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ABSTRACT

The demand for composite materials is constantly growing, due to high specific
strength and stiffness. This has encouraged scientific and technological communities to
accomplish research and development in this direction. Currently the ceramic particles which
are reinforced in the composites have attracted a great deal of attention both in the industrial
sector and the academic community. The composites reinforced with ceramic particles mostly
have high modulus and strength compared to matrix materials. The application of composites
has been extended to their use as structural materials in defense, marine, aerospace and

automotive sectors.

Zinc—aluminium (ZA) alloys have shown a considerable attention for their industrial
application due to good castability and mechanical properties. ZA alloys have more
advantages when compared to the aluminium-based and copper-based alloys, especially due
to significantly lower casting temperature and relatively high strength. Therefore zinc -
aluminium alloys are receiving extensive acceptance for bearing applications owing to their
ability to replace traditional bronze bearings at low cost. Among this ZA alloys, ZA-27 alloy

is the lightest alloy with better combination of wear resistance and mechanical properties.

Recently nanoparticle reinforced ceramic particulates has drawn interest of many
researchers due to its versatile applications. Nanoparticles in metal matrix can improve the
end use performance of the composite in many different ways. Reinforcing of inorganic
particulate fillers into metal matrix has been evidenced to be an efficient way of improving
the tribological and mechanical properties of the matrix material Addition of high surface area
particulates to the hybrid composites definitely exhibits variation in the mechanical and

tribological properties.

Therefore the present research work is focused on the fabrication of nanocomposites
with the matrix material ZA-27 alloy reinforced with nanoparticles of aluminium oxide
(Al203) and molybdenum disulphide (MoS:) at different weight percentages with the help of
ultrasonic assisted stir casting process. The microstructural characterization and elemental
analysis of fabricated nanocomposites were examined with the aid of scanning electron
microscope (SEM) and energy dispersive spectroscopy (EDS).The microhardness, tensile
strength and fatigue life tests were carried out to study the mechanical properties of the ZA-27



nanocomposites. Pin on disc friction and wear testing machine were used for the tribological
properties (dry sliding wear and friction coefficient) of the nanocomposites. The wear
characterization of the nanocomposites were carried out according to the experimental plan
by using response surface methodology (RSM) and the optimal process parameters for the
tribological properties of nanocomposites were given by using analysis of variance
(ANOVA). From the results it was observed that there is a homogenous distribution of the
reinforcement nanoparticles in the matrix material due to the ultrasonification process. There
is a minor improvement in micro hardness, tensile strength and fatigue life with addition of
0.5 wt % MoS: nanoparticles to ZA-27 alloy, with more addition of nanoparticles there is a
decline in mechanical properties can be observed. The weight percentages of the AlLO3
nanoparticles increases there is an improvement in mechanical properties compare to the
matrix material. The wear rate and coefficient of friction of the ZA-27 nanocomposites
decreases as the reinforcement content increases in the matrix material. The most influencing
factors on tribological properties of nanocomposites are reinforcement content and applied

load.

In this work an attempt has also been made to prepare the hybrid nanocomposites with
the combination of Al20O3 (1.5 wt %) and MoS> (0.5 wt %) nanoparticles reinforced in matrix
materials by using ultrasonic assisted stir casting process. The tests were carried out to study
the mechanical and tribological properties of hybrid nanocomposites. The results shows that
the mechanical and wear resistance properties of hybrid nanocomposites increases compare to
the ZA-27 alloy. For hybrid nanocomposites the most significant parameters influencing the
wear rate are applied load and sliding distance and for coefficient of friction are applied load
and sliding speed. The worn surfaces of the ZA-27 nanocomposites and hybrid
nanocomposites were examined by using SEM. The ZA-27 hybrid nanocomposites are

showing better mechanical and tribological properties.

Keywords: ZA-27 nanocomposites, Ultrasonic assisted stir casting, Microhardness, Tensile

strength, Wear rate, Coefficient of friction.
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CHAPTER 1
INTRODUCTION

1.1. Background

In recent years the improved performance of materials, as identified by various better
strength, lower cost and less weight then improves their effectiveness. Materials form the
essential source of all engineering applications. Scientific improvement in any field demands
advancement in the field of materials. In many cases the lack of suitable material for the
application has changed the course of a certain trend of development. The primary goal of any
development is its suitability to the environment of application. This inherent dependence of
technological development on the science of materials has resulted in the accelerated growth in
several automotive applications. The greatest emphasis on material research comes from the
industrial sector. Industrial development has always posed challenges to the field of material
science and development. The increases in the necessity of materials and specifications that get
more rigid have guided the research and development in industrial applications. The demands for

evermore-superior characteristics of materials have led to the study of composites.

The development of composite as new engineering material has been one of the main
innovations in the field of materials in the past couple of decades. The material which is made
from the two or more essential materials with significantly different properties compared to the
individual materials is known as composite material. The composites are a mixture of two
different materials in which one of the materials is in the form of particulates or fibers called as
reinforcing material, which is introduced in the other material called as matrix material. The
presence of reinforcing particles like particulates or fibers in the composites increases the
mechanical properties like hardness, strength and stiffness etc, whereas the main purpose of
matrix material is to transfer the loads among the filler material to defend them from the
environmental damages. The traditional materials in several high strength and light weight
applications were effectively substituted in the composite materials. Mainly the composites are

selected due to their high tensile strength at elevated temperatures, high strength - to - weight



ratio, high creep resistance and high toughness for the industrial applications. The reinforcement
materials are hard and soft ceramic materials, whereas the matrix is generally a brittle or ductile

material used in composites [1].

1.2. Metal matrix composites (MMCs)

The metal matrix composites are a new series of innovative materials used in several
industrial applications where conventional materials and alloys are not suitable for use. Metal
matrix composites (MMCs) are a broad family of materials aimed at achieving an enhanced
combination of properties. Structurally, MMCs consist of continuous or discontinuous fibres,
whiskers or particulates in an alloy matrix that solidifies in the restricting spheres among the
reinforcing phases to form majority of the matrix. The relative amount and distribution of
components constituting a composite are carefully monitoring and by controlling the
solidification conditions, MMCs can impart a tailored set of useful engineering properties that

cannot be realized with conventional monolithic material [2].

Many of the matrix materials used in the MMCs are popular alloys, selected mainly on
the basis of their already established superior mechanical properties which can be further
enhanced by inclusion of a suitable reinforcing material. The selection of reinforcing material is
generally based on the application of the composite material being developed. If the composite
material is intended for bearing applications, usually graphite and molybdenum disulphide are
selected as the reinforcement since they have the well-known advantage as solid lubricants. In the
same way, if service at elevated temperature is the desired property in the composite, either
silicon carbide or Zircon or alumina is selected as the reinforcement. The excellent mechanical
and tribological properties of MMCs composed with weight saving and the comparative low cost

in fabrication makes them very attractive for a variety of engineering applications [3-4].

1.3. Nanocomposites

Nanocomposites are materials that are produced by introducing nanoparticulates
into a matrix material. The nanomaterials have a trend to drastically add to the thermal and
electrical conductivity as well as to the mechanical strength properties of the matrix material. In

general, the nano materials used are carbon nanotubes, nanoparticles and they are distributed into



the other composite materials during processing. The percentage by weight of the nanomaterials
introduced is able to remain very low due to the extremely high surface area to volume ratio of
the particles. Many researchers are investigating developing more efficient combinations of

materials and to impart multifunctionalities to the nanocomposites.

1.4. Metal matrix nanocomposites (MMNC)

The term “metal nanocomposite” broadly describes any number of multicomponent
systems, where the primary component is the metal and the filler material has at least one
dimension below 100 nm. Metal matrix nanocomposites are generally lightweight, require low
filler loading, are often easy to process, and provide property enhancements extending orders of
magnitude beyond those realized with traditional composites. Metal matrix nanocomposites are
being considered worldwide in recent years, owing to their encouraging properties suitable for a

large number of functional and structural applications [5].

1.5. Zinc- aluminium alloys

During the past twenty years, new zinc alloys have been developed for gravity
casting in permanent and sand molds to compete with cast iron, bronze and aluminium. Zinc and
zinc-aluminium alloy castings currently account for a significant portion of the end-use market
for zinc [6]. However, the number of materials and processes that can provide feasible, cost-
effective alternatives to zinc-base products is constantly expanding. Due to the excellent
properties like toughness, strength, rigidity, economical cast ability and bearing performance of
zinc casting alloys were used as versatile engineering materials. The small amount of copper
observed in the zinc aluminium alloys acts as cost and an energy effective replacement in variety
ferrous and non- ferrous alloys [7]. The ZA alloys are capable of replacing the journal bearing
materials like white metal, cast iron, aluminium alloys, copper alloys and bronze alloys due to
their higher mechanical properties, superior wear resistance, low weight, low melting
temperature, excellent castability and low initial cost. These alloys are particularly suitable for
heavy load and low speed bearing applications. The reduction in cost from 25% to 40% with
aluminium alloys and 40% to 75% with brass alloys is a significant feature that makes ZA alloys

attractive as matrix material for fabrication of composites. These alloys are based upon the zinc-



aluminium (ZA) systems and are designated as ZA-8, ZA-12 and ZA-27 after their nominal
aluminium contents [8]. The phase diagram of ZA-alloy is shown in Figure 1.1. The ZA-alloy
goes through many phases while cooling from molten melt to room temperature, as the phase

diagram makes it apparent [9].
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Figure .1.1 Phase diagram of Zinc-Aluminium alloy

Zinc-aluminum alloys have low melting points, require low heat inputs for melting, do not
require fluxing or special protective atmospheres and are non-polluting. These alloys are also
suitable for pressure die casting using cold chamber and in the case of the 27 wt. % aluminum
alloy, hot chamber machines. The alloys have high fluidity and can be cast in much thinner walls
than other foundry alloys, achieving tight dimensional tolerances in pressure die castings. The
three ZA alloys have superior mechanical properties and are considered to be high performance
alloys. They tend to be used for structural applications rather than for decorative uses. ZA alloys
are used in the transportation industry for parts such as carburetors, pump bodies, wiper parts,
transmission cases and other hardware. They are also used for electronic hardware and electrical
fittings, as well as for parts for domestic appliances, computers and business machines.
Applications of ZA alloys include many parts originally cast in iron and requiring extensive
machining, aluminium cast parts receiving a hard-anodized finish and bearings compared to other

alloys.



1.6. ZA-alloys used for bearing application

Materials requiring optimum strength, hardness and light weight which are have
excellent wear resistance and good lubricating properties are used for the bearing application.
The materials which are used for the bearing applications are bronze, brass, duralumine, white
metal and ZA-27 alloy. Many researchers have studied the wear resistance properties of the

different bearing materials as shown in Figure 1.2.
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Figure .1.2 Wear rates of the different bearing materials

In recent years ZA alloys have been introduced for bearing materials due to low cost and
excellent wear resistance properties as compared to other alloys like bronze. The cost of the zinc
alloys on a weight basis is about one-third that of the bronze alloys. The melting-energy
requirements for zinc alloys are substantially lower than those for bronze, the world supply of
zinc is abundant, and the price is relatively stable compared to other materials [10]. Among the
zinc alloys, ZA-27 alloy shows better wear resistance properties compared to other alloys. The
failure of bearing materials is caused by the surface fatigue failure (spalling), improper assembly,
insufficient lubrication, corrosion and overloading. To improve the bearing properties,
reinforcement particles having good strength and excellent lubricating properties are incorporated

in the matrix materials.



1.7. Zinc- aluminium 27 alloy (ZA-27)

ZA-27 alloy is the lightest alloy with a superior combination of wear resistance and
mechanical strength compared to other ZA alloys. To achieve such a combination of mechanical
properties and castability of the ZA-27 alloy, small amounts of magnesium and copper are added.
The elemental composition of the ZA-27 alloy as shown in Table 1.1 was selected as matrix

material for the fabrication of the composites [11].

Table 1.1 Chemical composition of the ZA-27 alloy as per ASTM B669-82

Material Aluminium Copper Magnesium Zinc

Weight percentage (wt %) 25-28 1-2.5 0.01-0.02 Balance

ZA-27 alloy has superior properties compared to other ZA alloys. The tensile strength is
50% higher, ductility is slightly higher and creep resistance is significantly more than the other
ZA alloys. ZA-27 alloy is stronger and harder than the conventional brass and aluminium alloys.
The physical and mechanical properties of ZA-27 alloy are given in the below tablel.2 and table
1.3.

Table 1.2 Physical properties of the ZA-27 alloy

Physical properties Units Z.A-27 alloy
Density g/em? 5.0
Melting Range °C 480-580
Thermal Conductivity W/m/°K 125.5
Specific Heat J/kg/°K 523
Pattern of Die Shrinkage mm/m 13.0
Solidification Shrinkage % 1.26

Table 1.3 Mechanical properties of the ZA-27 alloy

Mechanical properties Units | ZA-27 alloy

Ultimate tensile strength MPa 420-490




Yield strength - 0.2% offset MPa 378
Elongation [% in 27] 2-8
Shear strength MPa 290
Hardness BHN 90-110
Fatigue strength rotary bend in 5x108 cycles MPa 103
Compressive yield strength 0.1% offset MPa 255
o (MPa x
Modulus of elasticity 77.9
10%)
Poisson's ratio - 0.32

In general ZA-27 alloys have the following properties:

Lower density compared to all other bearing alloys. Hence, ZA-27 alloy bearings are
lighter in weight.

Hardness values superior to bronze and aluminium alloys when coefficient of friction are
comparable. Hardness is an indicator of wear resistance.

Higher UTS and yield strength compared to aluminium alloys, cast iron, and gunmetal
and leaded bronzes.

Higher co-efficient of thermal expansion which necessitates higher clearance between the
bearing and shaft compared to other bearing alloys.

Outstanding compression strength, comparable to that of cast iron and superior to all
types of bronze alloys. This property enables ZA-27 alloys to carry very heavy loads.
Possess higher specific heat and outstanding superior electrical and thermal conductivity

compared to all other alloys.

1.7.1.Advantages of ZA-27 alloys

They have low melting point. Therefore, they can be diecast at high productivity rates.



¢ Products of near-net shapes and intricate designs with close dimensional tolerances can be
produced.

e Zinc-die castings can be machined, bent, swaged or coined for finishing.

e Zinc-die castings can be riveted, welded or soldered easily in assembling.

® Atmospheric corrosion resistance is very good.

e Strength is sufficient for many applications.

e Cost is competitive with aluminium and copper for many applications.

1.7.2. Disadvantages of ZA-27alloys

e ZA-27 alloys cannot be used for high temperature applications such as processes over
100°C, because of loss of strength and hardness.

¢ Dimensional instability at temperature above 100°C

e Large co-efficient of thermal expansion

¢ Low damping capacity

e Hexagonal close packed crystal structure that limits plastic deformation.

To overcome the disadvantages of the ZA-27 alloy the thermally stable secondary phase

reinforcement particles are added to the matric materials.

1.8. Reinforcement materials

The term reinforcement is very extensive and involves a very wide range of materials
which plays a significant role for the enhancement in performance of matrix alloys and their
composites. Reinforcement constituents are used to decrease the material cost, to improve the
mechanical properties, wear resistance, process ability and reduces shrinkages. The matrix
material and reinforcing phase of the composites are properly selected to improve the mechanical
and wear resistance properties than that of the metal matrix materials. The addition of
reinforcement materials into various kind of matrix material will show reasonable mechanical
property considerations. A metal matrix composite system offers superior stiffness and
temperature capability over the base matrix material, but decreases the ductility. The purpose of

ceramic reinforcement materials is to improve the strength without compromising the several
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attractive properties of the matrix materials like mechanical, wear resistance and refractoriness.
Metal matrix composites with almost complete dimensional stability over an extensive range of
temperature can be considered to have exceptional physical, mechanical and wear resistance

properties compared to the parent matrix material which are used in industrial applications.

The composites reinforced with particulates are characterized by dispersed particles
having a diameter greater than 1 um with a weight percentage of 5 to 40 %. Fibers have one long
dimension whereas particle reinforcements do not. Composites reinforced with particles show
isotropy stiffness improvements with mostly minor degradation of fracture properties than
whisker reinforced MMCs. In addition, particle reinforcements are cost effective since the
abrasives industry provides a large established commercial production base for ceramic particles.
The available particle reinforcement candidates include Sic, A1203, Tic and Boron. Silicon
carbide and aluminium oxide are currently the most widely used materials due to their favorable
combination of mechanical properties, density, availability, cost and reactivity with matrix alloys
[12]. In the current investigation aluminium oxide (Al2O3) and molybdenum disulphide (MoS>)
particles are used as reinforcement materials for the preparation of ZA-27 metal matrix

composites.

1.8.1. Aluminum oxide (Al2O3)

Aluminium oxide (Al2O3), commonly referred to as alumina, is the most
economical and generally used material in the family of engineering ceramics. The alumina
ceramic particle has a very extensive range of applications due to its superior combination of
properties such as high hardness, refractoriness, excellent dielectric properties and good thermal
properties. Some typical uses of alumina are seal rings, high temperature electrical insulators,
wear pads, furnace liner tubes, abrasion resistance tubes etc. The important key properties of the

alumina are given in tablel.4.

Table 1.4 Engineering Properties of Aluminium Oxide

Properties Values Units

Density 3.89 gm/cm?




Flexural strength 379 MPa
Shear Modulus 152 GPa
Elastic Modulus 375 GPa
Bulk Modulus 228 GPa
Poisson’s Ratio 0.22 -
Compressive Strength 2600 MPa
Hardness 1440 Kg/mm?
Maximum Use Temperature 1750 °C
Thermal Conductivity 35 W/m°K
Coefficient of Thermal Expansion 8.4 10°/°C

1.8.2. Molybdenum disulphide (MoS:)

Molybdenum Disulfide (MoS»>) is also called as Moly Disulfide. It has been

enormously popular due to its attractive price, easy availability and strength. Molybdenum

disulphide (MoS>) is a solid lubricant which has exerted a significant amount of importance in

the scientific community due to its attractive layered structure. MoS> acts as a dry lubricant in the

composites and improves the wear resistant properties. MoS; is widely used by NASA, by the

military, aerospace and automotive industry. The key properties of MoS» are excellent thermal

stability, oxidation resistance at high temperatures, good wear resistant and high working

temperature. Table 1.5 shows the properties of molybdenum disulphide.

Table 1.5 Properties of Molybdenum disulphide

Properties Values Units
Density 5.06 gm/cm?
Maximum Use Temperature 1185 °C
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Thermal Conductivity 131 (monolayer) W/m°K
2.3 (bulk)

1.9. Fabrication Techniques

A variety of processes have been developed to incorporate reinforcements into a metal
matrix for the manufacture of a metal matrix composite. These may be divided into primary and
secondary processes. In the primary processes, the reinforcement and matrix are combined to
form a composite material. A further distinction can be made depending on whether the matrix
becomes liquid at any stage. Secondary processes include consolidation and/or forming
operations such as die casting, forging, rolling, extrusion and machining which are used to shape

the primary composite material into a finished product.

The most commonly used primary fabrication processes as well as their applicability to
the production of different types of metal matrix composites are discussed in detail. Primary
liquid processing techniques involve the matrix becoming at least partially molten as it is brought
into contact with the reinforcement phase. This generally promotes a strong ceramic-to-metal
bond due to the intimate contact between the two phases. However, Liquid phase processing of
MMCs can also lead to the formation of deleterious interfacial reaction phases. The
microstructures of composites produced by liquid phase methods are sensitive to factors such as
process temperature, contact time and pressure. Commonly used liquid phase processes for

fabrication of metal matrix composites include:

1) Squeeze casting process
i1) Stir casting process

i) Ultrasonic assisted stir casting process

1.9.1. Squeeze Casting

The term squeeze casting applies to various processes in which pressure is imposed on a
solidifying system, usually through a hydraulically activated ram. With regard to MMCs
technology, the most frequent use of squeeze casting is for primary composite fabrication.

However, squeeze casting technique can be also used as a secondary process in which a
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composite obtained by some other primary process is remelted and solidified under pressure to
produce a near-net-shape part squeeze casting which provides fine microstructures due to the

rapid cooling induced by the intimate contact between the melt and massive metal mold [13].

Figure 1.3 shows a schematic diagram of squeeze casting for primary composite
fabrication. This process, also called squeeze infiltration, involves the injection of liquid metal
into the interstices of an assembly of fibers or particles which is called a preform. The
reinforcements in the preform are held together using a binding agent to form a strong, porous
and three-dimensional array. The preform is fabricated by sedimentation of short fibers, particles

or whiskers from a liquid suspension.

Punch

Die

Figure 1.3 Schematic diagram of squeeze casting machine

Squeeze infiltration takes place in four consecutive steps:

e the preform is preheated and placed in a preheated die,

o the superheated melt is poured into the die,

e the ram is lowered until the desired pressure is reached and the composite is
allowed to solidify under pressure,

o the casting is extracted from the mold
12



1.9.2. Stir Casting

Stir casting consists of mixing particle reinforcements into the liquid metal and
subsequently casting and fabricating the mixture in a similar manner as the unreinforced alloys.
This process, which is also called slurry casting, is the simplest and most cost effective method of
MMC fabrication. The addition of particles to liquid metal causes a significant increase of the
viscosity of the melt. The melt viscosity increases with an increase of the volume fraction of
reinforcement and with a decrease of particle size. This effectively limits the volume fraction of
particles that can be incorporated by stir casting is to about 25 vol. %. The schematic diagram of

stir casting machine for the fabrication of the metal matrix composites was shown in Figure 1.4.
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Figure 1.4 Schematic diagram of stir casting machine

The properties of metal matrix composites are influenced by their microstructure
including reinforcement distribution, porosity from gas entrapment and/or inadequate feeding
during solidification and interfacial reactions. The distribution of particles in the solidified
composite is influenced by two factors: particle distribution during stirring and particle

segregation during solidification of the composite melt [14]. The particle distribution in the melt
13



depends upon the efficiency of the mixing process and any sedimentation or floatation that occurs
during handling of the melt prior to pouring. Even if the composite melt is well mixed with a
uniform distribution of particles, segregation of the particles during solidification of the melt can
result in severely non-homogeneous particle distributions. During the solidification of composite
melts, the particles are rejected at the meniscus of the growing solid and are trapped in the
interdendritic regions during the final stage of the solidification process. The rejection of particles
to interdendritic regions means that the particle distribution in the solidified composite is

governed by the solidification rate i.e. by the casting process.

1.9.3. Ultrasonic assisted stir casting

The ultrasonic assisted stir casting process is similar to stir casting method
followed by the ultrasonification in the melt for the preparation of nanocomposites. The
solidification process influences the reinforcement particles present in the composites in different
ways such as through chemical reaction with the matrix material; settling in the melt and
impingement of the solidification growth on the particles occurs as result of particle pushing. The
molten metal always has the tendency to form clusters and combined together to reduce the free
energy of the entire system due to the presence of small reinforcement particles in the
composites. The large clusters of particles present in composites can be broken up by using
mechanical stirring but the smaller cluster particles cannot be broken up due to the lesser shear
stress in the melt. Thereby, some clusters still exist in the matrix metal after mechanical stirring.
Furthermore, oxide inclusions are easily formed on the surface of the molten metal, and these
oxide inclusions can enter into the melt during vigorous mechanical stirring. Additionally, gases
are inevitably entrained in the oxide inclusions, which form the porosity in the metal after
solidification. To overcome the limitations of stir casting process an ultrasonic assisted casting
technique is used [15]. The schematic diagram of the ultrasonic assisted stir casting machine is

shown in Figure 1.5.
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Figure 1.5 Schematic diagram of ultrasonic assisted stir casting machine

In the proposed method stir casting method is combined with ultrasonic probe
processing. The process is named ultrasonic probe assisted stir casting method. The process will
combine the advantages associated with ultrasonic probe as well as stir casting process. The
combined process will improve the uniformity in dispersion of nano particles due to ultrasonic
cavitation effect and avoid the settlement of nano particles in metal matrix due to continuous
stirring with the stirrer. This will help to produce nanocomposites which enhance mechanical and
tribological properties. The working principle of ultrasonic assisted stir casting process is to
generate the ultrasonic waves with a frequency of 18 to 20 kHz. When these waves propagate
through the molten metal, alternating compression and dilation cycles are produced. These waves
are generated by mechanical vibrations of frequencies higher than 18 kHz. The high intensity
ultrasonic waves at the end of alternating compression and dilation cycles make the micro
bubbles develop in the liquid. When they attain a volume at which they can no longer absorb
enough energy, they implode violently. This phenomenon is known as cavitation. During
implosion, very high temperatures and pressures are reached inside these bubbles. At the end of
the cavitation cycle; collapse of micro bubbles produce transient micro hot spots that can reach
very high temperatures and pressures. Implosive impact of cavitation is strong enough to break
clusters of nano particles to disperse them uniformly in the metal matrix
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1.10. Characterization of metal matrix composites

Characterization of the composite materials is a vital role for the development of new
materials and fabrication process. The characterization includes the physical, chemical,
mechanical and tribological behavior to ensure the understanding of composite materials which
are used for various industrial applications. Physical property like density of the composite
materials was varied with different reinforcement content of the ceramic particles which are
added in the matrix materials. The homogeneous distribution of various weight percentages of the
reinforcement particles and the chemical composition of the composite materials was examined
by using microstructure characterization. The mechanical properties of the composites can be
subjective to the geometrical preparation of the phases, measurement of the modules and the
structural process as periodicity of the component stages. Mechanical properties of the metal
matrix composites are dependent on the type and mass fractions of the filler particles, defects
occurring during the fabrication process and the dislocation strength of the composites [16]. The
composite materials which are reinforced with the various mass fractions of the ceramic particles

were tested on different machines to analyse the tensile strength, yield strength and hardness.

The metal matrix composites form a very essential class of tribo-engineering materials
and regularly used in mechanical components. The loss of a solid surface, including the
progressive damage to the materials due to relative motion among the surfaces and a contacting
material or materials, is known as wear. There are two major terms to describe the wear modes of
the composites abrasive wear and adhesive wear. The wear occurs when two contacting surfaces
slide against each other and the harder particles in one cut through the other is termed as abrasive
wear. This form of wear comes into play when a tangential motion causes the material removal
by the simultaneous micro-ploughing and micro-cutting. The adhesive wear occurs due to
confined bonding between the contacting surfaces leading to material transfer between the two
surfaces or the loss from either surface. These days much attention is devoted towards the study
of dry sliding wear behavior of various composites owing to the high potential use of these

materials in several mechanical and structural applications.
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1.11. Organization of thesis

The thesis is organized into seven chapters.

Chapter-1: Introduction

A brief background to the work has been reported in this chapter and insights into metal
matrix composites and their applications are introduced. ZA-27 alloy and reinforcement particles
used in this study are described here. At the end of the chapter the fabrication process is also
explained briefly for the preparation of the metal matrix nanocomposites and the characterization

of fabricated composites are discussed.

Chapter-2: Literature review

The literature on the topics related to metal matrix composites, ZA-27 alloys,
fabrication techniques, mechanical properties, tribological behavior and optimization techniques
are presented in this chapter. Based on literature survey, research gaps are identified and

objectives are formulated at the end of this chapter.

Chapter-3: Experimental setup and equipments

A description on the experimental set-up and equipment with their specifications are
given in this chapter. Optimization technique is used for the selection of process parameters with
their ranges and levels while conducting the experiments to fulfill the wear characteristics of the

present work on ZA-27 nanocomposites.

Chapter-4: Fabrication and microstructural characterization of the ZA-27 nanocomposites

and hybrid nanocomposites

The fabrication procedure for the preparation of ZA-27 nanocomposites is explained in
this chapter. The microstructural analysis, elemental composition and the density measurements

of ZA-27 nanocomposites and hybrid nanocomposites were described in this chapter.
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Chapter-5: Mechanical properties of the ZA-27 nanocomposites and hybrid nanocomposites

This chapter gives the mechanical properties such as microhardness, ultimate tensile
strength, yield strength and fatigue strength of the ZA-27 nanocomposites and hybrid

nanocomposites.

Chapter-6: Tribological behavior of the ZA-27 nanocomposites and hybrid nanocomposites

The tribological behavior of ZA-27 nanocomposites and hybrid nanocomposites was
studied out by using pin on disc friction and wear testing machine. The optimization technique
used to find the significant process parameters for the tribological properties of ZA-27

nanocomposites are explained in this chapter.

Chapter-7: Conclusions and future scope

The conclusions drawn from the results obtained by conducting experimental
investigations and optimization of tribological properties of the ZA-27 nanocomposites and
hybrid nanocomposites are presented in this chapter. The limitations encountered during the
conduct of research and possible extensions to the present work are given in the form of scope for

future research.
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CHAPTER 2
LITERATURE REVIEW

2.1. Introduction

The literature survey provides the background information of the current research work in
this chapter. The review of the literature reveals gaps in the previous investigations and helps to
select the objectives of the present research activities. Metal matrix composites and the ZA-27
alloy MMCs have been discussed in detail, while including previous research findings. A short
research history which holds several features of the metal matrix composites with a distinct
reference to their fabrication techniques, mechanical properties, wear behavior and design of

experiments has also been presented.

2.2. Metal matrix composites

Metal matrix composites (MMCs) are innovative materials which are used mainly for
high temperature applications and presently being developed to a rapid extent. Now a days the
trend is towards safe use of metal matrix composites for applications demanding metals that are
have light weight, good structural rigidity, dimensional stability and good strength at high
temperature [17]. The superior mechanical properties like tensile strength, yield strength,
hardness, better elastic modulus, high temperature stability and wear resistance properties in
comparison with the parent matrix alloy will increase the demand for stiff, strong and lightweight
materials in the development of metal matrix composites reinforced with ceramic dispersoids.
The popular alloys are mainly selected on the basis of their established better properties to use the
matrix materials in the MMCs [18-20]. The continuous and discontinuous reinforcement
materials in the form of particulates, whiskers and fibers were used in MMCs. For many
engineering applications MMCs reinforced with discontinuous particulates have great potential
compared to other reinforced materials. The MMCs are considered as potential engineering
materials which possess excellent mechanical and tribological properties for different

applications [21-23]. Some of the matrix and reinforcement materials are listed given in table 2.1.
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Table 2.1 Matrix and Reinforcement materials

Matrix materials Reinforcement materials

Aluminium and alloys C, Be, SiOg, B, SiC, Gr, AlOs3, Steel, B4C, Mo, W, ZrO»
Titanium and alloys B, SiC, Mo, SiO», Be,ZrO;

Zinc based alloys SiC, AL203, B4C, ZrO,,Gr

Nickel and alloys C, Be, Al2O3,SiC, Si3Ny, steel, W, Mo, B

Magnesium alloys C, B, glass, AlO3

Molybdenum and alloys B, ZrO»

Iron and steel B, Al203, W, Si02,ZrO2

Copper and alloys C,B, Al203, E-glass

Reinforcement materials containing metal or ceramic particulates such as SiC, Al,Os3,
graphite, aluminium diboride, cemented carbide, tungsten carbide, niobium carbide, NiAl, TiC,
Si3N4, MoSiz, Mg, TiB> etc. are used now a days to increase the performance of metal matrix
composites to a great extent. The particulate metal matrix composites depend strongly on the
particle-matrix interface adhesion, particle loading, particle content and the particle size to
improve the mechanical and tribological properties. The hard and thermally stable ceramic
particles reinforced in the parent matrix alloy contribute to superior elastic modulus, higher
hardness, lower coefficient of thermal expansion and improves the properties of the MMCs at
elevated temperatures [24-25]. Mostly particulate reinforcements are used in metal matrix for
many reasons such as low cost, better processing, thermal conductivity, control of thermal
expansion, density control, magnetic properties, electrical properties, improved mechanical

properties and better wear resistance.

2.3. Zinc aluminium-27 MMCs

Zinc based alloys have been used for many years in various engineering and industrial
applications. Among the zinc based alloys, the range of zinc-aluminum (ZA) alloys was
expanded due to their improved properties. These ZA alloys are used primarily for die casting

applications due to their superior properties due to the excellent castability, easy finishing,
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inexpensive cost and good mechanical strength and wear resistance [26-28]. There is an extensive
use of the ZA alloys in many engineering applications like aerospace and automotive industries.
The major alloying element in the zinc based alloys is aluminium because it imparts fluidity to

the alloys in order to achieve better engineering properties [29-31].

Many investigations were carried out to increase the properties of the zinc—aluminum
based alloys and to improve their applications in the field of automobile industries. These days
zinc aluminium alloys have been used for conventional journal bearing materials particularly in
high load and low speed industrial applications. Materials like cast iron, white metal and bronze
which have been widely used for conventional journal bearing materials were replaced with zinc
aluminium based alloy because of their excellent properties. The high strength with low casting
temperature of the ZA based alloys have more advantages compared to aluminium based alloys.
During the recent years the major progress in zinc casting production was to introduce the new
zinc alloys containing the higher aluminium, namely ZA-8, ZA-12 and ZA-27 alloys [32-35].
The numerical values indicate that the weight percentage of the aluminium content in the zinc
aluminium based alloys. From these alloys ZA-27 alloy is the lightest alloy which offers
excellent wear resistance and mechanical properties with significant industrial use than that of

other zinc based alloys [36-39].

ZA-27 alloy exhibits high wear resistance as well as attractive physical, mechanical and
technological properties such as low melting point and density, high hardness and strength at
ambient temperatures, good damping behavior, easy machinability and high corrosion resistance.
These superior properties of ZA-27 alloy were the reasons for the replacement of the journal
bearing material instead of aluminium cast alloys, copper based alloys and bronze alloys in
various engineering applications [40-42]. ZA-27 alloy was suitable for low speed and high load
applications due to high hardness, strength and wear resistance. The addition of copper in ZA-27
alloy affects the structure and improves various properties like fatigue strength, creep and
hardness of the alloy. The addition of magnesium in the ZA-27 alloy improves the wettability
properties of the melt during the fabrication of the composites. Literature gives more evidence

about the elements that contribute to increase the ZA-27 alloy properties [43-46].
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2.4. Fabrication of ZA-27 composites

2.4.1. Squeeze Casting

Squeeze casting is a combination of casting and forging process, it also known as liquid
metal forging. In this method the melt is poured into the preheated die and the pressure is applied
with the help of punch or ram during the solidification. This method is used for the preparation of
metal matrix composites. For the fabrication of the composites materials some of the researchers
used squeeze casting process to obtain better mechanical and wear properties. To prepare zinc
aluminium alloy ingots 99% purity of zinc, aluminium, copper and magnesium was used. The
composition of the ZA-27 alloy specimen is as follows: Al-27%; Cu-2%; Mg-0.02%, and Zn-
balance (weight percentages). The ZA-27 alloy were prepared with the help of squeeze casting

technique to measure the different properties of the metal matrix materials [47-48].

Commercially pure zinc, aluminium, copper and magnesium were used for the
preparation of ZA alloys with varying aluminium content ingots by using squeeze casting
process. The process involves the melting of alloys at a temperature of 500°C above liquidus
temperature in an electric resistance furnace and pouring the melt into the preheated die. In this
process, the melt is poured into the die cavity and forced with a 0.1 MN piston. ZA alloys ingots
with different aluminium content are fabricated by using squeeze and gravity cast to investigate

the different properties [49].

The experimental alloys were prepared by using pure zinc, pure aluminium, pure
magnesium and pure copper. T4—treated aluminium alloys were fabricated with the help of
gravity die casting and squeeze casting methods to study various properties of composites [50].
Aluminium oxide fibre was reinforced in ZA-12 alloy with different volume fractions for
preparation of the composites by using squeeze casting process. First, the raw materials of ZA-12
alloy were melted at 500° C temperature using an electric resistance. After melting the base alloy,
the preheated reinforcement materials were added in the melt with the help of mechanical stirrer
to form composites. Then the molten metal was poured into the preheated mould below the

applied pressure of 100 Mpa [51].
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ZA-27 alloy reinforced with SiC, ZrO> and C particulates with 5 volume percentage
composites are prepared by using stirring route followed by squeeze casting process. The base
metal was placed in the graphite crucible and heated upto 500° C above its melting temperature.
The mechanical stirrer was employed into the melt and rotated at a speed of 600 rpm to form
vortex in the melt, then add the particles in the melt and stirring is continued for 1 minute. The
molten melt of the composite prepared with the help of stirring process was poured into the pre
heated die and the punch was lowered until it came into contact with the molten composite. The

hydraulic press of 60 ton was used for the squeeze casting experiments [52].

2.4.2. Stir casting

The Stir Casting method is a commonly used method for mixing reinforcement into
molten matrix material to produce composite materials. This is the simplest and most
commercially used technique also known as vortex technique. The process is simple, flexible,
used for large quantity production and economical. Many of the researchers have used stir casting
technique for manufacture of the metal matrix composites to study the various properties [53-57].
Yu Li et al used stir casting method for the preparation of AA6061 alloy reinforced with 31 wt %
(weight percentage) B4C particles with a size of 23 pum. It was observed that AA6061/ 31% B4C

composite were prepared successfully by using a sophisticated stir casting route [58].

S.A. Sajjadi et al. concentrated on the A356 alloy as a matrix material and alumina
particles of 20 um and 50 nm were used as the filler material. Compo casting and stir casting
method was used for production of composites specimens. The weight percentage of the alumina
particles ranging from 1, 3, 5 and 7.5 wt % micro size and 1, 2, 3 and 4 wt % nano size particles
were added into the composites. The alloy was heated at a temperature of 700°C above its liquid
temperature by using electric furnace and after melting the alumina particles with micro and nano
size were added into the melt and stirred for 30 minutes to mix uniformly. After stirring process

is completed the molten metals was poured into the preheated die to enable it to solidify [59].

The Al-Si 10Mg alloy as a base material has excellent resistance to corrosion in both
normal atmospheric and marine environments collectively exhibiting high strength and hardness.
Molybdenum disulphide (MoSz), a solid lubricant with a size of 1.5 pm was used as the filler

material. The melting of Al-Si10Mg alloy was carried out under argon atmosphere at 1073 K and
23



the MoS: particulates with 2 wt % and 4 wt % were incorporated into the molten metal and
stirred continuously for ten minutes. The molten metal of the composite was poured into the
cylindrical die to solidify. The aluminium-molybdenum-disulphide self-lubricating composites

were prepared with the help of stir casting process [60].

Stir casting technique is used for the preparation of composites with pure aluminium ingot
as base material and AlOs particles as reinforcement. The matrix material is placed in the
graphite crucible and heated at a temperature of 700°C by using furnace. Various weight
percentages of the reinforcement materials was added into the melt and stirred for some time for
proper mixing [61]. An enhanced stir casting method in an argon atmosphere was used for the
preparation of AI-TiC castings with various weight percentages of reinforcement particles. To
improve the wettability of the filler particles in the melt 1 % mass fraction of magnesium was
added during the stirring process. The molten metal was poured into the pre-heated die located at

the bottom of the furnace [62].

2.4.3. Ultrasonic assisted stir casting

The ultrasonic assisted casting process is very effective in dispersing ceramic particles
with nano size in the base matrix materials. The mixing of nano-sized reinforcement particles in
the base matrix materials is challenging due to the large surface to volume ratio and poor
wettability of the nano-sized particles which results in agglomeration and clusters. To overcome
the clusters and agglomeration in the melt and to increase the desired properties of the
composites, the ultrasonic probe assisted sonication method is used for the fabrication of metal
matrix nano composites [63]. The process generally requires resistance heating furnace for
melting metal, nano particle feeding and an ultrasonic system. The ultrasonic processing system

consists of an ultrasonic probe, a transducer and power source.

The principle of ultrasonic process is that high intensity ultrasonic waves propagating
through the molten metal generate alternating dilation and compression cycles which make the
micro bubbles grow in the melt. The micro bubbles no longer absorb enough energy when they
attain a certain volume and the bubbles collapse violently which is called cavitation effect. The
collapse of the micro bubbles produces transient micro hot spot can influence very high

temperatures and pressures at the end of the cavitation cycles. The impact of the cavitation is
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strong enough to break the clusters of the nano sized particles to disperse uniformly in the metal

matrix [64].

Rahul Gupta et al made an attempt to fabricate aluminum matrix composites by using
ultrasonic assisted stir casting process. Firstly aluminium A356 alloy was placed in the graphite
crucible and melted at 750° C above its liquidus temperature in the electric resistance furnace.
After the alloy was melted completely, slag appeared on top of the molten metal which was
removed and average particle size of 42 nm SiC was wrapped in the aluminium foil and added in
the melt. Mechanical stirring was done for 15 minutes to allow the reaction between the melt and
the particles for proper mixing. After stirring the ultrasonic probe made of Ti-6Al-4V titanium
alloy coated with zirconia was inserted into the melt and ultrasonic stirring was done for 3
minutes for uniform distribution of the composites. The molten metal of the composites was

poured into the mild steel mould to solidify [65].

R. S. Rana et al selected aluminium alloy 5083 as matrix material and silicon carbide of
micron (average particle size 35 pum) and nano size (average particle size 40 nm) particles were
used as reinforcement material. The raw material of the aluminium alloy 5083 was placed in the
graphite crucible and heated at a temperature of 760° C by using electric resistance furnace.
Preheated SiC particles of micron and nano size were added into the melt with different weight
percentage and the composite melt was stirred by using mechanical stirrer. Ultrasonification of
the composites was done with the help of ultrasonic probe for 5 minutes after the stirring. The
composites melt poured and solidified into a mild steel die. The composites have been fabricated
for 3, 5, 8 and 10 wt % for micron size and 1, 2, 3 and 4 wt % of nano size through ultrasonic

assisted stir casting method [66].

In the current research work the ultrasonic assisted stir casting process is used for the
preparation of ZA-27 nanocomposites with different weight percentages of the reinforcement
particles. The process is named ultrasonic probe assisted stir casting method because stir casting
method is combined with the ultrasonic probe processing. The method will combine the benefits
related with the stir casting as well as ultrasonic probe processing. The combined process will
increase the homogeneity in dispersion of nano particles due to ultrasonic cavitation effect and
prevent the settling of nano particles in metal matrix due to continuous stirring with the stirrer.

This process increases the properties of the metal matrix nano composites.
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2.5. Mechanical properties of metal matrix composites

Mechanical properties of the composites can be influenced by the geometrical
arrangement of the phases, dimension of the components and the structural procedure as
periodicity of the component phases. It has been seen from the literature review that the
mechanical properties of the metal matrix composites can be dependent on the type and weight
percentage of the filler particles, dislocation strength and the defects occurred during the
fabrication process of the composites. In metal matrix composites most commonly measured
mechanical properties are hardness, tensile strength, ductility, fatigue strength and fracture. The

mechanical properties of the composites materials are investigated by many authors.

K. H. W. Seah et al investigated the tensile and compressive strength of the cast and
heated ZA-27/graphite particulates composites. The graphite particles with average particle size
of 90-150 um are reinforced with different weight percentage ranging from 1, 3 and 5 wt %. Heat
treatment of the composites was performed for 1, 2, 3 and 4 hours respectively at a temperature
of 280° C. It was observed from the results that as the graphite content increases in the
composites, there were major increases in the ultimate tensile strength, ductility and compressive
strength. The hardness of the composites drops tremendously as the graphite composition was
increased. The same results were observed for the heat treated specimens of the composite [67].
Many researchers have been studied the influence of graphite and short glass fibers reinforced in

ZA-27 composites on mechanical properties [68-71]

The mechanical properties and fracture mechanism were studied with the main objective
of understanding the effect of the reinforcement particles on the behavior of ZA-27 alloy. The
zircon particles with different weight percentages varying from 1, 3 and 5 wt % were reinforced
in matrix alloy to form composites. The results revealed that an increase in the hardness, Young’s
modulus, ultimate tensile strength and yield strength of the composites was achieved by
increasing zircon content, but ductility and impact strength decrease [72]. The presence of the
hard reinforcement particles in the ZA-27 composites samples improved the fracture behavior

significantly [73-75].

Silicon carbide particles with the average particle size of 100-150 um were reinforced in
ZA-27 alloy with the various weight percentages of 0 to 5% by weight for the preparation of the
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composites. Heat treatment was done for the composites at 320° C for 1, 2, 3 and 4 hours
respectively. The mechanical properties such as ultimate tensile strength, hardness, ductility and
impact strength were carried out for the composites. The results report that the adding of particles
increases in the base material while the hardness and ultimate tensile strength increase but the
ductility and the impact strength decrease for the composites. The heat treated composites
improve the ductility and impact strength but the hardness and the ultimate tensile strength

decreases when the silicon particle increases [76-77].

H. R. Ezatpour et al reported that the mechanical properties of the composites prepared
with different weight percentages ranging from 3 to 7 wt % were reinforced in aluminium alloy.
The ultimate tensile strength, yield strength and hardness of the aluminium matrix composite
increases when alumina particle increases in the matrix alloy [78]. A356 alloy is reinforced with
10 weight percentage of silicon carbide particles of 10 um size for preparation of the composite.
The ultimate tensile strength and hardness tests were carried out for cast and T6 heat treated
composite. The ultimate tensile strength and hardness of heat treated composites improves

compared to the cast specimens [79].

The authors initiates that the modification effect of the zinc aluminium based master alloy
will improve the tensile strength, elongation, impact toughness and hardness compared to the
base alloy [80-83]. The mechanical properties of ZA-27 reinforced with 10 wt % Al>O3 particles
with an average particle size of 0.7 um composite were carried out and results reported that the
tensile strength and hardness increases compared to the base matrix material [84]. The hard
ceramic particles reinforced in the matrix materials will improves the mechanical properties of
the composites was investigated by many authors [85-89]. Dong Xu-gang et al studied the
mechanical and fatigue properties which effected by Cu, Fe and Ni of ZLL114A alloy by using
high temperature fatigue test. The results reported that Cu, Fe and Ni contents increase in the

alloy the tensile strength and cyclic fatigue life improves [90].

Ting Liu, Nai-chao Si et al investigated the influence of Si addition on mechanical and
fatigue behavior of zinc aluminium alloy. From the results it was observed that 0.55 wt % of Si
addition in the base alloy gives the best mechanical properties and fatigue, when Si content
exceeds 0.55 % Si phases become larger and agglomeration forms in the alloy which reduces the

mechanical properties [91]. C.S.Ramesh et al concentrated on the fatigue analysis of Al 6061
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alloy reinforced with silicon nitride particles varied from 6, 8 and 10 wt % composites. The
composites and base matrix were hot forged at a temperature of 500° C using a 300T hydraulic
hammer. It was reported that, the fatigue strength improves significantly with increasing the
reinforcement content in cast and hot forged composites than that of the matrix alloy under
identical operating conditions. The hot forged alloy and its composites reveal superior fatigue

strength when compare to the cast matrix alloy and its composites [92-94].

The fatigue tests for the composites with the silicon carbide particles are reinforced in the
high strength spray formed series Al-alloys. The fatigue strength of the composite materials
displayed an enormous increase when compare to the commercial ingot of the Al-alloys series
[95-96]. Cheng-kun Zheng et al concentrated on the mechanical properties and low cycle fatigue
behavior of T4- treated aluminium alloys fabricated by using gravity die casting and squeeze
casting process. The mechanical properties of squeeze casting samples are considerably improved
than those of gravity casting samples due to fewer cast defects. Superior fatigue properties are

attained for the squeeze casting alloy compared with the gravity casting alloy [97].

2.6. Dry sliding wear behavior of metal matrix composites

Wear is defined as the process occurring at the interfaces between the two interacting
surfaces of solids within the working environment which results in dimensional loss. The
prominent meaning of wear as removing the material from one surface to another or movement
of material within a single surface or loss of material from a surface has been familiar for last few
years. The machines in which single surface rolls or slides against other surfaces either with or
without the presence of an applied lubricant are used to study the wear resistance properties of
the metal matrix composites [98]. In the current research work, the wear characterization of the
composites were examined with the help of dry sliding wear by using pin on disc friction and

wear testing machine.

Gencaga Purcek et al investigated the friction and wear behavior of zinc-based alloys
and SAE 660 bronze under dry sliding conditions. From the results it was observed that the zinc-
based alloys have higher wear resistance and lower coefficients of friction compared to bronze.

The layered structures were formed by rubbing and surrounding the oxidized ZA alloy was hard
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and measured to have contributed to their low wear rates than bronze [99]. Wear tests of
lubricated journal bearings were fabricated with Si addition in ZA-27 alloy was examined. It was
reported that the modified ZA-27 alloy shows significant improvement in the wear resistance

compared with ZA-27 alloy [100-104].

K.H.W. Seah et al studied the dry sliding wear properties of the cast ZA-27 alloy and
composites containing different weight percentages of the graphite particles were tested at
various speeds and loads by using pin on disc testing apparatus. It was observed that the wear rate
of composites decreases by increasing the graphite content compared to ZA-alloy. The wear rate
decreased as the sliding speed increased, and increased with an increase in applied load [105].
Dry sliding friction and wear behavior were studied on the effects of the fibre mass fraction,
applied load, time and the fibre orientation of the zinc aluminium alloy reinforced with alumina
particles composites. It shows that the volume fraction of the alumina particles increases the wear
rate and friction coefficient of the composites decreases. When the fibres were parallel to the
friction surface both the wear rate and friction coefficient decreases and it depends on fibre

orientation. The coefficient of friction decreased with load, and increased with time [106-108].

S. C. Sharma et al investigated the wear behavior of the composites reinforced with the
short glass fibres with different weight percentages in ZA-27 alloy were carried out by using pin-
on-disc apparatus. As reinforcement particles increase in the base alloy the wear rate of the
composites decreases [109-111]. The unlubricated sliding wear behavior of a zinc based alloy
and composites reinforced with the aluminium oxide particles were carried out by using pin on
disc machine at various sliding speeds and applied pressures. The results shows that the
composites attain lower wear rate at higher seizure pressures and sliding speeds compare to the
matrix alloy. The presence of the dispersoids in the composites develops greater thermal stability

which will reduce the wear rate than that of the zinc based alloy [112-115].

The friction characteristics of the zinc based alloy bearings were investigated by using
journal bearing test machine under different operating conditions. The coefficient of friction
reduced with improving bearing pressure particularly in the mixed and hydrodynamic lubrication
regions [116]. The wear properties of the composites i.e Al 2024/ TiB» and Al 2024/ (TiB2+h-
BN), were investigated at room temperature in atmospheric environment by using pin on disc

wear tester at different loads and speeds. It was reported that the reinforcement of h-BN
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composites increases the wear properties particularly at low sliding speed and low load compare

to the other composites [117].

Pei-peng Jin et al investigated the dry sliding wear behavior of 6061Al reinforced
Mg>B>0s whisker coated with ZnO matrix composite by using a ball-on-disk wear-testing
machine. The result shows a decrease in the wear rate of the composite as compared to the matrix
alloy. The wear rate and friction coefficient of the composites decreases when increasing the
sliding speed and applied load [118-120]. A. Pramanik investigated the influence of the filler
material on the unlubricated sliding wear mechanism of Al 6061 alloy and 10 wt % of aluminium
oxide composites was examined by considering various factors, such as sliding speed, sliding
distance and sliding pressure by using pin on disc machine. The effect of the reinforcement
particles increases the wear resistance of the composites when compared to the corresponding

matrix alloy [121-124].

The pin on disc testing machine is used for the dry sliding wear behavior of the
composites with the Al>O3z particles reinforced in aluminium alloy at different operating
conditions. It was reported the wear loss and friction coefficient of composite increases as the
load increases. When the sliding speed increases the surface temperature of the composite
increases which produces the oxidation layer on the specimen due to which the wear loss and
friction coefficient decreases [125]. The composites with titanium carbide particles reinforced in
aluminium matrix were investigated to study the unlubricated sliding wear characteristics at
different operating conditions by using pin on disc machine. The wear resistance of the

composites increases by increasing the reinforcement content of titanium carbide [126].

Mehdi Rahimian et al found that the aluminium metal matrix composites with the lower
size particles and higher weight percentage of the aluminum oxide reinforcement composites
increases the wear resistance compared to the matrix alloy and other particle composites [127].
The dry sliding wear properties of the different particle size and weight percentages of the
composites were examined by using pin on disc testing apparatus. The Zinc based and aluminium
alloy matrix composites were reinforced with different ceramics particles like SiC, SizN4, B4C,
ADO3 and the graphite flakes without coating. The dry sliding wear characteristics of the
different composites were carried out with the help of pin on disc machine at different operating

conditions. The composites reinforced with various particles exhibited superior tribological
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properties, with the wear becoming more uniform, the wear rate and coefficient of friction

decreasing significantly and the relative seizure resistance increasing [128-132].

2.7. Mechanical and wear properties of hybrid composites

Hybrid metal matrix composites are essential class of engineering materials used in
aerospace and automotive industrial applications due to their lower density, superior specific
strength, better mechanical properties and higher wear resistance compared to metal matrix
composites materials. The current research in the area of hybrid composites is based on different
alloys strengthened with several ceramic particles. Matrix alloy composites with multiple filler
particles are finding improved applications because of enhanced mechanical and tribological
properties and hence are better alternatives for single reinforced composites. Many researchers
have shown that hybrid composites possess higher hardness, higher tensile strength, better wear

resistance and lower coefficient of friction when compared to pure alloys [133].

Mitesh Kumar et al studied the hardness and ultimate tensile strength of the hybrid
composites. Aluminium oxide particles with 10 wt % and molybdenum disulphide particles with
different weight percentages ranging from 3, 5, 7, and 9 wt % were reinforced in the Al 6063
alloy for preparation of hybrid composites using stir casting process. The hardness of the hybrid
composites increases slightly and the ultimate tensile strength decreases due to the reinforcement
of molybdenum disulphide particles varying from 3 % to 9 % by weight and with the addition of
aluminium oxide particles in A16063 matrix alloy [134]. The hybrid composites reinforced with
silicon carbide particles varying from 0-9% and graphite with 3% by weight in ZA-27 alloy were
used to study the mechanical properties. The results reveal that, as the percentage of silicon
carbide particles was increased, ultimate tensile strength and hardness of the hybrid composites

increased with reduction in ductility [135].

The mechanical and tribological properties were investigated on the copper based hybrid
composites reinforced with silicon carbide particles that varied from 3wt % to 10wt % and
graphite particles with 1 wt % for preparation of composites. The tensile strength and hardness of
hybrid composites increases as reinforcement of silicon carbide particles increases. The presence

of the graphite content in the hybrid composites reduces the wear rate and the coefficient of
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friction compared to the copper alloy [136]. Mechanical and wear properties of mica and silicon
carbide ceramic particle with varying weight percentages were reinforced into the Al 356 alloy
hybrid composites. Better strength and hardness of the alloys are attained with Al 356 alloy
reinforced with 10wt % SiC and 3 wt % mica hybrid composites. The increase in weight

percentages of mica increases the wear loss of the hybrid composites [137].

Hybrid aluminum metal matrix composites reinforced with equal weight percentages of
silicon carbide and graphite are extensively used to study the strength and wear resistance
behavior. The result shows that the increase in reinforcement content will reduce the hardness of
the composites. The coefficient of friction is influenced by the reinforcement content, applied
load, sliding speed and sliding distance, the most influencing parameters being sliding speed and
applied load whereas sliding distance and reinforcement content do not affect the friction
coefficient [138]. The dry sliding wear and mechanical behavior of aluminum matrix hybrid
composites reinforced with rice husk ash and silicon carbide particulates with equal weight
percentages fabricated by stir casting method was investigated. The hybrid composites reinforced
with different particles exhibit higher wear resistance than the matrix alloy [139]. The increase in
the weight percentages of the reinforcement particles increases the ultimate tensile strength and

yield strength, but the elongation of the hybrid composites decreases [140].

The hybrid composites reinforced with 5 wt % -10 wt % silicon carbide particles and 3 wt
% - 6 wt % graphite particles in the Al2024 alloy were prepared to study the mechanical
properties. From the results it was observed that the tensile strength and elongation are reduced
by Gr and SiC particles added into the A12024 matrix, while the Gr has a more negative influence
on the elongation than the SiC particles in the hybrid composites [141-142]. The work was
carried out to investigate mechanical properties of aluminium hybrid composites incorporated
with groundnut shell ash and silicon carbide with different weight percentages. The results show
that with increasing groundnut shell ash in the reinforcing phase, the hardness, tensile strength
and specific strength of the composites decreased slightly compared to other hybrid composites.
The fracture toughness and percentage elongation of the hybrid composites increases when

increasing the reinforcement content of groundnut shell ash [143].
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The mechanical properties of Al6061-SiC & Al6061-SiC/Graphite hybrid composites
with different percentages were investigated with the help of stir casting process. The
microstructures of the composites revealed uniform dispersion of the particles and the density of
composites decreases as the reinforcement content increases in the composites. The enhancement
in ultimate tensile strength of hybrid composites occurred as reinforcement content of graphite
and silicon carbide particles increases in Al6061 alloy [144]. The hybrid metal matrix composite
reinforced with SiC particles and Al,O; whiskers was investigated for fatigue crack growth
mechanism. The hybrid composite exhibits a higher threshold stress intensity factor range when
compared to the composites reinforced with Al O3 and Al alloy, showing superior resistance to

crack growth in a lower stress intensity factor range [145].

2.8. Design of experiments for tribological behavior

Statistical techniques have been used frequently for investigation to estimate and/or for
optimization for many engineering processes. In an experiment where several parameters are
involved and to study the effect of each and every single condition, statistical methods were used.
Tribological behavior is a difficult wear phenomenon in which a number of control parameters
collectively determine the performance output i.e. the wear rate and friction coefficient for
implementation of suitable statistical techniques for process optimization. The current research
work addresses this feature by adopting an efficient statistical approach called response surface
methodology to optimize the control factors. Many authors have reported on the tribological
properties of the composites but limited work has been done on the optimization of wear

processes and the influence of control factors on wear rate and friction coefficient.

S. Basavarajappa et al focused their attention on the dry sliding wear behavior of the
aluminium metal matrix composites examined by using Taguchi experimental plan. The
influence of the wear parameters such as sliding speed, applied load and skidding distance on the
dry sliding wear of the composites was investigated with the help of orthogonal array and
analysis of variance. The reinforcement particles are the most significant factor that increase the

dry sliding wear resistance of the aluminium metal matrix composites [146].

Design of experiments and statistical methods were used to examine the influence of the

applied load, sliding speed and solid lubricants on the tribological behavior at different operating
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conditions on the copper/silica composites reinforced with graphite (Gr), boron nitride (BN) and
molybdenum disulphide (MoS2) particles. The major observations are that MoS: reinforced
composite is the best effective lubricant in enhancing the wear resistance compare to other
reinforced composites. The solid lubricant is the most influencing parameter affecting the wear
resistance of the composites among the three process parameters. Among the three different types

of composites MoS; reinforced composite shows better wear resistance properties [147].

R. Ranjith kumar et al studied the optimization of dry sliding performances on the
aluminum hybrid metal matrix composites using taguchi experimental plan with an L7
orthogonal array. The factors selected for the dry sliding wear properties of the composites are
applied load, sliding distance and sliding velocity. The composites reinforced with the
molybdenum disulphide particles exhibited less wear when compare to the matrix material. It was
observed that the wear rate of the composites increases with increasing sliding velocity, sliding

distance and applied load [148].

Taguchi method was used to predict parameters like sliding speed, sliding distance and
applied load affecting the unlubricated sliding wear behavior of the zinc based alloy composites
significantly. The most significant parameters which influenced the wear volume loss of the
composites are applied load followed by the sliding speed. The sliding distance exhibited a
negative effect on wear indicating that increase in sliding distance reduces wear volume loss of

the composites due to the presence of reinforcements [149-150].

Response surface methodology was used to plan and analyze the experiment for
tribological behavior of the aluminium matrix composites reinforced with graphite particles. The
process parameters used for the wear behavior of the composites is sliding speed, sliding
distance, applied load and reinforcement content. It was observed that the most influencing factor
for wear behavior of the composites is sliding distance while applied load has a negligible effect
on the wear [151].The mechanical properties of the metal matrix composites were carried out by

using the response surface methodology to optimize the process parameters [152-153].

The effect of silicon nitride particles on the dry sliding wear of aluminium alloy
composites was studied by using response surface methodology with various process parameters.

Result showed that sliding distance is the most influential factor and percentage reinforcement is
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the factor which affects the wear least. The interaction of percentage reinforcement and load,
percentage reinforcement and sliding distance, load and sliding distance, sliding speed and
sliding distance also have significant effects on the wear [154-155]. K. Soorya Prakash et al
investigated the dry sliding wear behavior of the aluminium matrix composites at various process
parameters like reinforcement content, filler size, sliding velocities, applied load and sliding
distance by using taguchi L7 orthogonal array. The most significant factors influencing the
specific wear rate of the composites are applied load and reinforcement size followed by the

sliding velocity, sliding distance and reinforcement content [156].

I. Dinaharan et al made an attempt to develop the mathematical model to predict the wear
rate of the aluminium alloy reinforced ZrB> composites with the help of response surface
methodology. The factors considered are applied load, sliding distance, sliding velocity and
reinforcement content. The results show that the wear resistance increases when reinforcement
content increases in the composites. The reinforcement content is the most influencing factor
which affects the wear resistance of the composites compared to other process parameters [157-

158].

2.9. Research gaps

From the literature survey the following research gaps were identified.

1. From the literature, ZA-27 alloys was more economic compare to the other
conventional journal bearing materials such as bronze, white metal, brass and cast iron
alloys. Many researchers have been investigated on ZA-27 alloy matrix material
composites reinforced with various micro sizes ceramic particles (SiC, Al,Os3, ZrOo,
Gr, and B4C) were fabricated by using stir casting, squeeze casting and compocasting
process. The above process reported no uniform dispersion in ZA-27 alloy, when
reinforced particles were of nano size.

2. The mechanical properties such as ultimate tensile strength, yield strength and Micro
hardness of ZA-27 alloy was enhanced mostly by reinforced with micro particles and
nanoparticles of silicon carbide and aluminium oxide were reported by several
researchers and very little work was carried out on the fatigue analysis of the ZA-27

alloy which is most essential property for bearing application.
35



3. From literature, it was observed that the reinforcement of micro sized particles like

AL O3, SiC will affect the subsurface hardening, micro cracking tendency, removal of
reinforcement particles and damage of reinforcement particles, which leads to fatigue
failure.

The dry sliding wear characteristics like wear rate and friction coefficient of the ZA-
27 alloys incorporated with both micro and Nano silicon carbide, aluminum oxide and
graphite particles were investigated by the various researchers. Less work was
published using Hybrid nanoparticles.

Limited work has been carried out to optimize wear behavior of ZA-27 alloy by
varying all the process parameters at a time i.e. reinforcement content, sliding speed,

sliding distance and applied load.

2.10. Problem definition

The aim of the present work is to fabricate ZA-27 alloy reinforced with

nanoparticles using novel Ultrasonic assisted stir casting process, to enhance mechanical and

wear properties of ZA-27 alloy with suitable selection of reinforcement materials for the bearing

applications.

2.11. Objectives of the present work

The following objectives were formulated for the present work

1.

To fabricate high quality ZA-27 nanocomposites reinforced with aluminium oxide
(Al203), molybdenum disulphide (MoS>) and a combination of both (Al2O3 & MoS>)
by using liquid metallurgy route ultrasonic assisted stir casting technique.

To study morphological characteristics of ZA-27 nanocomposites by using Scanning
electron microscope (SEM) and Energy dispersive spectroscopy (EDS).

To study the mechanical properties such as microhardness, ultimate tensile strength,
yield strength and fatigue strength of ZA-27 alloy nanocomposites reinforced with

different combinations of both Al,O3 & MoS» nanoparticles.
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4. To study the Tribological behavior of ZA-27 nanocomposites reinforced with
different combinations of both AlO3 & MoS: nanoparticles using pin on disc
apparatus under dry sliding wear conditions.

5. The response surface methodology (RSM) technique is used to optimize process
parameters like reinforcement content, sliding speed, sliding distance and applied load
on the tribological behavior of the ZA-27 alloy nanocomposites reinforced with

different combinations of both Al>O3 & MoS: nanoparticles

2.12. Research plan

Selection of reinforcement materials

Vv

Fabrication of ZA-27 nanocomposites

v

Characterization

y




CHAPTER 3
EXPERIMENTAL SETUP AND EQUIPMENT

3.1. Introduction

This chapter discusses the experimental setup and equipments used in the present research
work to conduct different set of experiments. Details of the equipments used for the synthesis and
preparation of composites, microstructure characterization, microhardness and mechanical
properties of the nanocomposites are supplied in the chapter. Tribological experiments to
calculate the wear rate and friction coefficient of the nanocomposites is a critical part in any
investigation. The trail experiments were conducted to identify the ranges and levels of the
process parameters of ZA-27 nanocomposites and hybrid nanocomposites. The process
parameters such as reinforcement content, sliding speed, sliding distance and applied load were
used to examine the dry sliding wear behavior of the nanocomposites. The experiments were well
planned and conducted to measure the wear rate and friction coefficient of the nanocomposites.
The response surface methodology (RSM) is used for the experimental design and it also
develops the mathematical models for wear rate and friction coefficient of different weight

percentages of ZA-27 nanocomposites and hybrid nanocomposites

3.2. Experimental setup

3.2.1. Synthesis of MoS: nanoparticles

The planetary ball mill with tungsten balls and tungsten vial were used for the
preparation of MoS» nanoparticles as shown in Figure 3.1. The ball mill has a single vial with a
capacity of 250 ml powder that can be milled at a time. A counter weight is used on the other side
to balance the weight of the vial. The MoS; particles with micrometer size were procured from
Sisco Research Laboratories Pvt. Ltd, Hyd. The specifications of ball mill are shown in table.
MoS; microparticles were milled for several hours in the planetary ball mill for preparing the
nanoparticles. Mechanical alloying was carried out in wet medium, using toluene as process
control agent. Milled particle samples were collected for various intervals to test the change in

size. The specifications of the planetary ball mill are given in table 3.1.
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Figure.3.1 Planetary Ball Mill

Table.3.1 Specification of Planetary Ball mill

Make Retsch

Model PM-100

Applications pulverizing, mixing, homogenizing, colloidal
milling, mechanical alloying

Field of application agriculture, biology, Chemistry, construction

materials, engineering / electronics, environment
/ recycling, geology / metallurgy, glass /
ceramics, medicine / pharmaceuticals

Feed material

soft, hard, brittle, fibrous - dry or wet

Size reduction principle

impact, friction

Material feed size < 10 mm

No. of grinding stations 1

Speed ratio 1:2

Sun wheel speed 100 - 650 min-1
Effective sun wheel diameter 141 mm

G-force 333¢g

Material of grinding tools tungsten carbide
Grinding jar sizes 250 ml

Interval time

00:00:01 to 99:59:59

Pause time

00:00:01 to 99:59:59

Measurement of input energy

Yes
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possible

Interface RS 232 /RS 485

Drive 3-phase asynchronous motor with frequency
converter

Drive power 750 W

Electrical supply data different voltages

W x H x D closed 630 x 468 x 415 mm

Net weight ~ 86 kg

Patent / Utility patent Counter weight (DE 20307741), FFCS (DE

20310654), Safety Slider (DE 202008008473)

3.2.2. Particle Size Analyzer

Figure 3.2.shows the Malvern nano zeta sizer is used to measure the average particle size
of the MoS; particles which are synthesized by using planetary ball mill. The average particle
size ranging from the 0.3 nm to 10 um can be measured with the help of particle size analyzer. It

works on the principal of dynamic light scattering and measures average particle size in wet

medium.

The samples were prepared for the particle analyzer test by addition a pinch of milled
MoS: nanoparticles in to the beaker containing deionized water and ultrasonication was done for

30 minutes. After ultrasonification the nanoparticles are uniformly distributed in the water. The

Figure 3.2. Nano zeta sizer
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prepared nanoparticles was poured into specimen beaker and positioned into the equipment to
measure the average particle size of the MoS: nanoparticles. Table.3.2 shows the specification of

Malvern Zeta Sizer.

Table 3.2 Specification of Malvern Zeta Sizer

Measurement Range 0.3nm -10.0 microns (diameter)
Measurement Principle Dynamic Light Scattering
Minimum sample volume 12uL
Accuracy Better than +/-2% on NIST traceable latex standards
Sensitivity 0.1mg/mL (Lysozyme)
Precision/Repeatability Better than +/-2% on NIST traceable latex standards

3.2.3. Ultrasonic assisted stir casting

Dispersion of nano sized reinforcement in metal matrix composite is challenging due to
the nano sized particles large surface to volume ratio which results in agglomeration and
clustering. These affect the resulting properties of composite materials. Poor wettability of nano
particles also produces the composite with inferior mechanical properties. The ultrasonic probe
assisted sonication method helps in this case to uniformly distribute the particles in metal matrix.
The ultrasonic energy is widely used in the manufacturing for welding, casting and non-
destructive testing. The ultrasonic cavitation effect is utilized to generate nuclei in casting. The
ultrasonic cavitation based processing of nanocomposites has been successfully utilized by
researchers to fabricate bulk metal matrix composite. The process is very effective in dispersing
nano sized particle s in the metal matrix. The process generally requires resistance heating
furnace for melting metal, nano particle feeding mechanism, inert gas envelope for protection and
an ultrasonic system. The ultrasonic processing system consists of an ultrasonic probe, a
transducer and power source. Figure 3.3 shows the ultrasonic assisted stir casting machine. Table

3.3 shows the specification of the machine.

Table 3.3 Specifications of Ultrasonic assisted stir casting machine

Make Johnson Plastosonic
Ultrasonic Power 2000-4000 Watts
Output Frequency 18-20 kHz
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Input Supply 230 Volts
Protection Indicators LED indicators
b ]

Control Panel

Mechanical Stirrer

Furnace for preheat the
powder

Ultrasonic Probe

Electric Furnace

Figure 3.3 Ultrasonic assisted stir casting machine

3.2.4. Microstructural characterization

The microstructures of the composite surfaces are observed using scanning electron
microscopy (SEM) as shown in Figure 3.4. SEM is a type of electron microscope that produces
images of a sample by scanning it with a focused beam of electrons. The electrons interact with
atoms in the sample, producing various signals that contain information about the sample's
surface topography and composition. SEM is a completely computer controlled unit with
conventional tungsten heated cathode intended for high and low vacuum operations. It is a
sophisticated user friendly software for controlling the microscope and capturing the image using
windows platform, has superior optical properties, offers good clarity of flicker-free digital

image, processing and measurements, has images stored in standard formats, provides automatic
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arrangement of the electron microscope and several other automated processes and these among

the specific features of the equipment. The technical specifications of SEM are given in table 3.4.

Figure 3.4 Scanning electron microscope

Table 3.4 Technical specifications of SEM

Make Tescan

Model VEGA 3 LMU

Electron Gun Tungsten heated cathode

Resolution 3 nm at 30 kv /2 nm at 30 kb

Magnification 2x — 1,000,000x

Maximum field of view 24 mm at WD 30 mm

Accelerating Voltage 200 V to 30 kV

Probe current 1 pAto2puA

Scanning Speed From 20 ns to 10 ms per pixel adjustable or
continuously

Chamber suspension Pneumatic

Specimen Stage Compucentric, fully motorized
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3.2.5. Energy Dispersive Spectroscopy (EDS)

The energy dispersive spectroscopy (EDS) is an analytical technique which is used for the
chemical composition or elemental analysis of a material. EDS is also known as energy
dispersive X-ray analysis (EDXA). It is an analytical technique used for the elemental analysis or
chemical characterization of a sample. It relies on an interaction of some source of X-ray
excitation and a sample. Its characterization capabilities are due in large part to the fundamental
principle that each element has a unique atomic structure allowing a unique set of peaks on its
electromagnetic emission spectrum. The confirmation about the elemental composition of a
specimen can be overlaid on top of the magnified image of the specimen by using a process
known as X-ray mapping. An EDS coupled with SEM as shown in Figure 3.5 was used in the

present study.

Figure 3.5 EDS coupled with SEM

3.2.6. Measurement of micro-hardness

The term hardness refers to the ability of a material to resist permanent deformation. The

larger the resistance to deformation, the harder the body appears. There are four common
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methods available to measure the hardness of any material such as Brinell, Knoop, Rockwell, and
Vicker's hardness tests. Vickers hardness testing method is simple as compared to others and is
suited well for all metals. In this method an indenter of a straight diamond pyramid with an angle
between opposite faces of 136, is applied under a specific load on to the surface of the material
to be tested for a set time interval. According to the law of proportional resistance, the
indentation surface is proportional to the force applied. For micro hardness studies, usually the
range of load is taken to be 5 g to 1000 g and the dwell time is considered in the range 10 to 15

sec. In the present study a load of 200 g is applied for 10 sec as dwell time.

"
d

|

|

|

7,

(a) Indentation (b) Measurement of indent

Figure 3.6 Hardness measurement using Vicker’s hardness tester

After the test, an indentation is formed as shown in Figure 3.6. From the indentation, diagonals
are measured. Micro hardness of the composite samples for Vickers method is estimated as

_0.1891F

HY ==

where d is the arithmetic mean of diagonals and F is the load applied on the work material.
Micro-hardness of the composite surfaces is measured using Chennai Metco make Economet VH

1 MD model as shown in figure 3.7 and the specifications are given in table 3.5.
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Figure 3.7 Vickers hardness tester

Table 3.5 Technical specifications of Vicker’s hardness tester

Make Chennai Metco

Model Economet VH 1 MD Digital Automatic Turret
Micro Vickers Hardness Tester with digital display

Usage Range Heat treatment, carbide, quench hardened layer, the
surface coating layer, steel, non-ferrous metal and
small and thin shape parts, etc

Test Load 10gf, 25gf, 50gf, 100gf, 200gf, 300gf , 500gf &

1kgf

Method of testing force applied

Automatic (Loading, Dwell, Unloading)

Test microscope magnification

400X(Measuring), 100X (observation)

Duration time

0to60s

Min measuring unit

0.031 um
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Hardness measuring range 8 to 2900 HV

Conversion Scale HRA, HRB, HRC, HRD, HRF, HV, HK, HBW,
HR15N, HR30N, HR45N, HR15T, HR30T, HR45T

Data output LCD screen display, Inside Printer, RS-232 Max
Height of Specimen: 80mm Distance of Indenter to

outer wall: 95mm X-Y Testing table:
Dimension 25*%25mm
Power supply AC220V+5%
3.2.7. Tensile Test

Tensile test is one of the major types of mechanical tests to find the strength of the
materials for many engineering applications. In materials the strength of importance may be
measured in terms of either stress required to obtain appreciable plastic deformation or the
material can withstand the maximum stress. These measures of strength are used with appropriate
caution in engineering design. The various materials and processes can be compared by
measuring the tensile properties of the newly developed materials and processes. Finally, tensile
properties are frequently used to predict the performance of a material under forms of loading
other than uniaxial tension. Tensile test were carried out on the electro mechanical tensile test
machine. The test data were used to determine the ultimate tensile strength, yield strength and

percentage elongation of the materials. The specification of the electro mechanical tensile test

machine is given in table 3.6 and figure 3.8 shows the tensile machine.

Table 3.6 Specification of electro mechanical tensile test machine

Make HEICO (Hydraulic and Engineering Instruments)
Model HLC 693-30

Capacity 20KN

No of columns 2

Max Speed (mm/min) 500

Min Speed (mm/min) 0.01

Max Force at full speed (KN) 20

Max Return Speed (mm/min) 1000
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Position Control (mm) 0.5

Total Crosshead travel (mm) 1130

Max Power Required (VA) 1000
Dimension (LxBxH) (mm) 760x600x2000

Figure 3.8 Electro Mechanical Tensile Test machine

3.2.8. Fatigue Test

Fatigue is the process of progressive localized permanent structural change occurring in a
material subjected to conditions that produce fluctuating stresses and strains at some point or
points and that may culminate in cracks or complete fracture after a sufficient number of
fluctuations is termed as fatigue [159].Fatigue cracking generally results from cyclic stresses that
are lower than the static yield strength of the material. The fatigue tests were carried out with
different fatigue testing machines such as direct stress, plane bending, rotating bending and

alternating torsion. In this present study the fatigue tests were conducted on the rotating bending
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test machine because the materials used in this study is mainly for the bearing applications.

Figure 3.9 shows the rotating bending test machine and table 3.7 give the specifications.

Table 3.7 Specifications of Rotating bending test machine

Make Metsonic Engineers Private Limited
Model FT-8

Standard dimensions (mm) 8-10

Rotating speed (rpm) Upto 4200

Maximum bending moment (kg/cm) 400

Figure 3.9 Rotating bending test machine
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3.2.9. Wear test

Wear of materials is an every-day experience and has been observed and studied for a
very long time. It is a process of steady removal of a specimen from surfaces of solids subject to
contact and sliding. The present work which concentrates on dry sliding wear behavior of
composite materials was conducted by using pin on disc friction and wear testing machine as per
ASTM G99 standards. The wear tests were examined with help of experimental plan to get the
optimal output of the wear behavior. Trial experiments were carried out to identify the possible
ranges for every process parameters to study the wear characteristics of the materials. After
observing the results of trial experiments the ranges and levels are fixed for ZA-27
nanocomposites as presented in Table 3.8 and for hybrid nanocomposites it is presented in Table

3.9.

Table 3.8 Process parameters: Ranges and levels for ZA-27 nanocomposites

Variables Units | Level 1 Level 2 Level 3
Reinforcement content (R) | Wt % 0.5 1 1.5
Sliding speed (S) m/s 1 2 3
Sliding distance (D) m 1000 2000 3000
Applied load (L) N 30 60 90

Table 3.9 Process parameters: Ranges and levels for hybrid nanocomposites

Variables Units | Level 1 Level 2 Level 3
Sliding speed (S) m/s 1 2 3
Sliding distance (D) m 1000 2000 3000
Applied load (L) N 30 60 90

In the present study, an experimental plan is taken from the response surface methodology
(RSM) technique in which a centered composite design (CCD) is used to generate experimental
data. The detailed experimental plan involving number of experiments has been given in
respective chapters. RSM analysis was carried out with the help of Design Expert 9.0 software.
To develop adequate efficient relationships among the outputs and control factors, RSM consists
of statistical and mathematical techniques are utilized. An effort has been made to investigate the
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influence of control factors such as reinforcement content, sliding speed, sliding distance and
applied load, on the responses such as wear rate and coefficient of friction by using response
surface methodology (RSM). Figure 3.10 shows the pin on disc friction and wear testing machine

and table 3.10 gives the specifications.

Figure 3.10 Pin on disc friction and wear testing machine

Table 3.10 Specifications of Pin on disc friction and wear testing machine

Make

Magnum Engineers

Model

TE-165-LE

Pin Dimension

@3- @12 mm, 25-30mm

Ball Diameter 10mm

Disk Material EN31 steel

Size @165mm, 8mm thickness
Wear track diameter 50-100mm

Disk Rotation 200-2000 rpm

Normal load range 5-200 N

Wear measurement range 0-2000 pm

Frictional force range

0-200 N with a resolution of 1N with tare facility
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CHAPTER 4

FABRICATION AND MICROSTRUCTURAL
CHARACTERIZATION OF ZA-27 NANOCOMPOSITES AND
HYBRID NANOCOMPOSITE

4.1. Introduction

This chapter deals with the synthesis of the molybdenum disulphide nanoparticles
with the help of planetary ball mill and measures the average particle size of nanoparticles by
using nano zeta sizer. ZA-27 alloy reinforced with different weight percentages of aluminium
oxide (Al20O3), molybdenum disulphide (MoS;) and combination of both (Al.O3;/ MoS»)
nanoparticles for the fabrication of ZA-27 nanocomposites and hybrid nanocomposite with the
help of ultrasonic assisted stir casting process. The density measurement of ZA-27
nanocomposites and hybrid nanocomposite was also studied with the help of Archimedes
principle. The microstructure and chemical composition analysis of the various weight
percentages of ZA-27 nanocomposites and hybrid nanocomposite is briefly explained in this

chapter.

4.2. Synthesis of MoS: nanoparticles

In this study, Mechanical milling of the MoS> micro sized metal powders was
carried out in Retsch Planetary Ball Mill PM-100 with Tungsten carbide vial and balls to prepare
nano powders. MoS2 micron sized powders are milled in a vial, with 50 grams of powder and 500
gram balls for 80 hours. The ball to powder weight ratio is 10:1, with a milling speed of 250 rpm
in wet medium (about 50 ml of acetone) to prevent undue oxidation and agglomeration of
powder. Tungsten carbide balls of 5 and 3 mm diameter were used for milling. Powder samples
were collected from the vial at selected intervals of time to check the reduction in size of the
particles by particle size analyzer. The description of the planetary ball mill figured in chapter 3.
The specifications of the planetary ball mill for milling the MoS> microparticles are shown in

table 4.1.
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Table 4.1 Specifications for the milling system

Mill type Retsch planetary ball mill PM 100
Milling time 80 hours
Wet milling medium Toluene
Milling speed 250 rpm

Grinding media:

Ball and jar material

Tungsten carbide

Ball size 5 & 3 mm dia
Ball weight/jar 500¢g
Ball to powder ratio 10:1
Jar dimensions:
Length 95 mm
Diameter 75 mm
40
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Figure 4.1 Average particle size of MoS; particles milled for 80 hours
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The average particle size and dispersion stability of nano particles was measured by Nano
zeta sizer (Model: Nano ZS, Malvern). The sample was prepared by dispersing small amounts of
nano particles in deionized water with constant ultrasonication of 30 minutes each. Then the
sample was kept in a sample holder with the help of syringe and analyzed. The samples were
analyzed using Zeta Sizer software. It was evident from the graph that the average particle size of

80 hours milled molybdenum disulphide (MoSz) microparticles was approximately 200 nm.

4.3. Fabrication of ZA-27 nanocomposites

Commercially available pure zinc (99.9%), aluminium (99.9%), copper (99.9%) and
magnesium (99.9%) supplied by Sigma Aldrich were used to prepare the ZA-27 alloy. The
elemental composition of the ZA-27 alloy mentioned in chapter 1, was selected as matrix
material for the fabrication of the composites. The reinforcement materials are commonly harder,
softer and more discontinuous than the matrix materials. In this present study, molybdenum
disulfide (MoS») and Al,O3; and combination of both were selected as per literature to enhance
both the mechanical (Al2O3) and Tribological properties (MoS2) of ZA27 alloy at economical
basis. The reinforcement particles of MoS: with the average particle size of 5 pm and aluminium
oxide (Al>O3) with an average particle size of 50nm which was commercially sourced from Sisco
Research Laboratories Pvt. Ltd, Hyderabad, India. For the fabrication of the nanocomposites ZA-
27 alloy reinforced with different weight percentages ranging from 0.5, 1.0, and 1.5 wt % of the
molybdenum disulphide with micro and nanoparticles and aluminium oxide nanoparticles by
using ultrasonic assisted stir casting technique. The reinforcement content for the preparation of
the hybrid nanocomposites were selected based on the results obtained for the individual
reinforcement content of Al,O3 and MoS> nanoparticles where shown in chapter 5. The hybrid
nanocomposite reinforced with the combination of both Al2O3 and MoS:2 micro and nanoparticles

with weight percentage of 1.5 wt % of Al,O3 and 0.5 wt % of MoS» in ZA-27 alloy.

The raw materials for base alloy (ZA-27) were cut into small pieces and placed in a
graphite crucible. Then the graphite crucible was placed in the electrical resistance furnace and
heated above the melting temperature of 800° C. After melting the base alloy, mechanical stirring
was used to stir the molten metal for 2 min for homogenization. The reinforcement particles with

different weight percentages were packed in the aluminium foils like pallets. These pallets were
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pre-heated up to 500° C to remove any moisture and increase the thermal stability of the molten
metal. While stirring was in progress, the preheated reinforcement particles were added and
stirring was continued at a speed of 500 rpm for 2—-3 min so as to attain uniform distribution of
reinforcement particles in the matrix material. After mechanical stirring was done in the molten
metal the clusters and agglomeration were formed due to the large surface area to mass fraction
and poor wettability of the nanoparticles. The ultrasonic probe was inserted into the molten metal
of the nanocomposite and ultrasonification process was carried out for 3min to achieve
homogenous distribution of the nanoparticles. The high intensity ultrasonic waves are produced
due to the ultrasonic probe which develops the alternating compression and dilation cycles in the
melt, which helps to break the clusters of nanoparticles to obtain the uniform dispersion in the
matrix material. Subsequently, the melt was poured into a cylindrical die made up of mild steel.
The specimens were removed from the die after solidification and standard specimens were
prepared for the characterization and analysis of the composites. The ultrasonic assisted stir
casting machine and its specifications was discussed in chapter 3. The cylindrical mild steel die

and the cast specimens of the ZA-27 nanocomposites are shown in Figure 4.2.

Mild steel split-piece die

a) Cylindrical die b) Cast ZA-27 nanocomposites

Figure 4.2 Fabrication of ZA-27 nanocomposites
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4.4. Density of ZA27 nanocomposites

The metal matrix nanocomposites are found to replace the conventional metals and
materials mainly for their low densities in many engineering applications. Density was a material
property which is of prime importance in several weight sensitive applications. It depends on the
relative percentage of matrix and the reinforcing materials in the nanocomposite. There is always
a difference between the experimental and the theoretical density values of a composite due to the
presence of porosity. This porosity significantly affects some of the mechanical properties and
even the performance of nanocomposites. In the present study the experimental densities of the
cast ZA-27 alloy and ZA27 nanocomposites reinforced with the aluminium oxide (Al>O3) and
molybdenum disulphide (MoS2) nanoparticles were determined with the help of Archimedes
principle. The measured density of ZA-27 nanocomposites and hybrid ZA27 nanocomposites in

terms of weight percentages was calculated by using equation 4.1.

— %
Pexp = m X Pw 4.1)

where p.,, is the experimental density, W and W, represent the weight of the specimen

and apparent immersed weight of specimen. p,, is the density of water (i.e. p,, =1).

The rule of mixture was used to calculate the theoretical densities of the ZA-27
nanocomposites and hybrid ZA27 nanocomposites in terms of weight percentages with the help
of equation 4.2. For these calculations, the densities of ZA-27 alloy, aluminium oxide and
molybdenum disulphide particles were taken to be 5.00 gm /cm?, 3.89 gm /cm? and 5.06 gm /cm?

respectively.

1
Pth = %_'_ﬂ (42)
Pm Pp

where p;, is the theoretical density, W and p represent the weight fraction and density

respectively. m and p stand for the matrix material and reinforcement particles.

The porosity percentage of the different weight fraction of the ZA-27 nanocomposites and

hybrid nanocomposites was calculated by using equation 4.3.
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Porosity (%) = p”‘;ﬂ X 100 4.3)
th

The measured density, theoretical density and porosity of the different weight
percentages of the ZA-27 nanocomposites and hybrid ZA27 nanocomposites were presented in

table 4.2.

Table 4.2 Density and porosity content of ZA-27/Hybrid nanocomposites

Experiment | Theoretical | Porosity
SI.No Composition al Density Density (%)
(gm./cm®) | (gm/cm?)
1 ZA-27 alloy 4.9436 5.0000 1.12
2 ZA-27 + 0.5% MoS; (um) 4.9438 5.0003 1.12
3 ZA-27 + 1.0% MoS; (um) 4.9434 5.0006 1.13
4 ZA-27 + 1.5% MoS; (um) 4.9429 5.0010 1.16
5 ZA-27 + 0.5% MoS: (nm) 4.9435 5.0003 1.13
6 ZA-27 + 1.0% MoS; (nm) 4.9426 5.0006 1.15
7 ZA-27 + 1.5% MoS: (nm) 4.9421 5.0010 1.17
8 ZA-27 + 0.5% Al20O3 (nm) 4.8911 4.9930 2.07
9 ZA-27 + 1.0% Al>,O3 (nm) 4.8482 4.9857 2.55
10 ZA-27 4+ 1.5% Al2Os3 (nm) 4.8119 4.9786 2.82
11 ZA-27 + 1.5% ALO3 (um) + 0.5% MoS: (um) 4.8690 4.9789 2.20
12 ZA-27 4+ 1.5% Al2O3 (nm) + 0.5% MoS: (nm) 4.8649 4.9789 2.28

a) Effect of MoS:2 nanoparticles

The experimental density of different weight percentages of MoS> nanoparticles
reinforced in ZA-27 nanocomposites were shown in figure 4.3. The influence of MoS;
nanoparticles on the measured density of the nanocomposites was negligible due to the density

value of MoS> nanoparticles which are approximately the same as compared to ZA-27 alloy. The
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0.5 wt % MoS> nanoparticles reinforced in ZA-27 nanocomposites are showing almost the same
measured density as the matrix material. As MoS: nanoparticles increase in the matrix material
minor change can be observed in the measured density of the ZA-27/MoS, nanocomposites, due

to increase in porosity as shown in table 4.2.
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Figure 4.3 Density of ZA-27/MoS> nanocomposites

b) Effect of Al203 nanoparticles

The experimental density of the different weight percentages of Al,Os nanoparticles
reinforced in ZA-27 nanocomposites are shown in figure 4.4. It was observed from the graph that
the reinforcement of Al,Os nanoparticles leads to the reduction in the density of ZA-27/A1,0s
nanocomposites when compared to that of ZA-27 alloy because of lower density value of the
nanoparticles as compared to the matrix material. As the Al>O3 nanoparticles increase in the
matrix material, the measured density of the ZA-27/ Al>O3 nanocomposites decreases due to the
formation of clusters in the melt. The porosity content of ZA-27 nanocomposites increases with

the increasing of weight percentages of Al,Os nanoparticles as shown in table 4.2. The increase
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in the porosity of ZA-27 nanocomposites was due to the effect of the low wettability and

agglomeration at high reinforcement content of the nanoparticles.
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Figure 4.4 Density of ZA-27/ Al>O3 nanocomposites

¢) Effect of hybrid Al203 and MoS: nanoparticles

The measured density of ZA-27 hybrid nanocomposites reinforced with 1.5wt % Al,Os
and 0.5 wt % MoS: both micro and nanoparticles are shown in Figure 4.5. It was observed from
the graph that the reinforcement of 1.5 wt % Al>O3 micro/nanoparticles leads to the reduction in
the density of the hybrid ZA27 nanocomposites when compared to that of matrix material due to
the lower density value of AloO3 micro/nanoparticles as compared to ZA-27 alloy. The density
decreases due to the formation of porosity content in the hybrid micro/nano composite. The
combination of the AlO3 and MoS: nanoparticles will effects the density due to the low
wettability property in the melt when compare to the micro particles. The porosity content of ZA-
27 hybrid nanocomposite increase with the weight percentage of 1.5 wt % Al,O3 and 0.5 wt % of

MoS: nanoparticles as compare to ZA-27 alloy was shown in table 4.2.
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Figure 4.5 Density of ZA-27 hybrid micro/nanocomposites

4.5. Microstructure evolution of ultrasonification process

A model describing the microstructure evolution of ZA-27 nanocomposites melt
during the solidification under the ultrasound field as shown in Figure 4.6. As the temperature of
the nanocomposite melt falls to near the liquidus temperature, the dendrite trunks of primary a-Al
begin to form in the melt, and Al,Os particulates were pushed by the dendrite trunks as shown in
Figure 4.6 (a). With the decreasing of temperature of the melt, the secondary and tertiary dendrite
arms of primary a-Al continuously form, and more Al,O3 particulates were pushed into the melt
by the dendrites as shown in Figure 4.6 (b). When ultrasonic vibration was injected into the melt,
the dendrites were broken by the dendrite arm fracture due to the force on the arm, which would
provide an artificial source of sufficient nuclei as shown in Figure 4.6 (c and d). Besides, the
transient cavitations could remove the gas layer from the nanoparticle surface, improving the
wettability between nanoparticles and the matrix. As a result, some Al,O3; nanoparticulates were

captured by the growing grain as shown in Figure 4.6 (e).
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Figure 4.6 Scheme of microstructure evolution of ZA-27 nanocomposites; a) The formation of
primary o-Al dendrite, b) the formation of dendrite arms, c) the breakage of the dentrites under
ultrasonification process, ( d and e) the growth of a-Al grains and f) the completion of the

solidification.

When the temperature of the nanocomposite slurry drops to the solidus temperature, the
eutectic reactions located in the inter-grains occur, and those Al>O3 nanoparticulates pushed by
the growing grains will be surrounded by the eutectic phases as shown in Figure 4.6 (f).
Therefore, the resulting nanocomposite presents fine uniform microstructure, most of the
nanoparticulates were distributed in the interdentritic regions, and some nanoparticulates were
located in the grain boundaries. This same microstructure evolution of ultrasonification

phenomena was observed in SEM microstructures (See Figure 4.7- 4.11).

4.6. Microstructure and EDS analysis of ZA-27 nanocomposites

The microstructure analysis of ZA-27 nanocomposites and hybrid nanocomposites as
ensured the uniform dispersion of the reinforcement particles of different weight percentages in
ZA-27 alloy. The metallographic specimens were cut from the ZA-27 alloy and ZA27
nanocomposites for the microstructure characterization. Standard metallographic procedures were
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used for the preparation of the metallographic samples. ZA-27 alloy and ZA27 nanocomposite
samples were polished using different grades of silicon carbide abrasive papers, followed by disc
polishing with the aid of cloth and AlxOs particles. To reveal the microstructure, palmerton
reagent (50 gm Cros, 4gm NazSo4, and 1000ml H>0) used as etching agent. The microstructure
and EDS analysis of ZA-27 nanocomposites and hybrid nanocomposites were obtained with the
help of Scanning Electron Microscope (SEM). The description and specifications of the scanning

electron microscope was discussed in chapter 3.

4.6.1. ZA-27/MoS: nanocomposites

The dispersion of reinforcement particles has a major effect on the properties of
ZA-27/ MoS; composites. SEM micrographs with different weight percentage of MoS> micro
particles reinforcement were shown in the Fig.4.7 (a) to (d). The ZA-27 alloy microstructure
reveals a coarse dendritic structure of primary a phase (Al rich) dendrites surrounded by the
eutectoid o+n in the interdendritic regions along with the intermetallic ¢ phase (Cu-rich) as
shown in figure 4.7 (a). As the MoS: particles increase in matrix alloy the refined grain structure
was obtained and the particles were invariably located at the grain boundaries of the composites

as shown Figure 4.7 (c).
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a) ZA-27 alloy b) ZA-27 + 0.5% MoS:
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Figure.4.7. Microstructures of composites as a function of MoS; microparticles

From the microstructures of the ZA-27/MoS> composites, homogenous distribution of
MoS; particles can be seen from Fig.4.7 (d), as promoted by the ultrasonification process.
Further, it may also be noticed that the MoS> micro particles were present at the interdendritic

regions of ZA-27/MoS, composites.

Figure 4.8 shows the microstructures of ZA-27 nanocomposites reinforced with various
weight percentages ranging from 0.5, 1.0 and 1.5 wt % of MoS: nanoparticles in matrix material.
In case of nanocomposites the particle clustering and agglomeration are more due to the
increased surface area and surface energy of nanoparticles. To overcome this particle clustering
and agglomeration in the nanocomposites an ultrasonic probe is inserted in the molten metal,
which breaks the clusters that are formed in the melt with the help of high intensity ultrasonic
waves. It has been observed that the dispersion of the nanoparticles in the nanocomposite
specimens was homogeneous and uniformity increases by increasing the weight percentage of the
reinforcement particles in ZA-27 alloy as seen in Figure 4.8(c). The distribution of the
reinforcement particles points to a tendency for large number of particles were located in the
interdentritic regions of the nanocomposites. It was mainly due to mixing of the nanoparticles in
the matrix melt at a process temperature which contains a large portion of the liquid phase and

offers low resistance to the infiltration of particles in the nanocomposites.
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Figure 4.8 Microstructures of nanocomposites as a function of MoS> nanoparticles

The energy dispersive spectroscopy analysis was used for the elemental mapping for the
compositional accuracy of the reinforcement particles in the ZA-27 nanocomposites. EDS
analysis of ZA-27 alloy and 1.5 wt % MoS: nanoparticles reinforced in the base alloy is shown in
figure 4.9 (a) and (b). It was evident that Zn, Al, Cu and Mg peaks are observed as per the

standard of ZA-27 alloy as shown in Figure 4.9 (a). The EDS analysis confirms the Mo, S and O
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peaks were observed in the elemental analysis of the nanocomposites as shown in figure 4.9 (b).
Therefore, it was evident from microstructures that the MoS: nanoparticles were successfully

incorporated in ZA-27 nanocomposites.
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Figure 4.9 EDS analysis of ZA-27/MoS2 nanocomposites

4.6.2. ZA-27/A103 nanocomposites

The microstructures of ZA-27 nanocomposites samples containing 0.5, 1.0, 1.5 weight
percentages of nano-sized alumina particles fabricated by using ultrasonic assisted stir casting
process was shown in Figure 4.10. The major problem encountered in preparation of the metal
matrix nanocomposites was the settling of the nanoparticles in the ZA-27 alloy during casting
process and this occurs due to the density differences between the reinforcement particles and the
matrix alloy melt. The alumina nanoparticles were floating on the melt surfaces due to the poor
wetting, while applying the mechanical stirrer improves the wettability properties and leads to

addition of reinforcement particles in the melt. Heat treatment of the nanoparticles also helps to
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develop the particles wettability by breaking the gas layers from the particle surface. The alumina
nanoparticles were cooled down more slowly than the melt and so the temperature of the
nanoparticles was slightly higher than the liquid alloy. The hotter nanoparticles may heat up their
surrounding melt which will delay the solidification of surrounding liquid alloy. As a result,
nucleation of a-Al phase starts in the melt at a distance away from the nanoparticles, where the
temperature was lower. Therefore, the microstructures of ZA-27/Al>0O3 nanocomposites comprise
primary o-Al dendrites and eutectic o+ 1 phase, while alumina nanoparticles were separated at
interdendritic regions and in eutectic regions. It was observed that in the ultrasonic assisted stir
cast ZA-27 alloy based nanocomposites the distribution of the nanoparticles was uniform in the
matrix material as shown in figure 4.10 (c). The nanoparticles were located at the interdentritic
regions of ZA-27 nanocomposites, in which alumina nanoparticles were observed white in color

with fine cored dentrites of aluminium rich (o)) and zinc rich (1) phase.

a) ZA-27 + 0.5 wt % Al20; b) ZA-27+ 1.0 wt % Al20;
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Figure 4.10 Microstructures of nanocomposites as a function of Al,O3 nanoparticles.

Energy dispersive spectroscopy analysis was used for the elemental mapping for the
compositional accuracy of the reinforcement particles in ZA-27/A1,03 nanocomposites. EDS
analysis of 1.5 wt % Al,O3 nanoparticles reinforced in the base alloy was shown in figure 4.11.
The EDS analysis confirms the Al and O peaks were observed in the elemental analysis, that the

Al>03 nanoparticles was present within ZA-27 nanocomposites
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Figure 4.11 EDS analysis of 1.5 wt % AlO3

4.6.3. ZA-27 hybrid nanocomposites

The microstructure analysis plays an important role in the overall performance of ZA-27
alloy based hybrid composite. The microstructure of hybrid composite reinforced with the

micro/nano sized of the AlO; and MoS; particles in ZA-27 alloy was shown in Figure 4.12.
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From Figure 4.12 (b) clearly evident that the reinforcement particles were uniformly distributed

in the ZA-27 matrix alloy which was due to the ultrasonic assisted stir casting technique.
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b) Hybrid nanocomposite (ZA-27+1.5wt% Al,O3 (nm) + 0.5 wt % MoS> (nm))

Figure 4.12 Microstructure of ZA-27 hybrid nanocomposites

The Al>O3 and MoS: nanoparticles were located at the interdentritic regions of the hybrid
nanocomposite, in which alumina nanoparticles were observed white in color and molybdenum
disulphide particles as dark black color with fine cored dendrites of aluminium phase and zinc
phase. It was observed from the microstructure that the particle clustering was more in the case of

hybrid nanocomposites because of increasing surface area and the surface energy nanoparticles.
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The porosities were observed in the ZA-27 hybrid nanocomposites at matrix and nanoparticle

interfaces, which weaken the bonding between the reinforcement particles and the ZA-27 alloy.
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Figure 4.13 EDS of hybrid nanocomposite (ZA-27+1.5wt% Al,O3 (nm) + 0.5 wt % MoS; (nm))

EDS analysis of 1.5 wt % Al,O3 and 0.5 wt % MoS» nanoparticles reinforced in the base
alloy is shown in figure 4.13. EDS analysis confirms that Al2O3 and MoS: nanoparticles are

present within ZA-27 hybrid nanocomposites.

4.7. Summary

MoS, nanoparticles were prepared by using planetary ball mill and the average particle
size of nanoparticles was measured with the help of particle size analyzer. The ultrasonic assisted
stir casting process was used for the fabrication of different weight percentages of Al2O3 and
MoS; nanoparticles in ZA-27 nanocomposites and hybrid ZA27 nanocomposite. The
experimental densities of ZA-27/Al03; nanocomposites and hybrid ZA27 nanocomposite
decreases compare to the ZA-27 alloy. The uniform distribution of Al2O3 and MoS: nanoparticles
was observed in the microstructures of ZA-27 nanocomposites and hybrid ZA27 nanocomposites.
EDS analysis showing the percentage content of all the elements present in the ZA27

nanocomposites and hybrid ZA27 nanocomposites.
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CHAPTER 5

MECHANICAL PROPERTIES OF ZA-27 NANOCOMPOSITES
AND HYBRID NANOCOMPOSITE

5.1. Introduction

This chapter deals with the mechanical properties of ZA-27 nanocomposites and hybrid
nanocomposite reinforced with different weight percentages of the AlOs and MoS:
reinforcement particles. Microhardness tests were carried out for different weight percentages of
ZA-27 nanocomposites by using the microhardness tester. The ultimate tensile strength and yield
strength of different composition of ZA-27 nanocomposites and hybrid nanocomposites were
examined with the help of the electro-mechanical tensile test machine. Rotating bending test
machine was used for the fatigue strength analysis of ZA-27 nanocomposites and hybrid
nanocomposites. The effects of the reinforcement particles on the mechanical properties of ZA-
27 nanocomposites and hybrid nanocomposites were explained in this chapter. The results
acquired for ZA-27 nanocomposites and hybrid nanocomposites with different weight

percentages of molybdenum disulphide and aluminium oxide particles were compared.

5.2. Mechanical tests of ZA-27 nanocomposites

The mechanical properties of the metal matrix nanocomposites are dependent on the type
and weight percentage of the reinforcement particles, dislocation strength and the defects which
occurred during the fabrication process of the nanocomposites. The mechanical properties such
as microhardness, ultimate tensile strength (UTS) and yield strength (YS) of various weight
percentages of ZA-27 nanocomposites and hybrid nanocomposite were evaluated under
controlled laboratory conditions. The influence of the reinforcement particles with different
weight percentages on the fatigue strength analysis of ZA-27 nanocomposites and hybrid

nanocomposites were also investigated in the present study.
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5.2.1. Microhardness of ZA-27/ Hybrid nanocomposites

The microhardness tests of the ZA-27 nanocomposites and hybrid nanocomposite were

carried out by using (Make: Chennai Metco Pvt Ltd, Model: ECONOMET VH-1MD)

microhardness tester. A diamond indenter was used for the microhardness test at an applied load

of 200 g and dwell time of 10 s. Around ten measurements were taken for each ZA-27

nanocomposite and an average value of the microhardness was considered. The Vickers hardness

values of ZA-27 nanocomposites and hybrid nanocomposites were shown in Table 5.1.

Table 5.1 Microhardness values of ZA-27 nanocomposites and hybrid nanocomposite

SI1.No Composition Hardness (HV)
1 ZA-27 alloy 118.6
2 ZA-27 + 0.5% MoS: (um) 122.7
3 ZA-27 + 1.0% MoS: (um) 113.3
4 ZA-27 + 1.5% MoS:2 (um) 101.9
5 ZA-27 + 0.5% MoS; (nm) 124.8
6 ZA-27 + 1.0% MoS: (nm) 116.4
7 ZA-27 + 1.5% MoS: (nm) 105.6
8 ZA-27 + 0.5% Al,03 (nm) 130.4
9 ZA-27 + 1.0% Al203 (nm) 135.7
10 ZA-27 + 1.5% Al,03 (nm) 141.5
11 ZA-27 4+ 1.5% AlO3 (um) + 0.5% MoS: (um) 128.4
12 ZA-27 + 1.5% Al,03 (nm) + 0.5% MoS> (nm) 142.1

a) Effect of MoS:2 nanoparticles on microhardness

ZA-27 alloy reinforced with various weight percentages of the MoS; micro-sized and

nano-sized particles were influenced the microhardness of ZA-27/MoS> nanocomposites with

standard deviation as shown in Figure 5.1. It was observed that the microhardness of the

nanocomposites increases slightly for 0.5 wt % MoS> micro and nanoparticles reinforcement

content in ZA-27 alloy. This was due to reinforcement act as obstacles against the movement of
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dislocations. As the weight percentages of MoS> micro/nanoparticles increases beyond 0.5 wt %

the microhardness of the micro/nanocomposites decreases as shown in the Figure 5.1.
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Figure 5.1 Microhardness of ZA-27/MoS2 nanocomposites

Beyond 0.5 wt% MoS: micro/nanoparticles decrease in the microhardness of the
micro/nanocomposites was due to the softness of MoS: particles. This decrease in the
microhardness of micro/nanocomposites was to be estimated since MoS» being an effective solid
lubricant, renders the material more easily deformable with respect to the indenter of the
microhardness tester. The similar results were obtained by using graphite particles reinforced in
the ZA-27 alloy [67-69]. The increase in MoS2 micro/nanoparticles in ZA-27 alloy beyond 0.5 wt
% will not contribute on the microhardness of the ZA-27/MoS; micro/nanocomposites as they
can no longer act as semi-coherent barriers to the movement of dislocations due to the formation
of localized microscopic clusters. The microhardness of ZA27 nanocomposites shows slight
increase than that of ZA27 microcomposites. The microhardness of ZA-27/MoS2 nanocomposites

reinforced with more than 0.5 wt % of nanoparticles deceased by about 10 % when compare to
the ZA-27 alloy.
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b) Effect of Al203 nanoparticles on microhardness

The effect of alumina nanoparticles with different weight percentages reinforced in ZA-27
alloy on the microhardness of ZA-27/Al,03 nanocomposites with standard deviation are shown in
the Figure 5.2. It was evident from the figure 5.2, that the reinforcement content increases in ZA-
27 alloy and the microhardness of the nanocomposites increases. The ZA-27/Al1,03
nanocomposite specimens show an increase in the microhardness by about 16 % as the

reinforcement content of the alumina nanoparticles increased from O to 1.5 wt %.
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Figure 5.2 Microhardness of ZA-27/Al,O3 nanocomposites

The microhardness measures the resistance to indentation of the nanocomposites where
there will be limited plastic deformation under identical conditions. The increase in
microhardness of ZA-27/A1,03 nanocomposites was due to the presence of hard ceramic particles
of the alumina. The improved microhardness of nanocomposites was attributed to the alumina
nanoparticles which act as obstacles to the movement of dislocations in ZA-27 alloy. The
maximum microhardness value among the nanocomposites was observed for ZA-27 alloy
reinforced with 1.5 wt % of AlbO3 nanoparticles compared to the other wt % nanocomposites.
Similar results were obtained by several researchers when the hard ceramic particles reinforced

with ZA-27 alloy increase the hardness of the nanocomposites [27, 76, and 82].
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c¢) Effect of Al203 and MoS:2 nanoparticles on microhardness

From Figure 5.3, it was observed that the microhardness of ZA-27 hybrid nanocomposite
reinforced with 1.5 wt % of alumina and 0.5 wt % of molybdenum disulphide nanoparticles

increases as compared to the matrix material.
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Figure 5.3 Microhardness of ZA-27 hybrid nanocomposites

The improvement in the hybrid nanocomposite was due to the major content of alumina
hard ceramic nanoparticles than fewer content of MoS,, which acts as a barrier to the movement
of the dislocations in the matrix alloy. The ZA-27 hybrid nanocomposite reinforced with 1.5 wt
% alumina and 0.5 wt % of MoS; nanoparticles shows an increase in the microhardness by about

16.5 % when compare to ZA-27 alloy.

5.2.2. Tensile strength of ZA-27 nanocomposites

The tensile test of ZA-27 nanocomposites was performed on the flat specimens. The flat
tensile samples were prepared from the cast ZA-27 nanocomposites according to ASTM ESM
standard having a gauge length of 25 mm, gauge width of 6 mm and the total length of the test

specimen used was 100 mm as shown in figure 5.4 (b).

74



\
3
3
:
Y
"

a) Tensile specimen
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Figure 5.4 Tensile specimens of ZA-27 nanocomposites

The tensile test of ZA-27 nanocomposites and hybrid nanocomposites was carried out
with the aid of electro-mechanical tensile testing machine at room temperature and at a strain rate
of 0.679 x 10 s°!. Each experiment was repeated for five times for each ZA-27 nanocomposites
and hybrid nanocomposite and the average values of UTS and YS were calculated and reported

in table 5.2.
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Table 5.2 UTS and YS values of ZA-27 nanocomposites and hybrid nanocomposite

SI1.No Composition UTS(MPa) YS(MPa)
1 ZA-27 alloy 366 256
2 ZA-27 + 0.5% MoS:2 (um) 371 260
3 ZA-27 + 1.0% MoS: (um) 362 253
4 ZA-27 + 1.5% MoS> (um) 353 247
5 ZA-27 + 0.5% MoS: (nm) 378 269
6 ZA-27 + 1.0% MoS> (nm) 359 256
7 ZA-27 + 1.5% MoS; (nm) 345 245
8 ZA-27 + 0.5% Al,0O3 (nm) 405 281
9 ZA-27 + 1.0% Al,0O3 (nm) 419 293
10 ZA-27 + 1.5% Al;03 (nm) 435 301
11 ZA-27 + 1.5% ALOj3; (um) + 0.5% MoS: (um) 392 279
12 ZA-27 + 1.5% Al>O3 (nm) + 0.5% MoS: (nm) 437 312

a) Effect of MoS:2 nanoparticles on UTS and YS

The UTS and YS of ZA-27 alloy reinforced with the various weight percentages of the
MoS; micro/nano-sized particles were shown in Figure 5.5 (a-b). It was observed that the tensile
strength and yield strength increase with addition of MoS: micro /nanoparticles till 0.5 wt% and
then a decline was observed. The improvement in properties at 0.5 wt% MoS> nanocomposite
was due to the small amount of MoS: particles reinforced in ZA-27 alloy which act as barriers to
the dislocations in the microstructure. The UTS and YS of the 0.5 wt % MoS: nanoparticles
added in nanocomposite increases upto 3.1% (UTS) and 4.2 % (YS) when compared to ZA-27
alloy. Further addition of MoS> nanoparticles in the ZA-27 alloy deteriorates the UTS and YS of
the ZA-27/MoS> nanocomposites due to the formation of clusters and agglomerations. MoS>
nanoparticles were soft and act as solid lubricant, which reduces the interfacial bonding strength
of ZA-27/MoS2 nanocomposites. The UTS and YS of the ZA-27/MoS: nanocomposites
reinforced with 1.5 wt % of nanoparticles deceased by about 5 % (UTS) and 4.8 % (YS) when
compared to ZA-27 alloy.
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Figure 5.5 UTS and YS of ZA-27/ MoS: micro and nanocomposites
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b) Effect of Al203 nanoparticles on UTS and YS

From Figure 5.6 it was evident that the graphs of UTS and YS ( stress required to produce
a plastic srain of 0.2 %) of ZA-27 /Al,O3 nanocomposites samples increases as the reinforcement
content of the AloO3 nanoparticles increases in the ZA-27 alloy. It follows from the Figure 5.6,
that ZA-27/A1203 nanocomposites show an increase in the UTS of about 15.8 % and the YS
increases by about 14.6 % as the reinforcement content of alumina nanoparticles in the
nanocomposites was increased from 0 to 1.5 wt %. The UTS and YS of the ZA-27/Al,03
nanocomposites were affected by several factors such as the mechanical properties of the matrix
material and reinforcement particles, distribution of the reinforcement particles in the matrix

material and the bonding between the matrix material and the reinforcement particles [72].
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Figure 5.6 UTS and YS of ZA-27/ Al,0O3 nanocomposites

These hard reinforcing particles will improve the strength of the matrix material and
impart additional resistance to the nanocomposites against the applied tensile stresses. The
maximum load was transferred to the hard and brittle ceramic reinforcement particles present in
the matrix material. The uniform distribution of the alumina nanoparticles in ZA-27 alloy
restricts the plastic flow and enhances the tensile strength properties in ZA-27/ AlO3

nanocomposites. The increase trend in the UTS and YS was obtained by hard ceramic particle
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reinforcement in several aluminum and zinc alloy matrices, depending upon the type of alloy and

the amount of reinforcement were investigated by many researchers [160-161].

¢) Effect of A1203 and MoS: nanoparticles on UTS and YS

The UTS and YS of the ZA-27 hybrid nanocomposite reinforced with 1.5 wt % of
alumina and 0.5 wt % of molybdenum disulphide nanoparticles increase as compared to the ZA-

27 alloy as shown in Figure 5.7.
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Figure 5.7 UTS and YS of ZA-27 hybrid micro and nanocomposites

The improvement in the hybrid nanocomposite was due to the major content of alumina
hard ceramic nanoparticles which act as barriers to the movement of the dislocations in the
matrix alloy. The dispersion-strengthening influence in the hybrid nanocomposite was estimated
to be retained even at higher temperatures and for long time periods because the Al,O3 and MoS>
nanoparticles were not reactive with the matrix phase. These hard reinforcing particles will
improve the strength of the matrix material and impart additional resistance to the hybrid
nanocomposites against the applied tensile stresses. The enhancement in the mechanical
properties can be attributed to the result of several strengthening mechanism contributions such

as elastic modulus (EM), coefficient of thermal expansion (CTE), Orowan strengthening and
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Hall-petch strengthening effects [163-166]. The uniform distribution of the alumina and MoS:
nanoparticles was increase the UTS and YS of ZA-27 hybrid nanocomposite about 10.5 % when

compare to the hybrid micro composite.

5.2.3. Fatigue test of ZA-27 nanocomposites

The main purpose of fatigue tests was to determine the relationship between the applied
load and the number of cycles to cause failure, and to obtain some estimate of the probability of
failure under specified loading conditions. The fatigue test samples were prepared from the cast

ZA-27 nanocomposites according to ASTM E739 standard as shown in figure 5.8(a).

b) ZA-27 nanocomposites fatigue test specimens

Figure 5.8 Fatigue test specimens of ZA-27 nanocomposites

The fatigue strength of different weight percentages reinforced in ZA-27 nanocomposites

and hybrid nanocomposite was determined by using a rotating bending fatigue test machine as
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per ASTM E739 standard. Rotating bending fatigue test of ZA-27 nanocomposites were

conducted in laboratory air atmosphere and stress ratio R= - 1. In each fatigue test at least two

specimens were tested for one stress level and the number of cycles for fatigue failure was noted.

The statistical analysis using three stress levels was done after the fatigue test results of the ZA-

277 nanocomposites and hybrid nanocomposite were shown in table 5.3.

Table 5.3 Fatigue strength values of ZA-27 nanocomposites and hybrid nanocomposite

S1.No Composition Stress range (MPa) | No.of cycles ( 10°)
1 ZA-27 alloy 120 1.35
2 ZA-27 + 0.5% MoS2 (um) 123 1.59
3 ZA-27 + 1.0% MoS: (um) 117 1.11
4 ZA-27 + 1.5% MoS:2 (um) 112 1.01
5 ZA-27 + 0.5% MoS: (nm) 125 1.98
6 ZA-27 + 1.0% MoS: (nm) 120 1.65
7 ZA-27 + 1.5% MoS: (nm) 115 1.05
8 ZA-27 + 0.5% Al>O3 (nm) 130 2.17
9 ZA-27 + 1.0% Al,03 (nm) 135 2.57
10 ZA-27 + 1.5% Al>Os3 (nm) 140 3.45
11 ZA-27 + 1.5% ALO3; (um) + 0.5% MoS: (um) 130 2.02
12 ZA-27 + 1.5% Al,O3 (nm) + 0.5% MoS: (nm) 140 3.55

a) Effect of MoS:2 nanoparticles on fatigue strength

The fatigue strength was affected by various weight percentages of MoS> micro/nano

sized particles reinforced in ZA-27 nanocomposites and the curves of stress amplitude (S) versus

number of cycles (N) to failure were shown in Figure 5.9 (a-b). It was observed that the 0.5 wt %

of MoS; nanoparticles reinforced ZA-27 nanocomposite increases the fatigue strength compared

to the other composition of nanocomposites and ZA-27 alloy.
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b) ZA-27/MoS> nanocomposites

Figure 5.9 Influence of MoS: particles on the fatigue strength of micro and nanocomposites

The increase in the fatigue strength of 0.5 wt % nanocomposite was due to limited amount
of MoS:2 nanoparticles present in the matrix material that acts as barrier to the dislocations in the

microstructure. Further increasing of MoS» nanoparticles beyond 0.5 wt % makes the fatigue
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strength of ZA-27/MoS, nanocomposites decrease, since the reinforcement content increase in
ZA-27 alloy will reduce the interface bonding between the nanoparticles and the matrix
materials. MoS: particles were soft and act as a solid lubricant, which decreases the bonding
strength among the base alloy and reinforcement particles of nanocomposites. As the stress
amplitude decreases the fatigue strength of the ZA-27/MoS; nanocomposites increases because
the number of cycles required for failure of the nanocomposites increases. The fatigue strength of
0.5 wt % MoS: nanoparticles reinforced ZA-27 nanocomposites increases by about 31.5 %

compared to ZA-27 alloy.

b) Fracture surfaces of ZA-27/MoS: nanocomposites

The fracture surfaces of different weight percentages of MoS: nanoparticles reinforced
ZA-27 nanocomposites were examined by using scanning electron microscope (SEM) as shown
in Figure 5.10 (a) to (d). The fatigue fracture can be divided into three regions, namely crack
initiation region, crack propagation region and the final rapid fracture region of the specimens

were corresponding to the more or less fatigue cycles.
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Figure 5.10 Fatigue fracture surfaces of ZA-27/MoS: nanocomposites

The crack initiation of the fatigue was occurred at the specimen edges due to the presence
of inclusions or defects caused during the fabrication process. From figure 5.10 (a) it was
observed that the crack initiation of the surface starts at the edge of the specimen due to the
presence of porosity. The fatigue failure that occurred in ZA-27 alloy was due to the secondary
cracks, which increase the crack propagation in the fracture surface when subjected to the stress
cycles. The fracture surface of 0.5 wt % MoS> nanocomposites is shown in figure 5.10 (b), it was
observed that when the pores and secondary cracks are less compared to the ZA-27 alloy it
improves the fatigue strength. As the reinforcement content of MoS: nanoparticles increases the
porosity and secondary cracks in the base metal improves which leads to the failure of ZA-

27/MoS:2 nanocomposites with fewer stress cycles as shown in figure 5.10. (c) and (d).

c¢) Effect of Al2O3 nanoparticles on fatigue strength

The fatigue strength of different weight percentages of alumina nanaparticles
reinforced in ZA-27/ Al2O3 nanocomposites are shown in figure 5.11. It was evident that when
the reinforcement content increases in nanocomposites, the fatigue strength increases when
compared to ZA-27 alloy. These hard reinforcing particles improve the fatigue strength of ZA-27

alloy and impart additional resistance to the nanocomposites against the applied load. The fatigue
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strength of the nanocomposites increases significantly at lower stress levels than at higher stress
levels. The uniform dispersion of the reinforcement particles in ZA-27 nanocomposites enhances
the plastic strain, which required causing the crack initiation in the specimen. The highest weight
percentage of alumina nanoparticles reinforced in the ZA-27 alloy showed the significant

improvement in the fatigue strength of ZA-27 nanocomposites.
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Figure 5.11 Effect of alumina nanoparticles on fatigue strength of nanocomposites

As the weight percentage of Al.Os nanoparticles increases in ZA-27 alloy a significant
amount of the load being transferred to the harder particulates reinforcement increases the fatigue
strength of the nanocomposites. The ZA-27/Al,03 nanocomposite specimens show an increase in
the fatigue strength by about 60.5 % as the reinforcement content of the alumina nanoparticles

increased from O to 1.5 wt %.
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d) Fracture surfaces of ZA-27/A1203 nanocomposites

The fracture surfaces of different weight percentages of alumina nanoparticles reinforced
ZA-27 nanocomposites were examined by using scanning electron microscope (SEM) as shown

in Figure 5.12 (a) to (c).
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Figure 5.12 Fatigue fracture surfaces of ZA-27/A1203 nanocomposites
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It was observed from the microstructure surfaces that the fracture occurred because of the
crack initiation and crack propagation in the matrix material. The formation of micro voids and
the fracture of reinforcement particles in the ZA-27 alloy develop the secondary crack in the
surfaces of the specimen which leads to the fatigue fracture of the nanocomposites. The presence
of micro voids in ZA-27 alloy acts as a stress concentration, which helps in the crack initiation
observed at edges of the surfaces in nanocomposites as shown in figure 5.12 (a-b). The fracture
surface of the 1.5 wt % alumina nanopartilces reinforece ZA-27 nanocomposites was shown in
figure 5.12 (c), it was observed that the pores and secondary cracks were less compare to the

other composition will improves the fatigue strength of the ZA-27/A1>03 nanocomposites.

e) Effect of Al203 and MoS: nanoparticles on fatigue strength

The influence of alumina and molybdenum disulphide nanopartilces with different weight
pecentage reinforced in the ZA-27 hybrid nanocomposite on fatigue strength as shown in figure

5.13.
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Figure 5.13 Effect of reinforcement nanoparticles on fatigue strength of hybrid nanocomposites
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It was observed that the reinforcement content of 1.5 wt % Al2O3; and 0.5 wt % MoS»
nanoparticles increases the fatigue strength of the hybrid nanocomposite when compared to ZA-
27 alloy. The presence of hard ceramic particles of alumina nanoparticles in the matrix material
will improve the fatigue strength of the hybrid nanocomposite. The addition of hard Al,O3
nanoparticles increases the fatigue strength of ZA-27 alloy and imparting the additional
resistance to the hybrid nanocomposite against the applied load. The fatigue strength of the
hybrid nanocomposites increases significantly at lower stress levels than the higher stress levels.
The fatigue strength of hybrid nanocomposites increases by about 61.7 % compare to ZA-27
alloy. The hybrid nanocomposite increases the fatigue strength as compared to the individual ZA-

27 nanocomposites.

f) Fracture surfaces of ZA-27 hybrid nanocomposites

The fatigue fracture surfaces of the hybrid nanocomposites reinforced with 1.5 wt %

alumina and 0.5 wt % MoS2 nanoparticles were studied by using SEM as shown in Figure 5.14.
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(a) Hybrid microcomposite (ZA-27 + 1.5 wt % AlO3 + 0.5 wt % MoS>)
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(b) Hybrid nanocomposite (ZA-27 + 1.5 wt % AlO3 + 0.5 wt % MoS»)

Figure 5.14 Fatigue fracture surfaces of ZA-2 hybrid micro and nanocomposites

It may be observed from the Figure 5.14 (b) that the few micro voids are present in
fracture surface, which increases the number of cycles for the fracture of the hybrid
nanocomposites compared to ZA-27 alloy. The less secondary crack were observed in the hybrid
nanocomposites when compare to the hybrid micro composite which increases the fatigue

strength.

5.3. Comparison of mechanical properties of ZA-27 nanocomposites

The comparison of the microhardness, UTS, YS and fatigue strength of Al,O3, MoS> and
a combination of both (Al,03 & MoS2) nanoparticles reinforced in the ZA-27 nanocomposites
and hybrid nanocomposite under similar test condition are shown in Figure 5.15 to 5.17. The
reinforcement content of 1.5 wt % Al>O3 nanoparticles in ZA-27 nanocomposites and the hybrid
nanocomposite reinforced with 1.5 wt % alumina and 0.5 wt % MoS: nanoparticles are

enhancing the mechanical properties significantly compared to ZA-27 alloy.
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Figure 5.15 Comparison of microhardness
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Figure 5.16 Comparisons of UTS and YS
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Figure 5.17 Comparison of fatigue strength

5.4. Comparative study of mechanical properties with past studies:

A comparative study was carried out to find out the enhancement in mechanical
properties. Data from the previous studies was collected to compare with the present work.
Figure 7.1 and 7.2 shows the microhardness and ultimate tensile strength enhancement with
respect to various reinforcement particles reinforced in ZA-27 alloy which are reported in the
literature and present work. The hybrid nanocomposite reinforced with 1.5 wt % Al>Os3 and 0.5
wt % MoS> nanoparticles in ZA-27 alloy showing better improvement than the other

reinforcement materials.
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5.5. Summary

The analysis of mechanical properties such as microhardness, UTS, YS and fatigue
strength of the various weight percentages of the alumina and MoS» nanoparticles reinforced in
ZA-27 nanocomposites and hybrid nanocomposite was summarized in this chapter. The
reinforcement content of 1.5 wt % Al>O3 nanoparticles in ZA-27 nanocomposites and the hybrid
nanocomposite reinforced with 1.5 wt % alumina and 0.5 wt % MoS: nanoparticles enhance the
mechanical properties significantly compared to ZA-27 alloy. The morphology of fracture
surfaces of various weight percentages of the reinforcement of AloOsz and MoS, particles
reinforced in ZA-27 nanocomposites and hybrid nanocomposite was investigated with the help of

SEM micrographs was also discussed in this chapter.
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CHAPTER 6

TRIBOLOGICAL BEHAVIOR OF ZA-27 NANOCOMPOSITES
AND HYBRID NANOCOMPOSITES

6.1. Introduction

This chapter presents the tribological behavior of different weight percentages of Al,Os
and MoS> micro/nanoparticles reinforced ZA-27 nanocomposites and hybrid nanocomposite with
the help of pin on disc wear testing machine. As the tribological behavior was a difficult wear
phenomenon in which a number of process parameters collectively determine the performance
responses i.e. the wear rate and friction coefficient of ZA-27 nanocomposites, for implementation
of suitable statistical techniques for process optimization of wear behavior. Design of
experiments and statistical methods were used to examine the influence of control factors like
sliding speed, sliding distance, reinforcement content and applied load on the tribological
behavior at different operating conditions. In the present study the Response Surface
Methodology (RSM) technique was used to investigate the dry sliding wear characteristics of the
ZA-27 nanocomposites and hybrid nanocomposite. The analysis of variance (ANOVA) was
performed to determine the most significant parameters which influence the tribological behavior
of ZA-27 nanocomposites at various operating conditions. The morphology of worn surfaces of
the various weight percentages AlbO3; and MoS; micro/nanoparticles reinforced of ZA-27
nanocomposites and hybrid nanocomposites was analyzed with the help of scanning electron

microscope (SEM) as discussed in this chapter.

6.2. Design of experiments: RSM

For analyzing any system or process effectively, efficiently and economically,
experiments were to be designed and conducted systematically. The aim of any experimental
design was to provide an insight into the relationship between process parameters with their
responses, the influence of various process parameters and also their percentage contributions.
One-Variable-At-a-Time (OVAT) approach was used in manufacturing industries, where one

variable was varied at a time keeping all other variables in the experiments fixed. These are often
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considered as unreliable, inefficient, time consuming and may yield false optimum conditions for

the process.

Factorial design of experiments was mostly used to simultaneously determine the
significance of multiple independent variables and their interactions. In a full factorial design of
experiments two or more factors with discrete values or levels were considered with all the
possible combinations. However, it was costly to perform full factorial experiments. Instead, a
fractional factorial design, which was a subset of full factorial design, was generally used which
requires fewer runs. Factorial design was less preferable when more than two levels were
considered. This is needed, as the number of experiments required for such designs will be
considerably greater than their two level counterparts. Generally, factors in real engineering
problems were continuous, but the two-level factorial design assumes that the effect was linear.
In order to consider a quadratic effect, a more complicated experiment was to be selected such as
central composite design. Response surface methodology (RSM) was mostly used while
optimizing factors that could have quadratic effects [167].

RSM was a collection of statistical and mathematical techniques useful for the modeling
and analysis of problems [168]. In RSM, the objective was to optimize the responses that are
influenced by the input process parameters. Sufficient data was gathered through the designed
experimental layout and a second-order regression equation was developed. A multi-variable
regression analysis has been developed between the input process parameters and responses. The

general second order regression equation was given by equation 6.1.

Y. =b, +ibl.xir +Zn:b,.,.X,fi +Zn]b,~,~X,~rX,-u
i=1 i=1 J>i 6.1

where, Y, is response, X;- is the value for i”* input process parameter of 7 experiment; n is the
number of process parameters and b;, bi;, b;; are the regression coefficients. This regression
modeling was done to generate the fitness equations for the output responses.

Optimization study in RSM was carried out in three stages. The first stage is to determine the
independent input parameters and their levels for experimentation. In the second stage, selection
of experimental design, prediction and verification of the model equation was performed. Lastly,
the response surface plots and contour plots of these response functions were used to determine

the optimum points.
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6.3. Wear test of the ZA-27 nanocomposites

The dry sliding wear behavior of ZA-27 nanocomposite samples was tested with the help
of pin-on-disc wear testing apparatus as per ASTM G99 standard. The test specimens for wear
characterization were cut from the cast samples according to the standard dimensions with 6mm
diameter and 30mm height and polished metallographically. The sliding end of the pin and the
disk surfaces were cleaned with acetone before testing. The sample was pressed against the
rotating EN32 hardened steel disc at different operating conditions. The weight of the
nanocomposite samples before and after the wear test was measured by using the electronic
weighing machine which could measure up to 0.0001 g. The wear loss was measured with the
difference between the initial and final weight of the specimens and wear rate (WR) was
determined. The wear rate and coefficient of friction of ZA-27 nanocomposite specimens was
studied and analyzed as a function of sliding speed, applied load, sliding distance and filler

content with the help of response surface methodology (RSM).

Design expert 9.0 software was used for the design of experiments. The dry sliding wear
experiments of ZA-27 nanocomposites were designed based on central composites design (CCD)
scheme of design of experiments (DOE). In the present study to analyze the wear rate and
coefficient of friction of ZA-27 nanocomposite four input process parameters and three levels
and for hybrid nanocomposite three input process parameters and three levels were used. The
central composite design consisting of 30 sets of coded conditions for ZA-27 nanocomposites
and 20 sets of coded conditions for hybrid nanocomposites was used to investigate the
tribological properties of the nanocomposites. The control process parameters and their selected
levels were used for the analysis of the wear rate and coefficient of friction for ZA-27
nanocomposites and hybrid nanocomposites as shown in chapter 3. Analysis of variance
(ANOVA) was performed to determine the most significant parameters which influenced the
tribological behavior of ZA-27 nanocomposites at various operating conditions. Prediction
models were generated for wear rate and coefficient of friction for ZA-27 nanocomposites and
hybrid nanocomposite using RSM and the adequacies of these models were expressed in terms of

R-square values. Figure 6.1 shows the schematic diagram of pin on disc testing machine.
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Figure 6.1 Schematic diagram of pin on disc testing machine

6.4. Results and analysis

6.4.1. ZA-27 alloy

The dry sliding wear behavior of the matrix material have been tested according to the
experimental plan with sliding speed, sliding distance and applied load acting as influencing
factors on the responses. The wear rate and coefficient of friction of ZA-27 alloy samples was
taken from the average of three replicates in each case. Table 6.1 shows the experimental plan

and results of ZA-27 alloy in the coded form.

Table 6.1 Experimental plan and results of ZA-27 alloy

Expt | Distance (m) | Load (N) Speed WR x 10° (mm’/m) COF
No (m/s)
1 1000 90 3 9.122 0.38
2 1000 90 1 5.077 0.56
3 2000 60 2 6.21 0.58
4 1000 30 3 4.632 0.56
5 2000 60 3 7.12 0.46

97



6 3000 90 3 8.201 0.36
7 2000 60 2 5.926 0.56
8 3000 90 1 5.32 0.54
9 1000 30 1 3.823 0.75
10 2000 60 2 5.542 0.56
11 3000 60 2 5.023 0.48
12 2000 60 2 6.048 0.54
13 1000 60 2 6.493 0.56
14 3000 30 1 2.056 0.72
15 2000 60 2 5.593 0.51
16 2000 60 1 3.934 0.68
17 2000 90 2 7.332 0.41
18 2000 30 2 3.58 0.64
19 2000 60 2 6.017 0.47
20 3000 30 3 242 0.51

a) ANOVA analysis of wear rate

Table 6.2 shows the ANOVA analysis for the wear rate of ZA-27 alloy. The most
significant parameters which affect the wear rate of the ZA-27 alloy were applied load and
sliding speed. The interaction between the load and speed will also influence the wear rate of ZA-

27 alloy. In the ANOVA table, column 7 shows the percentage contribution of the individual

parameters and their interactions on the wear rate of the ZA-27 alloy.

Table 6.2 ANOVA results for wear rate of ZA-27 alloy

Source Sum of DF Mean F p-value Percentage
Squares Square Value Prob > F contribution
Model 59.09713 8 7.38714 79.33748 | <0.0001 98.2
A-Distance | 3.754013 1 3.75401 40.31788 | <0.0001 6.4
B-Load 34.37687 1 34.3768 369.2056 | < 0.0001 57.8
C-Speed 12.73512 1 12.7351 136.7745 | <0.0001 22.1
AB 1.362075 1 1.36207 14.62861 0.0028 2.5
AC 0.32361 1 0.32361 3.475554 0.0892 0.6
BC 4.137126 1 4.13712 44.4325 < 0.0001 6.9
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B/2 0.572742 1 0.57274 6.151217 0.0306 1.2
Cr2 0.396634 1 0.39663 4.259822 0.0634 0.7
Residual 1.024214 11 0.09311 1.8
Cor Total 60.12134 19 100

A prediction model has been developed for wear rate of ZA-27 alloy using ANOVA and
given by equation (6.2) in coded form. The R-squared, adjusted R-squared and predicted R-
squared values were 98.29 %, 97.05 % and 90.45 % respectively for this model.

WR =+586-0.61 * A+1.85*B+1.13*C+041 *A*B-020*A*C+0.72*B*C
- 0.42 * B”2 -0.35 * C 2. (6.2)

Influence of process parameters on the wear rate of ZA-27 alloy are shown in figure 6.2
(a) to (e). It was observed from Figure 6.2 (a) that the wear rate of ZA-27 alloy decreases as the
sliding distance increases. The asperities of pin and the disc surface which were in contact are
subjected to relative motion under the influence of applied load. The asperities of the counter
surface can be considered sharper and harder during initial wear stage. The initial stage of wear
consists of fragmentation of asperities and removal of material due to cutting of hard asperities
into the softer pin surface. Since the sliding distance increases the temperature of the contact
surfaces of pin and disc increases, which leads to softening of materials and formation of
tribolayer between the pin and disc. This tribolayer reduces the wear rate of ZA-27 alloy when
the sliding distance increases with respect to the applied load and sliding speed. Figure 6.2 (b)
shows that the wear rate of ZA-27 alloy increases with the increase in the applied load. As the
applied load increases the pin and disc surfaces were not perfectly smooth and contain large
number of asperities which will remove more material from the pin and induce micro ploughing.
The depth of penetration of harder asperities of disc to the softer pin material increases as the
applied load increases. The contact becomes intimate with increased normal load and more
frictional heat was accumulated at the interface, which results in softening of the pin surface. It
becomes easier for the asperities in the counter surface to penetrate into the surface of the

softened pin causing increased wear rate.
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Figure 6.2.Effect of process parameters on wear rate of ZA-27 alloy

From Figure 6.2 (c) it was observed that the wear rate of ZA-27 alloy increases with
increase in the sliding speed. Since the sliding speed increases the friction heat generated
between the pin and disc surfaces will strongly influence the wear rate of the matrix material. The
penetration of the hard asperities of the counter surface into the pin surface increases with the
increased frictional heat. The pin was subjected to less frictional heat at low speed and the
penetration of the counter surface was less, which leads to lower wear rate. As the sliding speed
increases, the pin was subjected to higher frictional heat and the penetration of the counter
surface becomes more, which leads to higher wear rate. The interaction effects between the load-
distance and speed-load were influencing the wear rate of the ZA-27 alloy was shown in Figure

6.2 (d) and (e).

b) Model validation for wear rate

Confirmation tests have been conducted to validate the derived model for the wear rate
from quadratic regression fit. The parameters and levels must lie within the ranges for which
equation was derived to conduct confirmation experiments. The confirmation test parameters for
wear rate of ZA-27 alloy were shown in Table 6.3. Confirmation tests have been carried out and

then the comparison between experimental and predicted wear rate of ZA-27 alloy shows an error
of 2.2 %.
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Table 6.3 Test parameters employed for model validation for wear rate

Expt Speed | Distance | Load | Experimental Wear Predicted Wear Error
No (m/s) (m) N) rate(x 10° mmS/m) rate (x 10° mmS/m) %o
1 1 3000 30 2.056 2.010 2.2
¢) ANOVA analysis of COF

Table 6.4 shows the ANOVA analysis for coefficient of friction of ZA-27 alloy. The
applied load, sliding speed and sliding distance were the control factors which influences the
COF of the ZA-27 alloy. The most significant parameters which affect the COF of the ZA-27
alloy were sliding speed and applied load. In the ANOVA table 6.4, column 7 shows the

percentage contribution of the individual process parameters on the COF of ZA-27 alloy.

Table 6.4 ANOVA results for COF of ZA-27 alloy

Source Sum of | DF Mean F p-value Percentage
Squares Square Value Prob > F contribution
Model 0.18653 3 0.062177 67.56038 < 0.0001 93
A-Distance 0.004 1 0.004 4.34635 0.0535 2
B-Load 0.08649 1 0.08649 93.97895 < 0.0001 43
C-Speed 0.09604 1 0.09604 104.3559 < 0.0001 48
Residual 0.01472 16 0.00092 7
Cor Total 0.20125 19 100

A prediction model has been developed for COF of ZA-27 alloy using ANOVA and given
by equation (6.3) in coded form. The R-squared, adjusted R-squared and predicted R-squared
values are 92.68 %, 91.31 % and 90.37 % respectively for this model.

COF =+0.54-0.020 * A - 0.093 * B - 0.098 * C. (6.3)

The effects of individual process parameters on the coefficient of friction of ZA-27 alloy
are shown in Figure 6.3 (a) to (c). It is evident from Figure 6.3 (a) that the COF decreases as the
sliding distance increases. When the siding distance increases the surface temperatures of the pin
and disc increase, due to which a tribolayer was formed between the pin and the disc surfaces. As
the sliding distance increases between the contact surfaces of the counter disc and pin, a stable

tribolayer exists which reduces the friction coefficient of ZA-27 alloy.
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Figure 6.3.Effect of process parameters on coefficient of friction of ZA-27 alloy

From Figures 6.3 (b) and (c) it was observed that the coefficient of friction of the matrix
material decreases as the load and speed increases. As the applied load increases the pin surface
becoming softening will reduces the COF of the alloy. When the sliding speed increases less

amount of contact between the pin and disc surfaces is taking place because of which coefficient

of friction of ZA-27 alloy decreases.
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d) Model validation for COF

Confirmation test parameters for COF of ZA-27 alloy were shown in Table 6.5,
comparison between experimental and predicted coefficient of friction of ZA-27 alloy shows an

error of 4.5 %.

Table 6.5 Test parameters employed for model validation for COF

Expt No | Speed | Distance | Load | Experimental Predicted Error %
(m/s) (m) (N) COF COF
1 3 1650 90 0.375 0.358 4.5

6.4.2. ZA-27 /MoS: micro and nanocomposites

MoS; micro and nanoparticles reinforced ZA-27 composites with different combinations

of parameters for dry sliding wear performance was shown in Table 6.6

Table 6.6 Experimental plan and results of ZA-27/MoS2 micro and nanocomposites

Expt | Speed | Distance | Load | Filler MoS, (um) MoS, (nm)
No | (m/s) | (m) | (N) | (Wt%) | wRx10° | COF | wrx10® | COF
(mm3/m) (mm3/m)
1 1 1000 90 0.5 3.622 0.35 2.536 0.23
2 1 1000 90 1.5 2.073 0.28 0.957 0.19
3 1 2000 60 1 1.993 0.37 1.777 0.25
4 2 2000 90 1 3.016 0.31 2.908 0.22
5 1 1000 30 0.5 2.602 0.41 2.148 0.29
6 3 2000 60 1 3.298 0.32 2.485 0.20
7 2 2000 60 1 2.671 0.36 1.956 0.24
8 3 1000 90 1.5 4.428 0.26 2.131 0.17
9 3 1000 30 1.5 3.132 0.31 1.827 0.22
10 3 3000 30 1.5 1.288 0.25 0.754 0.19
11 2 2000 60 1 3.078 0.34 2.972 0.21
12 1 3000 30 0.5 2.442 0.39 2.453 0.33
13 3 3000 90 1.5 1.677 0.23 1.218 0.14
14 2 3000 60 1 2.463 0.35 2.15 0.26
15 1 1000 30 1.5 1.641 0.36 0.478 0.28
16 2 2000 60 0.5 4.444 0.38 3.899 0.30
17 3 1000 90 0.5 5.541 0.34 4.423 0.23
18 1 3000 90 0.5 3913 0.43 3.207 0.31
19 1 3000 30 1.5 0.828 0.31 0.536 0.22
20 3 3000 90 0.5 4.052 0.38 3.179 0.26
21 2 2000 60 1 3.141 0.35 2.845 0.23
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22 2 2000 60 1.5 2.646 0.29 1.903 0.17
23 2 2000 60 1 3.162 0.34 2.94 0.22
24 2 2000 60 1 3.058 0.33 2.76 0.21
25 3 3000 30 0.5 2.088 0.39 1.782 0.31
26 3 1000 30 0.5 2.643 0.41 2.494 0.33
27 1 3000 90 1.5 1.159 0.29 0.833 0.18
28 2 2000 60 1 2.995 0.35 2.94 0.23
29 2 1000 60 1 2.985 0.34 2.985 0.22
30 2 2000 30 1 2.484 0.36 1.999 0.24

a) ANOVA analysis of Wear rate

nanocomposites which clearly indicates that the influence of the various parameters and
interactions of the design model were about 95.2% and 94.5% confidence level. The control
factors which influence the wear rate behavior of ZA-27/MoS; micro and nanocomposites were
reinforcement content, applied load, sliding distance and sliding speed. Among all, the

reinforcement content and applied load were the most significant factors to influence the wear

Table 6.7 and 6.8 shows the result of ANOVA analysis for ZA-27/MoS> micro and

rate of ZA-27/MoS: micro and nanocomposites.

Table 6.7 ANOVA results for wear rate of ZA-27/MoS> microcomposites

Source Sum of | DF Mean F p-value Percentage

Squares Square Value Prob > F | contribution
Model 29.32655 | 12 | 2.44388 | 27.99431 < 0.0001 95.2
A-Speed 3.444438 | 1 | 3.444438 | 39.45557 | < 0.0001 11.2
B-Distance 4.260281 | 1 | 4.260281 | 48.80095 | < 0.0001 13.9
C-Load 5931716 | 1 | 5.931716 | 67.94702 | < 0.0001 19.2
D-Reinforcement | 8.645868 | 1 | 8.645868 | 99.03727 | < 0.0001 28.1
AB 1.589491 | 1 1.589491 | 18.2074 0.0005 5.2
AC 0.677741 | 1 | 0.677741 | 7.763428 0.0127 2.2
AD 0.592515 | 1 | 0.592515 | 6.787181 0.0185 1.9
BD 1.214955 | 1 1.214955 | 13.91715 0.0017 3.9
CD 1.503689 | 1 1.503689 | 17.22456 0.0007 4.9
AN2 0.502294 | 1 | 0.502294 | 5.753712 0.0282 1.6
BA2 0.332314 | 1 | 0.332314 | 3.80661 0.0677 1.0
D72 0.650915 | 1 | 0.650915 | 7.456141 0.0142 2.1
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Residual 1.484085 | 17 | 0.087299 4.8
Cor Total 30.81064 | 29 100

Table 6.8 ANOVA results for wear rate of ZA-27/MoS> nanocomposites

Source Sum of | DF Mean F p-value Percentage

Squares Square Value Prob > F contribution
Model 25.67958 | 12 | 2.139965 | 24.18918 < 0.0001 94.5
A-Speed 1.714952 | 1 1.714952 | 19.38503 0.0004 7.4
B-Distance 0.913501 | 1 0.913501 10.3258 0.0051 4.5
C-Load 2.80766 | 1 2.80766 31.7365 < 0.0001 11.3
D-Reinforcement | 13.64509 | 1 13.64509 | 154.2378 < 0.0001 51.3
AB 1.359556 | 1 1.359556 15.3678 0.0011 59
AC 0.247009 | 1 0.247009 | 2.792076 0.113 1.5
AD 0.198025 | 1 0.198025 | 2.238384 0.153 1.2
BD 0.099225 | 1 0.099225 | 1.12159%4 0.3044 0.8
CD 0.467856 | 1 0.467856 | 5.288429 0.0344 2.1
AN2 1.113553 | 1 1.113553 12.5871 0.0025 5.6
Ccn2 0.262028 | 1 0.262028 | 2.96185 0.1034 1.8
D72 0.058604 | 1 0.058604 | 0.662429 0.427 0.5
Residual 1.503954 | 17 | 0.088468 6.1
Cor Total 27.18353 | 29 100

A prediction model has been developed for wear rate of the ZA-27/MoS, micro and
nanocomposites using ANOVA and given by equation (6.4) and (6.5) in coded form. The R-
squared, adjusted R-squared and predicted R-squared values for microcomposites were 95.18 %,
91.78 % and 80.93 %, for nanocomposites were 94.46 %, 90.56 % and 82.55 % respectively for

this model.

WR=+299+0.44*A-049*B+057*C-069*D-032*A*B+0.21 *A*
C+0.19*A*D-028*B*D—-0.31*C*D-0.42* A2 -0.34 * B2
+ 0.48 * D2. (6.4)

WR=+4271+031*A-023*B+039*C-087*D-029*A*B+0.12*A*C+0.11*
A*D-0079*B*D-0.17*C*D-0.63 * A2 -0.30 * C"2 + 0.14 * D"2. (6.5)
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The effects of various parameters on the wear rate of ZA-27/ MoS2 micro/nanocomposites
were shown in Figures 6.4 (a-f) and 6.5 (a-f). As the reinforcement of the particles and sliding
distance increase, the wear resistance of the micro and nanocomposites increases as shown in
Figures 6.4 (b & d) and 6.5 (b & d). The reinforcement particles stick to the counter surface at
higher sliding distance because the temperature of the pin and disc surfaces increase as the
sliding distance increases. Due to the increase in the surface temperatures the tribolayer
formation was generated between the pin and disc surfaces which increase the wear resistance

behavior of the micro and nanocomposites.
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Figure 6.4.Effect of process parameters on wear rate of ZA-27/MoS2 microcomposites
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Figure 6.5.Effect of process parameters on wear rate of ZA-27/MoS: nanocomposites

Figure 6.5 (a) shows that the less wear rate is observed at the lower speed because the pin
is subjected to less frictional heat. The tribolayer is formed in between the pin and disc surfaces
due to the increase in the sliding speed which leads to reduce the wear rate of the
nanocomposites. As the applied load increases the wear rate increases because the contact
between the pin and disc surfaces is close to each other and generates more friction which leads
to an increase in the wear rate of ZA-27/MoS> nanocomposites as shown in Figure 6.5(c). The
wear rate of the nanocomposites reduces more when the reinforcement content of nanoparticles
increases in the ZA-27 alloy as shown in the Figure 6.5 (d). As the MoS; nanoparticles acts as a
solid lubricant phase will enhance the wear resistance properties of the nanocomposites. The
increase in the reinforcement content of the nanoparticles will produces the stable tribolayer in
between the pin and disc surfaces which lead to reduces more wear rate of ZA-27/MoS>
nanocomposites. The interaction effects between the distance-speed and reinforcement-load on

the wear rate of ZA-27/MoS; nanocomposites are also shown in Figures 6.5 (e) and (f).

b) Model validation for wear rate

Confirmation test parameters for wear rate of ZA-27/MoS> micro/nanocomposites are
shown in Table 6.9 and 6.10. Confirmation tests have been carried out and then the comparison
between experimental and predicted wear rate of ZA-27/MoS, micro/nanocomposites shows an

error of 1.4 % and 1.1%.
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Table 6.9 Model validation for wear rate of microcomposites

Expt | Speed | Distance | Load | Filler Experimental Wear Predicted Wear Error
No | (m/s) (m) (N) | (Wt%) | rate (x 10° mmS/m) rate (x 10° mmS/m) %o
1 1 3000 30 1.5 0.882 0.870 1.4
Table 6.10 Model validation for wear rate of nanocomposites
Expt | Speed | Distance | Load | Filler Experimental Wear Predicted Wear Error
No | (m/s) (m) (N) | (Wt%) | rate (x 10° mm’/m) | rate (x 10" mm’/m) | %
1 1 2800 30 1.5 0.532 0.527 1.1

¢) ANOVA analysis of COF

Table 6.11 and 6.12 shows the ANOVA analysis for COF of ZA-27/MoS2 micro and
nanocomposites. The most significant parameters influencing COF of micro and nanocomposites
are reinforcement content. From the ANOVA table, column 7 shows the percentage contribution

of the individual parameters and their interactions.

Table 6.11 ANOVA results for COF of ZA-27/MoS> microcomposites

Source Sum of | DF Mean F p-value Percentage

Squares Square Value Prob >F | contribution
Model 0.064365 | 10 | 0.006437 | 46.65238 | <0.0001 96
A-Speed 0.005 1 0.005 36.24033 | < 0.0001 7.5
B-Distance 8.89E-05 | 1 | 8.89E-05 | 0.644273 0.4321 0.2
C-Load 0.005689 | 1 | 0.005689 | 41.23344 | < 0.0001 8.5
D-Reinforcement 0.045 1 0.045 326.163 | <0.0001 67.1
AB 0.000506 | 1 | 0.000506 | 3.669333 0.0706 0.8
AC 5.63E-05 | 1 | 5.63E-05 | 0.407704 | 0.5308 0.08
AD 0.001056 | 1 | 0.001056 | 7.65577 0.0123 1.57
BC 0.003906 | 1 | 0.003906 | 28.31276 | < 0.0001 5.8
BD 0.002756 | 1 | 0.002756 | 19.97748 | 0.0003 4.1
CD 0.000306 | 1 | 0.000306 | 2.21972 0.1527 0.45
Residual 0.002621 | 19 | 0.000138 3.9
Cor Total 0.066987 | 29 100
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Table 6.12 ANOVA results for COF of ZA-27/MoS> nanocomposites

Source Sum of | DF Mean F p-value Percentage
Squares Square Value Prob > F | contribution
Model 0.064159 | 9 0.007129 | 51.14566 | < 0.0001 96
A-Speed 0.004356 | 1 0.004356 | 31.24907 | < 0.0001 6.5
B-Distance 0.0002 1 0.0002 1.434906 0.245 0.3
C-Load 0.0098 1 0.0098 70.3104 | <0.0001 14.6
D-Reinforcement | 0.043022 | 1 0.043022 | 308.6642 | < 0.0001 64.3
AB 0.000756 | 1 0.000756 | 5.425739 | 0.0304 1.13
AD 0.000306 | 1 0.000306 2.1972 0.1538 0.45
BC 0.002256 | 1 0.002256 | 16.18753 0.0007 34
BD 0.003306 | 1 0.003306 | 23.72079 | < 0.0001 4.93
CD 0.000156 | 1 0.000156 1.12102 0.3023 0.23
Residual 0.002788 | 20 0.000139 4.16
Cor Total 0.066947 | 29 100

A prediction model has been developed for COF of ZA-27/MoS> micro and
nanocomposites using ANOVA and is given by equation (6.6) and (6.7) in coded form. The R-
squared, adjusted R-squared and predicted R-squared values for microcomposites were 96.09 %,
94.03 % and 83.76 %, for nanocomposites were 95.83 %, 93.96 % and 84.41 % respectively for

this model.

COF =+0.34-0.017 * A-2.222E-003 * B-0.018 * C-0.050 * D-5.625E-003 * A * B-1.875E-003

*A* C-8.125E-003 * A * D+0.016 * B * C-0.013* B * D-4.375E-003 * C*D  (6.6)
COF =+ 0.24-0.016*A+3.333E-003*B-0.0*C-0.049*D-6.875E-003* A*B-4.375E-
0.03*A*D+0.012*B*C-0.014*B*D-3.125E-003*C*D (6.7)

The effects of individual process parameters on the coefficient of friction of ZA-27/MoS»
micro and nanocomposites are shown in Figures 6.6 (a - f) and 6.7 (a - f). It is evident from the
Figure 6.6 (a) and 6.7 (a) that the COF decreases as the sliding speed increases. As the sliding
speed increases between the contact surfaces of the counter disc and specimen a stable tribolayer
exists which reduces the friction coefficient of ZA-27/MoS; micro and nanocomposites. There is
a negligible influence of COF of the micro and nanocomposites as the sliding distance increases

as shown in Figures 6.6 (b) and 6.7 (b). Due to the increase in the surface temperature of
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specimen the particles are transferred to the disc surfaces and form a stable compacted layer
which slightly affects the COF behavior of the micro and nanocomposites. It was observed that
the coefficient of friction of ZA-27/MoS> micro and nanocomposites decreases as the applied
load increases as shown in figures 6.6 (c) and 6.7 (c). The contact surfaces of the disc and pin
generate more frictional heat as the applied load increases which results in softening of the pin
surface. As the applied load increases the frictional heat generated is more between the pin and
disc surfaces which leads to the pin surface softening and the formation of oxide layer reduces
the COF of ZA-27/MoS> micro and nanocomposites. If the reinforcement content increases in
ZA-27/MoS2 micro and nanocomposites there exists a thick tribolayer in between the disc and
pin surfaces, due to which the coefficient of friction decreases compared to the applied load and

sliding speed as shown in Figure 6.7 (d).
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Figure 6.7.Effect of process parameters on COF of ZA-27/MoS, nanocomposites

The MoS: nanoparticles reinforced ZA-27 nanocomposites are showing minimum friction
coefficient as compared to the microcomposites. The interaction effects between the load-
distance and reinforcement-distance on the COF of ZA-27/MoS> nanocomposites are also shown

in Figure 6.7 (e) and (f).

d) Model validation for COF

Confirmation test parameters for COF of ZA-27/MoS> micro and nanocomposites are
shown in Table 6.13 and 6.14. Confirmation tests have been carried out and then the comparison
between experimental and predicted coefficient of friction of ZA-27/MoS: micro and

nanocomposites shows an error of 1.7 % and 2.8 %.

Table 6.13 Model validation for COF of microcomposite

Expt | Speed | Distance | Load | Filler Experimental Predicted Error %
No | (m/s) (m) N) | (Wt %) COF COF
1 3 3000 90 1.5 0.239 0.235 1.7

Table 6.14 Model validation for COF of nanocomposite

Expt | Speed | Distance | Load | Filler Experimental Predicted Error
No | (m/s) (m) N) | (Wt %) COF COF %
1 3 3000 90 1.5 0.144 0.140 2.8
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6.4.3. Worn surfaces of ZA-27/MoS: micro and nanocomposites

The microstructure of worn surfaces of the base alloy and ZA-27/MoS: micro and
nanocomposites have been examined with the help of scanning electron microscope (SEM) and
shown in the figures 6.8 (a-d) and 6.9 (a-d). From the microstructure of the base alloy, it is
observed that deep and coarse grooves on the wear surfaces are formed due to the action of wear-
hardened deposits on the pin surface as shown in Figure 6.8 (a). The reinforcement of MoS:
micro and nanoparticles in ZA-27 alloy is expected to result in enhanced wear resistance because
the MoS: acts as a solid lubricant phase. The SEM micrograph of 0.5 wt % MoS: micro and
nanocomposite was shown in Figure 6.8 (b) and 6.9(b), it was observed that the grooves and
ploughing marks reduce when compare to ZA-27 alloy. In accordance with this explanation, the
sulphide composite materials exhibiting resistance to the formation of deep grooves and
ploughing marks with increasing MoS: content as evident from Figure 6.8 (c) to (d) resulting in

increased wear resistance of ZA-27 /MoS> micro and nanocomposites.
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Figure 6.8.Microstructures of wear surfaces of ZA-27/MoS, microcomposites using SEM
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Figure 6.9.Microstructures of wear surfaces of ZA-27/MoS: nanocomposites using SEM

It was observed from the Figure 6.9 (b) that the reinforcement of nanoparticles were
reduces the grooves and ploughing marks when compare to the micro composite. As the MoS;
nanoparticles increasing in ZA-27 alloy the compact layers are formed in wear surfaces of the
nanocomposites which increase the wear resistance. The ZA-27+1.5 wt % MoS: nanoparticles
reinforced ZA-27 nanocomposites shows the smooth surface when compare to the other

composition of ZA-27 micro and nano composites as shown in Figure 6.9 (c).

6.4.4 ZA-27/A103 nanocomposites

The Al2O3 nanoparticles reinforced ZA-27 nanocomposites with different combinations

of parameters for dry sliding wear performance is shown in Table 6.15

Table 6.15 Experimental plan and results of ZA-27/Al203 nanocomposites

Expt | Speed | Distance | Load Filler WR x 10 (mm3 /m) COF

No (m/s) (m) N) (wt %)
1 1 1000 90 0.5 3.171 0.45
2 1 1000 90 1.5 1.834 0.35
3 1 2000 60 1 2.49 0.48
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4 2 2000 90 1 3.196 0.41
5 1 1000 30 0.5 2.814 0.58
6 3 2000 60 1 3.468 0.43
7 2 2000 60 1 2.272 0.48
8 3 1000 90 1.5 2.992 0.28
9 3 1000 30 1.5 2.446 0.38
10 3 3000 30 1.5 0.895 0.41
11 2 2000 60 1 2.62 0.49
12 1 3000 30 0.5 2.618 0.56
13 3 3000 90 1.5 1.354 0.31
14 2 3000 60 1 2.145 0.46
15 1 1000 30 1.5 1.441 0.41
16 2 2000 60 0.5 4.347 0.53
17 3 1000 90 0.5 7.75 0.41
18 1 3000 90 0.5 3.948 0.43
19 1 3000 30 1.5 1.397 0.42
20 3 3000 90 0.5 4.235 0.36
21 2 2000 60 1 2.403 0.47
22 2 2000 60 1.5 2.555 0.42
23 2 2000 60 1 2.99 0.49
24 2 2000 60 1 3.055 0.48
25 3 3000 30 0.5 4.158 0.54
26 3 1000 30 0.5 7.12 0.58
27 1 3000 90 1.5 1.689 0.41
28 2 2000 60 1 2914 0.49
29 2 1000 60 1 2.87 0.46
30 2 2000 30 1 2.229 0.47

a) ANOVA analysis of wear rate

Table 6.16 shows the ANOVA analysis for wear rate of ZA-27/Al,03 nanocomposites.

The reinforcement content and sliding speed are the most significant factors which influence the

wear rate of ZA-27/ AlO3 nanocomposites. In the ANOVA table, column 7 shows the

percentage contribution of the individual parameters and their interactions.

Table 6.16 ANOVA results for wear rate of ZA-27/A1,03 nanocomposites

Source Sum of | DF Mean F p-value Percentage
Squares Square Value Prob > F contribution
Model 59.47203 | 8 7.434004 34.94442 | <0.0001 93.5
A-Speed 9.412014 | 1 9.412014 44.2423 | <0.0001 14.7
B-Distance 5.554445 | 1 5.554445 26.10933 | < 0.0001 8.7
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C-Load 1.417367 | 1 1.417367 6.662501 0.0174 2.3
D-Reinforcement | 30.83219 | 1 30.83219 144.9304 | <0.0001 48.3
AB 6.32271 1 6.32271 29.72065 | <0.0001 9.8

AD 5.506062 | 1 5.506062 25.8819 | <0.0001 8.7

BD 0.39627 1 0.39627 1.862716 | 0.1868 0.6

CD 0.030976 | 1 0.030976 0.145606 | 0.7066 0.5
Residual 4.467496 | 21 0.212738 6.8
Cor Total 63.93953 | 29 100

A prediction model has been developed for wear rate of ZA-27/ Al,O3 nanocomposites
using ANOVA and is given by equation (6.8) in coded form. The R-squared, adjusted R-squared
and predicted R-squared values are 93.01 %, 90.35 % and 83.43 % respectively for this model.

WR=+298+0.72*A-056*B +0.28*C-131*D-0.63*A*B-059*A*D+0.16 *
B* D-0.044 * C * D. (6.8)

The influence of various control factors on the wear rate of ZA-27/ Al,03 nanocomposites
are shown in figures 6.10 (a) to (f). It was observed from figure 6.10 (a) that less wear rate is
observed at lower speeds because the pin is subjected to less frictional heat and if speed is
increases the frictional heat is more, which increases the wear rate of the nanocomposites. As the
sliding distance increases the wear rate of the nanocomposites decreases because the temperature
of the pin and disc surfaces increase. Due to the increase in the surface temperatures, the
tribolayer formation is generated between the pin and disc surfaces which will reduce the wear
rate behavior of the nanocomposites as shown in Figure 6.10 (b). The slight increase in the wear
rate of the nanocomposites can be observed as the applied load increases as shown in figure 6.10
(c). The alumina nanoparticles are hard ceramic particles which can withstand higher loads in dry
sliding wear characteristics. The wear rate of the nanocomposites is strongly influenced by the
friction heat generated between the disc and pin surfaces as the applied load increases. As the
applied load increases the wear rate increases because the contact between the pin and disc
surfaces is close and generates a lot of friction heat which leads to increase in the wear rate of

ZA-27/ Al203 nanocomposites.
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Figure 6.10.Effect of process parameters on wear rate of ZA-27/Al>03 nanocomposites

As the reinforcement content of nanoparticles increases from 0.5 wt % to 1.5 wt % there
is extreme reduction in the wear rate of the nanocomposites, this is due to hard ceramic particles
of Al,Os; which are used to increase the wear resistance of nanocomposites as shown in Figure
6.10 (d). The interaction effects between the distance-speed and reinforcement-speed on the wear

rate of ZA-27/ Al,O3; nanocomposites are also shown in figures 6.10 (e) and (f).

b) Model validation for wear rate
Confirmation test parameters for wear rate of ZA-27/A1,03 nanocomposites are shown in
Table 6.17 Confirmation tests have been carried out and then the comparison between

experimental and predicted wear rate of ZA-27/Al>03 nanocomposites shows an error of 3.9 %.

Table 6.17 Test parameters employed for model validation for wear rate

Expt | Speed | Distance | Load | Filler | Experimental Wear Predicted Wear Error
No | (m/s) (m) (N) | (Wt %) | rate (x 10° mmS/m) rate (x 10° mm3/m) %

1 2.5 2900 30 1.5 0.871 0.837 3.9
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¢) ANOVA analysis of COF

Table 6.18 shows the ANOVA analysis for COF of ZA-27/A1,03 nanocomposites.
The most significant parameters which influence the COF of nanocomposites are reinforcement
content and applied load. In the ANOVA table, column 7 shows the percentage contribution of

the individual parameters and their interactions.

Table 6.18 ANOVA results for COF of ZA-27/A1,03 nanocomposites

Source Sum of | DF Mean F p-value Percentage
Squares Square Value Prob > F contribution
Model 0.147934 | 14 0.010567 53.7983 < 0.0001 98
A-Speed 0.00845 | 1 0.00845 43.02154 | < 0.0001 5.6
B-Distance 0.0001 1 0.0001 0.1254 1.00 0.01
C-Load 0.049089 | 1 0.049089 | 249.9266 | < 0.0001 32.5
D-Reinforcement | 0.06125 | 1 0.06125 311.8425 | <0.0001 40.6
AB 0.000225 | 1 0.000225 1.145544 0.3014 0.15
AC 0.003025 | 1 0.003025 15.4012 0.0014 2
AD 0.0004 1 0.0004 2.036522 0.174 0.27
BD 0.004225 | 1 0.004225 | 21.51077 0.0003 2.8
CD 0.007225 | 1 0.007225 | 36.78469 | < 0.0001 4.8
AN2 0.00053 | 1 0.00053 2.696788 0.1213 0.35
B~2 0.000224 | 1 0.000224 1.140469 0.3024 0.15
Ccn2 0.002224 | 1 0.002224 11.32308 0.0043 1.48
Residual 0.002946 | 15 0.000196 1.95
Cor Total 0.15088 | 29 100

A prediction model has been developed for coefficient of friction of ZA-27/ Al,Os
nanocomposites using ANOVA and is given by equation (6.9) in coded form. The R-squared,
adjusted R-squared and predicted R-squared values are 98.04 %, 96.22 % and 90.85 %

respectively for this model.

COF = +0.48-0.022*A+0.000*B-0.052 * C-0.058 * D-3.750E-003 * A * B-0.014 * A * C-
5.000E-003 * A *D+0.016 * B * D+0.021 * C * D-0.014 * A*2-9.298E-003 * BA2-
0.029 * CA2. (6.9)

The effects of individual process parameters on the coefficient of friction of ZA-27/

Al>O3 nanocomposites are shown in figure 6.11 (a) to (f). It is observed from Figure 6.11 (a) that
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the COF decreases as the sliding speed increases. When the siding speed increases, the surface
temperatures of the pin and disc increases, due to this an oxide film is formed between the pin
and the disc surfaces. As the sliding speed increases between the contact surfaces of the counter

disc and pin, a stable oxide film will exists which decreases the friction coefficient of ZA-27/

AlO3 nanocomposites.
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Figure 6.11.Effect of process parameters on COF of ZA-27/A1,03 nanocomposites

As the sliding distance increases the COF of the nanocomposites remains same because
the temperature of the pin and disc surfaces increases. Due to the increase in the surface
temperatures a compact layer is generated between the pin and disc surfaces which do not
influence the COF behavior of the nanocomposites this is shown in figure 6.11 (b). From the
Figure 6.11 (c) and (d) it was observed that the coefficient of friction of ZA-27/ AlO3
nanocomposites decreases as the reinforcement content and applied load increases. The contact
surfaces of the disc and pin generate more frictional heat as the applied load increases which
results in the softening of the pin surface. As the applied load increases the frictional heat
generated is more between the pin and disc surfaces which leads to the pin surface becoming soft
and the formation of tribolayer decreases the COF of ZA-27/ Al»O3 nanocomposites. When the
applied load increases the reinforcement particles transfer from the pin surface and penetrates the
disc surface which leads to the formation of tribolayer between the disc and the pin surfaces. If
the reinforcement content increases in ZA-27/ Al2O3; nanocomposites there exists a thick stable
tribolayer between the disc and pin surfaces, due to which the coefficient of friction decreases
more compare to the applied load and sliding speed. The interaction effects between the
reinforcement-load and reinforcement-distance on the COF of ZA-27/ Al,O3; nanocomposites are

also shown in figure 6.11 (e) and (f).
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d) Model validation for COF
Confirmation test parameters for COF of ZA-27/Al,03 nanocomposites are shown in
Table 6.19 Confirmation tests have been carried out and then the comparison between

experimental and predicted coefficient of friction of ZA-27/Al>O3 nanocomposites shows an

error of 2.4 %.

Table 6.19 Test parameters employed for model validation for COF

Expt | Speed | Distance | Load | Filler Experimental Predicted Error %
No | (m/s) (m) N) | (Wt %) COF COF
1 3 1000 90 1.5 0.292 0.285 24

6.4.5. Worn surfaces of ZA-27/A103 nanocomposites

The microstructure of worn surfaces of nanocomposites have been examined with the

help of scanning electron microscope (SEM) and shown in Figures 6.12 (a) to (c).
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Figure 6.12.Microstructures of wear surfaces of ZA-27/A1,03 nanocomposites using SEM

The reinforcement content of alumina nanoparticles increases from 0.5 wt % to 1.5 wt %
of nanocomposites shows shallow grooves and fewer pits as shown in Figures 6.12 (b) to (c). The
depth of the grooves is reduced due to the presence of Al,Os3 nanoparticles which improve the
hardness of the nanocomposites. There is lesser plastic deformation detected at the edges of the
grooves, along the path of the sliding ridges and grooves are parallel and aligned. It is evident
from the wear surface that when the content of Al>O3; nanoparticle increases, the wear rate of ZA-

27 nanocomposites reduces.

6.4.6 ZA-27 hybrid micro and nanocomposite

Al O3 and MoS: micro and nanoparticles reinforced ZA-27 hybrid micro and
nanocomposites with different combinations of parameters for dry sliding wear performance is

shown in Table 6.20
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Table 6.20 Experimental plan and results of hybrid micro and nanocomposite

Expt | Distance | Load | Speed Hybrid (um) Hybrid (nm)
No | ) | N | M9 [ wrx10° | COF | wrxi0® | COF
(mm3/m) (mm3/m)

1 1000 90 3 6.371 0.26 2.929 0.14
2 1000 90 1 3.935 0.36 1.875 0.25
3 2000 60 2 3.806 0.42 1.675 0.29
4 1000 30 3 2.693 0.49 1.496 0.34
5 2000 60 3 3.572 0.37 1.527 0.26
6 3000 90 3 4.325 0.22 1.931 0.16
7 2000 60 2 3.49 0.42 1.77 0.31
8 3000 90 1 2.74 0.47 1.229 0.35
9 1000 30 1 2.928 0.56 0.885 0.45
10 2000 60 2 3.853 0.39 1.696 0.28
11 3000 60 2 3.326 0.43 1.489 0.32
12 2000 60 2 3.583 0.42 1.959 0.31
13 1000 60 2 4.356 0.45 2.002 0.32
14 3000 30 1 1.254 0.58 0.581 0.41
15 2000 60 2 3.338 0.43 2.012 0.31
16 2000 60 1 2.354 0.51 1.064 0.39
17 2000 90 2 5.34 0.31 2.592 0.22
18 2000 30 2 2.401 0.55 1.317 0.39
19 2000 60 2 4.275 0.39 1.57 0.27
20 3000 30 3 1.678 0.47 0.765 0.15

a) ANOVA analysis of wear rate

Table 6.21 and 6.22 shows the result of ANOVA analysis for the hybrid micro and
nanocomposite. The significant factors influencing the wear rate behavior of the hybrid micro
and nanocomposite are applied load, Sliding distance and sliding speed. In the ANOVA table,
column 7 shows the percentage contribution of the individual parameters and their interactions.
Among all, the applied load and sliding distance are the most significant factors which influence

the wear rate of ZA-27 hybrid micro and nanocomposite.
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Table 6.21 ANOVA results for wear rate of hybrid microcomposite

Source Sum of | DF Mean F p-value Percentage
Squares Square Value Prob > F | contribution
Model 26.23619 | 7 3.748028 36.12527 | <0.0001 95.5
A-Distance 5.12656 | 1 5.12656 49.41222 | < 0.0001 18.7
B-Load 14.29698 | 1 14.29698 137.8011 | < 0.0001 52.1
C-Speed 3.167438 | 1 3.167438 30.52928 0.0001 11.6
AB 0.015488 | 1 0.015488 0.149281 0.706 0.1
BC 1.648928 | 1 1.648928 15.89315 0.0018 6.1
B/2 0.109298 | 1 0.109298 1.053467 0.325 0.5
cn2 1.671287 | 1 1.671287 16.10866 0.0017 6.3
Residual 1.24501 | 12 0.103751 4.6
Cor Total 27.4812 | 19 100
Table 6.22 ANOVA results for wear rate of hybrid nanocomposite
Source Sum of | DF Mean F p-value Percentage
Squares Square Value Prob > F contribution
Model 6.049203 | 9 0.67213 35.40039 | <0.0001 97
A-Distance 1.026562 | 1 1.02656 54.06764 | < 0.0001 16.7
B-Load 3.051458 | 1 3.05145 160.7162 | < 0.0001 49.8
C-Speed 0.915668 | 1 0.91566 48.227 < 0.0001 14.7
AB 0.044551 | 1 0.04455 2.346449 0.1566 0.8
AC 0.073536 | 1 0.07353 3.87305 0.0774 1.4
BC 0.112575 | 1 0.11257 5.929183 0.0351 1.9
AN2 0.00182 | 1 0.00182 0.095868 0.7632 0.1
BA2 0.092369 | 1 0.09236 4.864977 0.0519 1.5
Ccr2 0.62237 | 1 0.62237 32.77942 0.0002 10
Residual 0.189866 | 10 0.01898 3.1
Cor Total 6.239069 | 19 100

A prediction model has been developed for wear rate of the ZA-27 hybrid micro and nano

composite using ANOVA and is given by equation (6.10) and (6.11) in coded form. The R-

squared, adjusted R-squared and predicted R-squared values for hybrid microcomposite were

95.46 %, 92.82 % and 81.57 %, for hybrid nanocomposite were 96.95 %, 94.21 % and 91.64 % ,

respectively for this model.
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WR= +3.74-072*A+120*B+0.56 *C-0.044 * A*B +0.45*B * C+0.18 * BA2- 0.72
*CA2 (6.10)

WR=+178-032*A+0.55*B+0.30*C-0.075*A*B-0.096* A*C+0.12* B* C-
0.026 * A2 + 0.18 * BA2 - 0.48 * C/2. (6.11)

Influence of process parameters on the wear rate of ZA-27 hybrid micro and nano
composite are shown in figures 6.13 (a - ) and 6.14 (a - e). It was observed from Figure 6.13 (a)
and 6.14 (a) that the wear rate of ZA-27 hybrid micro and nanocomposite decreases as the sliding
distance increases. The reinforcement particles of pin are transferred to the disc surface when
sliding action taking place between both surfaces under the influence of applied load. Since the
sliding distance increases the wear resistance improves for the hybrid micro and nanocomposite
due to the smearing of the reinforcement particles and formation of protective layers inhibiting
the wear rate. The smearing of reinforcement particles from the nanocomposites acts as ceramic
mixed mechanical layer (CMML) which increases the wear resistance of hybrid nanocomposite.
Figure 6.13 (b) and 6.14 (b) shows that the wear rate of ZA-27 hybrid micro and nanocomposite
increases with increase in the applied load. As the applied load increases the rise in temperature
was noticeable, which increases the wear rate of hybrid nanocomposites. Due to rise in
temperature in the hybrid nanocomposite the reinforcement particles gradually start separating
from the matrix material which resulting in the direct contact to the counter disc. The similar
trend can be observed by many researches [169-171]. From the Figure 6.14 (c) it was observed
that the wear rate of ZA-27 hybrid nanocomposite increases with increasing the sliding speeds.
Since the sliding speed increases the friction heat generated between the pin and disc surfaces
will strongly influence the wear rate of the hybrid nanocomposite. The pin was subjected to less
frictional heat at low speed and the penetration of the counter surface is less, which leads to lower
wear rate. If the sliding speed increases, the pin was subjected to higher frictional heat and the

penetration of the counter surface becomes more, which leads to higher wear rate.
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The metal oxides were formed because of the rise in temperature, the crushed alumina
particles, the smeared MoS; particles along with a ZA-27 alloy crush between the pin and disc
forming a ceramic mixed mechanical layer (CMML) preventing the specimen from excessive
wear [172-173]. The interaction effects between the speed-distance and speed-load on the wear

rate of the hybrid nanocomposite are also shown in Figure 6.14 (d) and (e).

b) Model validation for wear rate

Confirmation test parameters for wear rate of ZA-27 hybrid micro and nanocomposite
are shown in Table 6.23 and 6.24 Confirmation tests have been carried out and then the
comparison between experimental and predicted wear rate of ZA-27 hybrid composite shows an

error of 2.5 % and 1.8 %.

Table 6.23 Model validation for wear rate of hybrid microcomposite

Expt No | Speed | Distance | Load | Experimental Wear Predicted Wear Error %

(m/s) (m) (N | rate(x 10° mm3/m) rate (x 10° mm3/m)
1 1 3000 30 1.254 1.226 2.5

Table 6.24 Model validation for wear rate of hybrid nanocomposite

Expt No | Speed | Distance | Load | Experimental Wear Predicted Wear Error %

(m/s) (m) (N) | rate(x 10° mm3/m) rate (x 10° mmS/m)
1 1 3000 30 0.581 0.572 1.8

¢) ANOVA analysis of COF

Table 6.25 and 6.26 shows the ANOVA analysis for COF of ZA-27 hybrid micro and
nanocomposite. The most significant factors influencing the COF behavior of the hybrid
composite are applied load and sliding speed. In the ANOVA table, column 7 shows the

percentage contribution of the individual parameters and their interactions.

Table 6.25 ANOVA results for COF of hybrid microcomposite

Source Sum of | DF Mean F p-value Percentage
Squares Square Value Prob > F | contribution
Model 0.16406 | 6 0.027343 55.23906 | < 0.0001 96
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A-Distance 0.00016 1 0.00016 0.323232 0.5794 0.1
B-Load 0.10816 1 0.10816 218.5051 | <0.0001 63.4
C-Speed 0.04624 1 0.04624 93.41414 | <0.0001 27.3

AB 0.00045 1 0.00045 0.909091 0.3577 0.3
AC 0.005 1 0.005 10.10101 0.0073 2.9
BC 0.00405 1 0.00405 8.181818 0.0134 2.3
Residual 0.006435 | 13 0.000495 3.7
Cor Total 0.170495 | 19 100
Table 6.26 ANOVA results for COF of hybrid nanocomposite
Source Sum of | DF Mean F p-value Percentage
Squares Square Value Prob > F | contribution
Model 0.10694 5 0.021388 54.64088 | < 0.0001 95
A-Distance 0.00064 1 0.00064 1.635036 0.2218 0.6
B-Load 0.06724 1 0.06724 171.781 < 0.0001 59.8
C-Speed 0.03481 1 0.03481 88.93066 | < 0.0001 31
AB 0.00245 1 0.00245 6.259124 0.0254 2.2
BC 0.0018 1 0.0018 4.59854 0.0500 1.6
Residual 0.00548 | 14 0.000391 4.8
Cor Total 0.11242 | 19 100

A prediction model has been developed for COF of ZA-27 hybrid micro and nano
composite using ANOVA and is given by equation (6.12) and (6.13) in coded form. The R-
squared, adjusted R-squared and predicted R-squared values for hybrid microcomposite were
96.22 %, 94.48 % and 81.08 %, for hybrid nanocomposite were 95.12 %, 93.38 % and 81.74 %

respectively for this model.

COF =+0.42+4.000E-003* A-0.10 * B-0.068 * C+7.500E-003*A*B-0.025*A*C

-0.022*B*C. (6.12)

COF =+0.31+8.000E-003 * A-0.082 * B-0.059 * C+0.018 * A * B-0.015 * B * C. (6.13)
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The effects of individual process parameters on the coefficient of friction of ZA-27 hybrid
micro and nanocomposite are shown in figures 6.15 (a - f) and 6.16 (a - f). It is evident from the

Figure 6.15 (a) and 6.16 (a), that there is less influence of COF as the sliding distance increases.
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Figure 6.16.Effect of process parameters on COF of ZA-27 hybrid nanocomposite

When the siding distance increases the reinforcement particles pull out from the pin and
transfer to the disc surface which results in the formation of tribolayer between the pin and the
disc surfaces. As the sliding distance increases between the contact surfaces of the counter disc

and pin a stable tribolayer will exists which will affect the friction coefficient of ZA-27 hybrid
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micro and nanocomposite. The coefficient of friction of hybrid nanocomposite is influenced by
the applied load and sliding speed. From Figures 6.16 (b) and (c) it was observed that the
coefficient of friction of the hybrid nanocomposite decreases as the load and speed increases. The
contact surfaces of the disc and pin will generate more frictional heat as the applied load
increases, which results in softening of the pin surface. Due to friction between the hybrid
nanocomposite and counter disc during dry sliding wear condition, temperature rises leading the
reinforcement particles that smearing out from the specimen act as a CMML which decrease the
friction coefficient [174]. The interaction effects between the load-distance and speed-load on the

coefficient of friction of the ZA-27 hybrid nanocomposite are also shown in Figure 6.16 (d) and

(e).

d) Model validation for COF

Confirmation test parameters for COF of ZA-27 hybrid micro and nano composite are
shown in Table 6.27 and 6.28. Confirmation tests have been carried out and then the comparison
between experimental and predicted coefficient of friction of ZA-27 hybrid micro and

nanocomposite shows an error of 2.3 % and 4.2 %.

Table 6.27 Model validation for COF of hybrid microcomposite

Expt No | Speed | Distance | Load Experimental Predicted Error %
(m/s) (m) (N) COF COF
1 3 3000 90 0.221 0.216 2.3
Table 6.28 Model validation for COF of hybrid nanocomposite
Expt No | Speed | Distance | Load Experimental Predicted Error
(m/s) (m) (N) COF COF %
1 3 1150 90 0.145 0.139 4.2

6.4.7. Worn surfaces of hybrid micro and nanocomposite

The microstructure of worn surfaces of hybrid micro and nanocomposite have been

examined with the help of scanning electron microscope (SEM) and shown in the Figure 6.17 (a)

to (b).
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Figure 6.17.Microstructures of wear surfaces of ZA-27 hybrid nanocomposites using SEM
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The Al>O3 and MoS: nanoparticles reinforced in ZA-27 hybrid nanocomposite enhance
wear resistance properties because MoS: particles acting as a solid lubricant and alumina
particles withstand high loads in dry sliding wear characterization. The reinforcement content of
alumina and MoS; microparticles in ZA-27 hybrid microcomposite shows shallow grooves and
fewer pits as shown in Figure 6.17 (a). The depth of the grooves is reduced due to the presence of
Al2O3 nanoparticles, which improves the hardness of the hybrid nanocomposites. MoS:
nanoparticles reduce the wear loss of the hybrid nanocomposites because they act as a solid
lubricant. Lesser plastic deformation is detected at the edges of the grooves, while along the path
of sliding the ridges and grooves are parallel and aligned. It is evident from the wear surface that
when Al,O; and MoS; nanoparticles are present in the hybrid nanocomposite the wear rate

decreases and smooth surface can be obtained as shown in Figure 6.17 (b).

6.5. Comparison of tribological behavior of ZA-27 nanocomposites

6.5.1. Comparison of wear rate

The comparison of the wear rates of Al>O3, MoS> and combination of both (Al,Os
& MoS>) nanoparticles reinforced in ZA-27 nanocomposites and hybrid nanocomposite under
similar test condition are shown in Figure 6.18. It was observed that ZA-27/MoS>
nanocomposite operating at a condition of reinforcement content of 1.5 wt % MoS>
nanoparticles, speed at 1 m/s, distance at 2800 m and applied load at 30 N shows better wear
resistance properties compared to other operating conditions. MoS2 nanoparticles act as a solid
lubricant in ZA-27/MoS2 nanocomposite, which enhances the wear resistance properties. ZA-27
hybrid nanocomposites also show better wear resistance properties at a speed at 1 m/s, distance of
3000 m and applied load at 30 N. The presence of alumina and MoS nanoparticles improves the
hardness and the wear resistance properties of the hybrid nanocomposite and reduces the wear
rate. The wear rate of ZA-27 + 1.5wt% MoS: nanocomposite and hybrid nanocomposite are

better compared to other ZA-27 nanocomposites.
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Figure 6.18.Comparison of wear rate of ZA-27 nanocomposites

6.5.2. Comparison of coefficient of friction

Figure 6.19 shows the comparison of the friction coefficient of the hybrid nanocomposite
and ZA-27 nanocomposites reinforced with AlO3, MoS> and combination of both (Al,O3
&MoS>) micro and nanoparticles under identical operating conditions. It was observed that the
ZA-27 hybrid nanocomposites were showing better coefficient of friction properties at a
combination of speed at 3 m/s, distance at 1150 m and applied load at 90 N. The ZA-27/MoS:
nanocomposite operating at a condition of reinforcement content of 1.5 wt % MoS:
nanoparticles, speed at 3 m/s, distance at 3000 m and applied load at 90 N were also showing
better COF properties compare to the other operating conditions. The COF of the hybrid

nanocomposite and ZA27+ 1.5wt% MoS: nanocomposite were giving better COF results

compare to the other ZA-27 nanocomposites.
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6.6. Comparative study of wear behavior with past studies:

Figure 7.3 shows the comparative study of the wear rate behavior with respect to various
reinforcement particles reinforced in ZA-27 alloy which are reported in the literature and present
work. The hybrid nanocomposite reinforced with 1.5 wt % AlLOs and 0.5 wt % MoS:2

nanoparticles in ZA-27 alloy exhibiting superior wear resistance than the other reinforcement

materials.
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Figure 6.20.Comparative study on wear rate of past studies
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6.7. Summary

The major analysis of tribological behavior of different weight percentages of alumina
and molybdenum disulphide nanoparticles reinforced in ZA-27 nanocomposites and hybrid
nanocomposite was examined by using response surface methodology (RSM) mentioned in this
chapter. The ANOVA analysis was performed by using design expert 9.0 software to identify the
most significant process parameter which influences the wear rate and coefficient of friction of
hybrid nanocomposite and ZA-27 nanocomposites. The regression model was developed for wear
rate and coefficient of friction of hybrid nanocomposite and ZA-27 nanocomposites by using
ANOVA and the confirmation test have been conducted to validate the derived model for the
responses of nanocomposites from quadratic regression fit. Among all the combinations of
nanocomposites the MoS2 nanoparticles reinforced ZA-27 nanocomposites and hybrid
nanocomposites are showing superior wear resistance properties for both wear rate and
coefficient of friction was discussed in this chapter. The morphology of wear surfaces of various
weight percentages of the reinforcement particles reinforced in ZA-27 nanocomposites and
hybrid nanocomposite was investigated with the help of scanning electron microscope (SEM)

have also been discussed in this chapter.
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CHAPTER 7

CONCLUSIONS AND SCOPE FOR FUTURE WORK

7.1. Conclusions

The conclusions drawn from the current research work were as follows:

Fabrication and microstructural analysis

1.

ZA-27 based nanocomposites and hybrid nanocomposites reinforced with different
weight percentages of Al>O3; and MoS: nanoparticles have been fabricated successfully by
using Novel ultrasonic assisted stir casting process. The homogeneous distribution of the
reinforcement nanoparticles in the matrix material has been observed with the help of
SEM microstructures of the ZA-27 nanocomposites and hybrid nanocomposites. These
uniform dispersion of the different weight percentages of nanoparticles was achieved
because of the ultrasonification process done while fabricating of ZA-27 nanocomposites.
The density of the ZA-27/ Al2O3 nanocomposites decreases as the reinforcement content
increases due to the lower density value of the Al2O3 nanoparticles as compare to the ZA-

27 alloy.

Mechanical properties of ZA-27 nanocomposites

1.

Mechanical properties such as microhardness, ultimate tensile strength, yield strength and
fatigue strength increase with addition of 0.5 wt % MoS» nanoparticles and decreases with
increasing beyond 0.5 wt % of MoS» nanoparticles in the ZA-27 alloy. The microhardness
and UTS of the ZA-27/MoS> nanocomposites reinforced with 0.5 wt % of nanoparticles
increase by about 5 % and 3.1% when compare to the ZA-27 alloy.

The addition of Al,Os; nanoparticles increases the mechanical properties of the ZA-27
nanocomposites as the reinforcement content of nanoparticles increases in the matrix
material. The ZA-27/AlbO3 nanocomposite specimens show an increase in the
microhardness and UTS by about 16 % and 15.8% as the reinforcement content of the

alumina nanoparticles increased from O to 1.5 wt %.
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The fatigue strength of the 0.5 wt % MoS2 nanoparticles reinforced ZA-27
nanocomposites increases by about 31.5 % compare to the ZA-27 alloy. The ZA-27/A1,03
nanocomposite specimens show an increase in the fatigue strength by about 60.5 % as the

reinforcement content of the alumina nanoparticles increased from O to 1.5 wt %.

Tribological properties of ZA-27 nanocomposites

1.

The ZA-27 + 1.5 wt% MoS> nanocomposites sliding against the hard counter disc under
dry condition exhibited extremely minor wear rate of 0.527 x 10% mm3m and low
coefficient of friction of 0.14. The formation of relatively soft lubricious oxides film on
the surface of the counter disc significantly reduces the wear rate and coefficient of
friction of the ZA-27/MoS> nanocomposites.

The ZA27 + 1.5 wt% Al>O3 nanocomposites sliding against hard counter disc under dry
condition exhibited the minor wear rate is 0.837 x 10°® mm?/m and less coefficient of
friction of 0.216. The ZA-27/MoS: nanocomposites are having better wear resistance
properties compare to the ZA-27/A1,03 nanocomposites.

The most significant parameters influencing the wear rate and friction coefficient of the
ZA-27/MoS2 nanocomposites are reinforcement content and applied load. The minimum
wear rate was observed at a reinforcement content of 1.5 wt %, applied load of 30 N,
sliding distance of 2850 m and sliding speed of 1 m/s. Low friction coefficient was
observed at reinforcement content of 1.5 wt %, applied load of 90 N, sliding distance of
3000m and sliding speed of 3 m/s.

The most significant parameters influencing the wear rate of the ZA-27/AlO3
nanocomposites are reinforcement content and sliding speed, for friction coefficient are
reinforcement content and applied load. The minimum wear rate was observed at
reinforcement content of 1.5 wt %, applied load of 30 N, sliding distance of 2900 m and
sliding speed of 2.5 m/s. Low friction coefficient was observed at reinforcement content

of 1.5 wt %, applied load of 90 N, sliding distance of 1000m and sliding speed of 3 m/s.
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Mechanical and Wear behavior of Hybrid nanocomposites

1.

The mechanical properties of the ZA-27 hybrid nanocomposites increase as compared to
the matrix material. The ZA-27 hybrid nanocomposite reinforced with 1.5 wt % alumina
and 0.5 wt % of MoS> nanoparticles show an increase in the microhardness and UTS by
about 16.5 % and 16.2 % when compare to the ZA-27 alloy. The fatigue strength of
hybrid nanocomposites increases by about 61.7 % compare to the ZA-27 alloy.

The tribological behavior of the ZA-27 hybrid nanocomposites increases the wear
resistance as compared to the matrix material. The minimum wear rate and friction
coefficient values are approximately near to the 1.5 wt % MoS: nanoparticles reinforced
in ZA-27 nanocomposites.

The most significant parameters influencing the wear rate of the ZA-27 hybrid
nanocomposites are applied load and sliding distance, for coefficient of friction are
applied load and sliding speed. The minimum wear rate was observed is 0.581x 10
mm?/m at applied load (30 N), sliding distance (3000 m) and sliding speed (1 m/s). The
low friction coefficient was observed is 0.14 at applied load (90 N), sliding distance (1150
m) and sliding speed (3 m/s).

ZA-27 hybrid nanocomposites improve the mechanical and wear resistance properties when

compared to all other compositions of ZA-27 nanocomposites. Hence these hybrid

nanocomposites can be used for the bearing applications in many industrial sectors.
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7.2. Scope of future work

1.

In the present investigation, aluminium oxide and molybdenum disulphide nanoparticles
were used as reinforcement materials to prepare hybrid nanocomposites. However there
exist other hard and soft ceramic particles like boron nitride and graphite etc, which can
be tried and a final conclusion can be drawn.

From this work it was found that the addition of AI>O3 and MoS: reinforcement particles
significantly improves the mechanical and tribological performance of the hybrid
nanocomposite. Further ceramic or metal nanofillers with different sizes might be tried
and research carried out.

In this work pin on disc testing machine was used to investigate the tribological
properties of the nanocomposites. Other testing apparatus like erosion test can be tried as

part of future research.
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