters/agglomerations and micro voids which

promote stress concentration in the nanocomposites.

Table 6. 1 AGS and material properties of alloy matrix and nanocomposites

Composition Ex-Density Porosity AGS Hardness

g/cc Error % Error μm Error HV Error
AA7150 2.75755 0.13788 2.56 0.128 131.17 6.5584 150.8 7.541
AA7150-0.5%Hybrid 2.78926 0.13946 1.34 0.067 75.42 3.771 165.9 8.295
AA7150-1.0%Hybrid 2.80086 0.14004 0.83 0.0415 66.62 3.331 174.4 8.720
AA7150-1.5%Hybrid 2.81848 0.14042 0.46 0.023 38.05 1.9025 189.1 9.735
AA7150-2.0%Hybrid 2.79345 0.13967 0.88 0.044 40.49 2.0245 169.3 8.465

Figure 6. 6 Stress-Strain graph for monolithic and hybrid nanocomposites.

6.1.3 Fracture surface of hybrid nanocomposites
Tensile fracture surface fractographic images at 100X and 1000X magnification for

base metal and different weight percentages of hybrid reinforcement are shown in Figure 6.7.

Figures 6.7a-e, reveal that a number of cracks, voids, and grape shaped dendrites globules act

as stress riser and lead to cracks. These are moderately increasing, while increasing of wt.%

of reinforcement particle content is increasing. Figure 6.7d confirms that the voids and cracks

are minimized compared to other weight percentages. Further increment in weight

percentages leads to an increase in huge voids and cracks which are of various shapes and

sizes as confirmed by Figure 6.7e. It is also confirmed that facets and dimples are present.
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Therefore, the nature of the failure of AA7150-B4C-hBN is mixed kind, being partially brittle

and partially ductile.

(a)

(b)
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(c)

(d)

(e)
Figure 6. 7 Fracture surfaces of (a) AA7150 (b) 0.5 wt.% (B4C-hBN) (c) 1.0 wt.% (B4C-hBN)

(d) 1.5 wt.% (B4C-hBN) (e) 2.0 wt.% (B4C-hBN).

Figure 6.7 also shows the enlarged photography of hybrid nanocomposites at 20 μm

(100X) from a 200 μm (1000X) fractography. The enlarged photography shows detailed

clarification of fracture phenomena and 1.5 wt.% hybrid composites show many stepwise

dendrites and facets compared to other counter parts. At the same time, it is also revealing the

B-C and B-N strength of the next crystal layers, which reveals the high surface energy and

friction between adjacent interfaces required to detach the particles. Therefore, it leads to

optimal strength of nanocomposites.
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6.2 Summary of hybrid nanocomposites
AA7150-B4C-hBN hybrid nanocomposites were successfully fabricated through a

novel fabrication method. All the experiments were conducted at ambient temperature.

Mechanical properties were found to increase with increase of hybrid nanoparticle

reinforcement of up to 1.5 wt.% and further increment led to reduction in mechanical

properties due to the presence of voids, clusters, and agglomeration. Microstructure analysis

confirms good formation of grain boundaries and uniform distribution of nanoparticles at 1.5

wt.% compared to counter parts. Porosity decreases while increasing the particulates content

at the observed minimum of 1.5 wt.% B4C-hBN (82.03%). Microhardness, UTS, and yield

strength significantly improved by 150.81-189.1 HV (25.40%), 94-192 MPa (104.25%), and

35-58 MPa (68.7%) and the hybrid nanocomposite was found to have optimal properties at

1.5 wt.% (B4C-hBN). Fractographic studies reveal the semi-brittle nature of failure in hybrid

nanocomposites.
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CHAPTER -7
CONCLUSIONS

AA7150 based nanocomposites were successfully fabricated through a novel
fabrication process by combining vortex, double stir casting, and UV techniques.
Microstructure and mechanical properties were investigated for novel fabrication process and
compared base material. The following conclusions for the individual nanocomposites
reinforced with hBN, B4C, SiC, TiC, and hBN-B4C hybrid nanocomposites are stated below:

 hBN
1. XRD and EDS analysis revealed the major elements of Al7150 alloy and hBN

nanoparticles presence in the matrix alloy with no impurities.

2. Percentage of porosity reduces from 2.056-0.1776 (i.e., 93.36% reduction at 1.5 wt.%)

3. Increase in hBN wt.%, increased the hardness and strength (151.3-185.2 HV and 141-
255 MPa) of the nanocomposites due to uniform distribution, grain refinement and hard
phase particles, which promotes load bearing capacity. Further increment in hBN wt.%
beyond 1.5 wt%, decreases the hardness and strength (185.2-160.8 HV and 255-216
MPa) due to voids, clusters and agglomerations.

4. Microstructure analysis of Al7150-hBN nanocomposites reveals the grain refinement,
more uniform nanoparticle distribution and exact nature of failure in nanocomposites.

5. Wear loss of nanocomposites decreased with the increase in the hBN nanoparticles
reinforcement due to hardness enhancement, which leads to seizure and wear resistance.

6. Graphical representation of wear results confirmed that the load has greatest influence
on wear loss and temperature due to higher frictional forces.

7. SEM images of wear surface reveals that the wear is an abrasive type with restricted
plastic deformation and acted as protective layer at 1.5 wt.% hBN., 3 wt.% hBN reveals
more debris, oxide layer and delamination on wear surfaces.

 B4C
1. Porosity decreases while increasing the B4C nano particulate content and observed

minimum at 1.5% B4C (0.11%).
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2. Microhardness improved by 154.5-192.4 HV (57.7%)

3. UTS significantly improved by114.7-180.9 MPa (24.5%) and found to have optimal
properties at 1.5%B4C.

4. Maximum ductility of 16.27% was reported at optimal weight percentage of B4C.
Fractographic studies reveal the brittle nature of failure in nanocomposites.

 SiC
1. The optical microstructure analysis revealed grain refinement and it increased with an

increase in SiC nanoparticles and maximum refinement was observed at 1.5 wt.% SiC.
SEM photographs confirm uniform distribution of SiC nanoparticles in Al7150 matrix
alloy.

2. The mechanical properties of AA7150-1.5 wt.% SiC nanocomposites exhibit significant
improvement as compared to base alloy and it reveals an enhancement of 23.9%
(151.8-188.1 HV) in microhardness, 60.1% (117-182.5 MPa) in UTS and minimum
porosity (83.47% reduction) at 1.5 wt.% SiC as compared to matrix alloy.

 TiC
1. The maximum grain refinement of the TiC reinforced nanocomposite is 41.07 μm and

minimum porosity is 0.37% which were decreased by 52.37% (86.23-41.04 μm) and
69.87% (1.23-0.37%) as compared to AA7150.

2. The microhardness and tensile strength of AA7150-TiC nanocomposites at as-cast case
enhanced due to novel fabrication process followed by UV treatment effect. The
properties of nanocomposites are 177.05 HV and 175 MPa, which are enhanced by
17.40% (150.81-177.05 HV) and 48.31% (118-175 MPa) as compared to AA7150 base
alloy.

 Hybrid
1. Porosity decreases while increasing the (hBN-B4C) hybrid nanoparticle content and

observed minimum at 1.5% B4C-hBN (82.03%). Microhardness, UTS, and yield
strength significantly improved by 25.40% (150.81-189.1 HV), 104.25% (94-192 MPa),
and 65.714% (35-58 MPa) and found to have optimal properties at 1.5 wt% B4C-hBN
non-reinforcements.

2. SEM Fractographic studies all individual and hybrid nanocomposites reveal semi-brittle
nature of failure.
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FUTURE SCOPE

 The microstructure model can be applied to predicting grain size of individual and

hybrid reinforced nanocomposites at high temperature.

 Strength prediction models can be applied for nanocomposites.

 Wear characterization of individual nanocomposites reinforced with hBN, B4C, SiC

TiC, and hBN-B4C hybrid nanocomposites can be carried out.

 For the developed nanocomposites and hybrid nanocomposites, machinability

studies can be also performed by using Laser assisted machining.

 Modeling can be possible using soft computing techniques like Artificial Neural

Networks, Genetic Algorithm, Genetic Program, Particle Swarm Optimization.
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