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ABSTRACT

Titanium matrix composites (TMCs) represent a cutting-edge class of materials renowned for
their exceptional strength-to-weight ratio, high-temperature resistance, and excellent
corrosion properties. The fabrication of TMCs involves embedding reinforcing materials such
as ceramic, metallic, or carbon fibers within a titanium matrix through various techniques,
including powder metallurgy, solid-state diffusion bonding, and liquid phase sintering. These
fabrication methods allow for precise control over the microstructure and properties of the
resulting composite, tailoring it to specific applications. The properties of TMCs are highly
desirable in numerous industries, including aerospace, automotive, biomedical, and defense.
In aerospace, TMCs find extensive applications due to their lightweight nature coupled with
high strength, making them ideal for components subjected to high loads and extreme
temperatures. In automotive engineering, TMCs offer promising avenues for lightweight,
leading to enhanced fuel efficiency and performance. Moreover, in biomedical applications,
the biocompatibility of titanium (Ti) combined with the mechanical properties of TMCs make
them suitable for implants and prosthetic devices, providing long-term stability and
compatibility within the human body. Furthermore, TMCs exhibit remarkable thermal
stability and corrosion resistance, rendering them suitable for use in aggressive environments
such as chemical processing plants and marine applications.

Recent advancements in the field of TMCs include the development of novel fabrication
techniques, optimizing microstructural properties, and exploring hybrid composites
combining multiple reinforcing materials. Additionally, computational modeling and
simulation advancements have facilitated the design of TMCs for specific applications,
further expanding their potential utility across various industries. In conclusion, titanium
matrix composites represent a promising class of materials with a wide range of applications
and significant potential for further advancements. Continued research and development
efforts aimed at optimizing fabrication techniques, enhancing properties, and exploring new
applications will undoubtedly propel the utilization of TMCs in diverse fields, contributing to
technological innovation and sustainable engineering solutions.

Much work is carried out to develop TMCs using ceramic reinforcements (boron
carbide, silicon carbide, aluminum oxide). The densities of most of the ceramic reinforcing
materials are higher than Ti/Ti alloy. Therefore, improvement in the mechanical properties of

titanium matrix composite (TMC) comes with a slight increase in their density. In addition,



various researchers reported that the high chemical reactivity of titanium at high temperatures
makes traditional fabrication techniques unfeasible for the fabrication of TMCs.

Recently, many efforts have been made to use graphene (GR) as a better substitute for
ceramic reinforcing material. GR is a 2D carbon material (single atomic layer of sp?-
hybridized carbon atoms) with excellent mechanical, thermal, self-lubrication, low density,
and electrical properties. Spark plasma sintering (SPS) is gaining popularity for fabricating
TMCs due to its fast heating rates, short sintering time, high densification, and limited grain
growth. However, minimal literature on the fabrication of Ti alloy (Ti6Al4V) reinforced with
multilayer graphene (MLG) via the SPS process is available. The detailed mechanical,
tribological, corrosion, and finishing experimental studies still need to be done.

To address the above stated challenges, in the current work Ti6AI4V/MLG
nanocomposites have been fabricated via the SPS process. Detailed experimental studies
were performed to study the effect of the input parameters, viz., MLG content and SPS
process sintering temperature on the various output responses of the fabricated TMCs. The
content of MLG in Ti6Al4V nanocomposites is varied between 0 % to 1.36 %, while
sintering temperature varied from 787 °C to 1212 °C. The present work explores the influence
of input parameters by investigating fabricated nanocomposites' properties. Microstructural
study reveals an in-situ reaction between a carbon source from MLG and Ti from the
Ti6Al4V to form a secondary phase TiC. It is evident from the results obtained that MLG
plays a vital role in improving the microstructural, mechanical, tribological and corrosion
properties of sintered nanocomposites. A detailed parametric study is performed to develop
regression equations of the output responses, viz., hardness, elastic modulus, wear rate and
corrosion current density (lcorr) as a function of input parameters, i.e., sintering temperature
and wt. % of MLG. Analysis of variance showed that % contribution of sintering temperature
and wt. % of MLG was 42.15 % and 55.40 %, respectively for hardness. Also, the %
contribution for the elastic modulus was 49.24 % for sintering temperature and 48.61 % for
wt. % of MLG. Maximum value of hardness and elastic modulus achieved for TMCs is 5.37
GPa and 138.90 GPa, respectively. A minimum wear rate of 14.50 x 10 g/m and lcorr Of 1.45
1.45 pAcm?, corresponding to a 54.40 % and 53.82 % improvement compared to bare
Ti6AI4V, is achieved for Ti6AI4V /0.8 wt. % MLG fabricated at 1000 °C. In-house
developed abrasive flow finishing process setup and abrasive media successfully finished the

TMCs with a maximum improvement of 73.20 % in surface roughness.
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CHAPTER 1
INTRODUCTION

1.1 Introduction to composites

Over the past few decades, the worldwide development of engineering materials has shown a
constant need for growth driven by the ever-evolving demands of technology, industry, and
society. Almost all industries require high-performance and lightweight materials with
improved mechanical, tribological, and corrosion properties, leading to extensive research
and development efforts in the field of composites [1,2]. Composites consist of two or more
materials combined to obtain superior properties compared to individual constituents. Each
composite constituent retains chemical, physical, and mechanical properties [3]. The two
main constituents in a composite are base matrix and reinforcement. The selection and
combination of matrix and reinforcement phase are decided by the requirements of a
composite for a given purpose, such as improved stiffness, lower density, high temperature
performance, improved tribological properties, etc. The reinforcement should be uniformly
distributed in the matrix to promote homogeneity in material properties (e.g., strength and
stiffness). Metals, ceramics, and polymers are all examples of matrix materials that can be
used in composites. Reinforcements are generally used as fibers, sheets/laminates, whiskers,
or particles. The commonly used reinforcements are oxides, carbides, and nitrides of various
materials (e.g., SiC, Al>Oz, B4C, SizNs, BN, etc.). Recently, researchers employed carbon,
graphite, and glass fibers as reinforcements in their studies. The nomenclature of a composite
is decided by the base matrix, i.e., whether the composite is metal based (i.e. metal matrix
composite), polymer based (i.e. polymer matrix composite) or ceramic based (i.e. ceramic

matrix composite).

1.2 Introduction to metal matrix composites

Metal matrix composite (MMC) typically contains metal as their base matrix, adding them
with various reinforcements such as ceramics and carbonaceous materials. MMCs have been
shown to have great potential for the next generation of building materials. These composites
involve the incorporation of various reinforcements into a metal matrix to enhance the metal's
mechanical properties. The absence of a certain amount of strength and stiffness necessary in
structural materials motivated the development of MMCs [4]. This deficiency is made up for
by the addition of reinforcement that is either ceramic or particulate into the metal matrix.
MMC's capability of combining the properties of metals with other metals/ceramics, etc., has



been the center of attraction for engineers, designers, and manufacturers. Their excellent
properties, like specific strength, modulus, wear resistance, etc., have widened their
applications for various engineering and structural purposes [5]. MMCs are a viable
replacement for conventional materials, particularly in the automotive, aerospace, medical,
and defense sectors [6,7]. MMCs are further differentiated based on the metal matrix chosen,
such as aluminum composites, magnesium composites, copper composites, and titanium

composites.

1.2.1 Aluminum composite

Aluminum matrix composite (AMC) is a material that is developed using aluminum as the
matrix material, and various reinforcing components are used to enhance specific qualities.
These composites can be used in a wide variety of applications. These composites have been
developed by considering the lightweight nature of aluminum in addition to improving
properties like strength, stiffness, thermal conductivity, wear resistance, and several other
characteristics. Kumar et al. [8] fabricated nickel powder reinforced Al-7075 composites and
reveled that the physical, mechanical and tribological properties were improved as compared
to its counter part. Mohanvel et al. [9] compared pure aluminum to zirconium di-boride
(ZrB>) reinforced AMCs, revealing improved tribological and mechanical properties. ZrB>
has a high hardness and wear resistance, contributing to the improved composite's mechanical
(tensile strength and elastic modulus) and wear resistance. However, adding excessive ZrB>
particles can adversely affect the composite's ductility and fracture toughness. Chen et al.
[10] fabricated AMCs reinforced with carbon nanotubes (CNTs) and aluminum oxide
(Al203). The ball milled powder was consolidated through a spark plasma sintering (SPS)
process followed by hot extrusion. In contrast, previous researchers reported improvement in
the tensile strength and elastic modulus of the AMCs but at the cost of decreased tensile
strain to fracture. However, in the reported literature, the presence of CNTs improves the

primary strengthening of the composites, while Al,O3 enhances dimple fracture.

1.2.2 Magnesium composite

Magnesium based composites enhance characteristics by combining magnesium with
ceramic, metallic, or polymer reinforcement. They reduce weight, improve mechanical
qualities, and increase thermal stability. Aerospace, automobile, sports, electronics, and
biomedical industries use magnesium composites. The researchers optimized the processing

methods and materials for their practical application. Say et al. [11] concluded that CNTs



have the potential to significantly improve the mechanical and corrosion properties of
magnesium matrix composites. The composite's tensile strength and hardness can be
enhanced by increasing the CNT ratio. However, this may result in a reduction in the
material's ductility. In addition, increasing the ratio of CNTs in the composite can improve its
resistance to corrosion by producing a protective layer on the material surface.
Agglomeration and restricted dispersion can be caused by an excessive amount of CNTs,
which decreases the material's resistance to corrosion and mechanical characteristics.
Dinaharan et al. [12] studied different processing methods that affected the microstructure
and wear resistance of fly ash-reinforced AZ31 magnesium matrix composites. The desired
composites were fabricated using stir casting as well as powder metallurgy. According to the
findings, the composites fabricated through powder metallurgy had a more uniform
microstructure than those made through stir casting. Furthermore, the composites made
through powder metallurgy had finer grain sizes and uniform particle distribution.
Similarly, the wear resistance of composites made using powder metallurgy was significantly
higher than that of those made using stir casting. Overall, the processing method significantly
impacted the improvement in various properties of the fly ash-enhanced AZ31 magnesium

matrix composites.

1.2.3 Copper composite

The unique features of copper-based composites have made them popular as highly advanced
materials. These composites use copper as the matrix and ceramic particles, metallic
additives, carbon-based fillers, and polymers as reinforcement. This synergistic integration
improves mechanical, thermal, electrical, and corrosion resistant properties, making copper
composites appropriate for many applications. Copper composites are growing in electronics,
aircraft, automotive, energy, and industrial equipment. Chen et al. [13] concluded that adding
graphene to copper matrix composites improved its microstructural characteristics and
mechanical properties. Similar findings were reported that graphene addition could improve
strength, stiffness, thermal conductivity, and wear resistance [14]. However, the ductility and
hardness of the material decrease by adding an excessive amount of graphene. Overall, the
appropriate graphene content depends on the application being researched and the balance
that must be struck between enhancing mechanical properties and preserving ductility and
toughness. Tjong and Lau [15] exhibited improved tribological properties by reinforcing SiC
into the copper matrix. The size, shape, volume fraction, and distribution of the SiC particles

play an important role in determining the tribological behavior of these composites. Also,



testing conditions (load, sliding speed) determine such properties. Moreover, the sliding

mechanism also determines tribological behavior.

1.2.4 Titanium composite

Titanium-based composites combine titanium (Ti) as the primary matrix or base material with
other reinforcing substances to obtain specific properties and improve upon existing ones.
Titanium-based composites have several desirable properties, including a high strength-to-
weight ratio, superior corrosion resistance, and biocompatibility. These characteristics make
titanium-based composites appealing for use in a variety of industries. By varying the nature,
concentration, and orientation of the reinforcement components, it is possible to modify the
performance of these composites to fulfill various specific performance criteria.

Titanium and its alloys are currently the subject of significant scientific attention for
diverse uses, including the biomedical, aerospace, and automotive industries [16]. These
materials have a low overall weight and generally possess desirable qualities such as high
specific strength, good corrosive resistance, and excellent biocompatibility [17,18].
Compared to steel and nickel alloys, titanium has a lower Young's modulus, a lower wear
resistance, and a lower heat resistance [19]. To overcome these shortcomings, researchers
have focussed on fabricating TCMs in the past decade. Moreover, the results obtained from
their research validate that the TMCs have the potential to overcome the current
shortcomings of the various industrial sectors.

The most common technique used to fabricate such TMCs is powder metallurgy. Pan et
al. [20] reinforced TiC into a titanium matrix to study the microstructure and tribological
properties. By varying the processing inputs, it is possible to regulate the shape, size, and
dispersion of these TiC particles. The addition of TiC particles enhances the TMCs'
tribological characteristics. The composites exhibit enhanced wear resistance, frictional
characteristics, and high-temperature stability. The high hardness and thermal stability of TiC
particles, which can serve as a barrier against wear, are principally responsible for the
composites’ wear resistance. Wozniak et al. [21] studied the microstructural and mechanical
properties of 2-dimensional Ti,C sheets reinforced into silicon carbide matrix composites.
Compared to the base sample, the fracture toughness and hardness of the composites with 1.5

wt. % of reinforcement is significantly improved.



1.3 Strengthening mechanism in metal matrix composites

The strengthening in MMCs is mainly attributed to reinforcements. The reinforcements
incorporated in matrices result in strengthening due to various mechanisms, some of which
are as follows:-

e Hall-Petch effect: This is the strengthening resulting from the refinement in grain size
and the strength of the composite increases with the increase in the piling up of
dislocated grain boundaries.

e Enhanced dislocation density: This is achieved by increasing the dislocation density,
which occurs due to thermal mismatch. A thermal mismatch pertains to the difference
in the base matrix's thermal expansion coefficients and reinforcements.

e Solid solution strengthening: This is achieved by adding solute atoms from another
element to the base metal. Due to this, the dislocations undergo slow/obstructed

movements in the crystal lattice of the metal, thus strengthening the matrix [22].

1.4 Introduction to powder metallurgy

Powder metallurgy (PM) is a solid-state process wherein the composite is developed by
mixing different metal powders of required composition along with the reinforcement,
followed by consolidation. PM technique is usually carried out in the following sequence,
first, the blending of powders of a base matrix with the reinforcing phase followed by cold
pressing of the blend to obtain green compacts. Second, these green compacts are
strengthened by various processes, viz., direct sintering, hot isostatic pressing, hot extrusion,
etc. PM is generally considered an efficient way of developing high-quality products with
near-net shape, material utilization, and shape complexity. The detailed methodology for

carrying out the various steps of the PM process is as follows:-

1.4.1 Production of powder
Several methods are used for the production of powder. Some of them are listed below.
e Gas atomization
e \Water atomization
e Plasma atomization
e Centrifugal atomization

¢ Plasma spheroidization



1.4.2 Powder blending

Powders of the matrix and dispersed phase are mixed thoroughly using various techniques
such as mortar pestle, tumbling action, double cone mixer, etc. The powders are mixed with
lubricants such as metallic stearates, stearic acid, stearin, or other organic compounds. The
lubricant is added for smooth compaction and ejection of the green compact by reducing

friction between the die walls and powder particles.

1.4.3 Compaction

Mixing powders is followed by compaction, which includes pressing the powders in a die by
applying high pressures. After compaction, powder particles are cold welded. These cold
welds give sufficient strength to the compact, known as green strength, and the compact is
known as green compact. The compaction carried out may be uni-axial, bi-axial, and iso-

static

1.4.4 Sintering

Sintering is the application of thermal energy to develop density controlled products from
powders of metals, ceramics, etc. It is a heat treatment process of a green compact to impart
strength and integrity. The temperature at which sintering is performed is always less than the
temperature at the melting point of the principal constituent of the material. The sintering
process aims to produce parts with the desired and reproducible microstructure by controlling
sintering parameters. The desired microstructure refers to controlled density, grain size, and
distribution of different phases. Sintering can be classified mainly into two categories, i.e.,
solid state and liquid state sintering. The solid state sintering occurs when the green compact
is densified to a solid state at the sintering temperature. Solid state sintering occurs in two
stages, as shown in Fig. 1.1. There is neck formation between adjacent particles at the initial
stage, followed by pore rounding and pore shrinking in the second stage. The bulk volume of
the sintering particles undergoes shrinking in both stages, i.e., a decrease in the center-to-
center distance of the particles in the first stage and pore volume shrinkage in the later stage.
In the case of solid state sintering of heterogeneous materials, alloy formation occurs only at
the neck. Liquid phase sintering occurs when one of the constituents of the composite exists
in the liquid phase, as shown in Fig. 1.2. The compact is prepared from heterogeneous
powders, as shown in Fig. 1.2(a). Due to the capillary action, the liquid phase infiltrates
between the solid grains, as shown in Fig. 1.2(b). The bonds developed during sintering are
dissolved by the liquid phase and cause grain refinement. Further, a larger contact area



develops between the solid and liquid phases, leading to the alloying process Fig. 1.2 (c). The

liquid phase disappears if its quantity is less than its solubility in the solid phase.

Neck formation Pore- rounding

(a) (b)

Fig. 1.1 (a) Solid state sintering- 1t stage (b) Solid state sintering- 2" stage [23].

Liquid  Solid Liquid
phase grains phase
(a) (b)

Fig. 1.2 (a) Liquid state sintering- 1% stage (b) Liquid state sintering- 2" stage (c) Liquid
state sintering- 3" stage [23].



Since the evolution of the PM technique, which is used to fabricate TMCs, several ways

were developed to sinter the green compacts. Some of them are discussed below.

1.4.4.1 Conventional sintering

During the conventional sintering process, heat is transported from one object to another by
traditional procedures, i.e., employing three transfer mechanisms: conduction, convection,
and radiation. The material's surface is first heated in conventional heating, and then the heat
penetrates further into the material. This indicates that there is a difference in temperature
between the surface and the interior of the object. By heating a compact to around 2/3" of its
melting temperature, this sintering process consolidates particles into a more uniform
structure (this temperature would allow for significant atomic movability and is often used as
a reference to determine the parameters necessary for sintering). Fig. 1.3 shows the schematic

of the conventional sintering process.
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Fig. 1.3 Schematic diagram of the conventional sintering process [24].

1.4.4.2 Microwave sintering

Microwave sintering is an advanced sintering process for fabricating dense structures. This
innovative method uses microwave heating, which converts electromagnetic energy into
thermal energy. The electromagnetic waves that make up microwaves have a specific

frequency, 2.45 GHz microwaves are frequently used in research and industry. Microwaves



that penetrate a substance cause mobility in independent and bound charges, including ions
and electrons. Electromagnetic radiation causes this motion, which breaks the material's
natural equilibrium and thus raises its temperature. The direction of heat flow is the main
distinction between microwave and conventional sintering methods. Fig. 1.4 shows the

microwave sintering process.
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Fig. 1.4 Schematic diagram of the microwave sintering process [24].

1.4.4.3 Spark plasma sintering

Spark plasma sintering (SPS) is a novel technique developed to consolidate metal powders
into sintered products. The schematic of the equipment is shown in Fig. 1.5. It consists of a
vacuum chamber in which the blended powders are loaded into the punch and die assembly.
The mechanical assembly is also connected to a DC pulse generator. No separate compaction
is required for the process. The metal powders are directly fed into the sintering furnace, and
the simultaneous application of high energy DC pulse and modest pressure of < 100 MPa
leads to good activation and consolidation of the metal powders. Joule heating of powders is
provided through low voltages, which produce high currents. The heat is more quickly
transferred to the metal powders, even if it is a non-conductive powder. The pulse pattern
with pause durations can be defined explicitly for the process. The pulse duration followed is

generally in the order of a few milliseconds. A high sintering rate of up to 300 °C/min. has



been used to investigate the sintering behavior of different metal alloys. Thus, the process
gets completed within a few minutes.

Densification of the powder compact occurs by simultaneously applying mechanical load
in the order of 50 to 250 kN. The sintering process is generally carried out under vacuum
conditions but can also be done under a protective gaseous atmosphere. Later, the sintered
parts are moved to a water-cooled chamber. The temperature in the process is measured using
thermocouples or pyrometers. As the DC pulse is generated, spark discharge appears in the
contact points between the particles and the gaps between them. This results in a momentary
high temperature of the order of several thousand degrees. Due to this local high temperature,
the surface of the particles is subjected to evaporation and melting. To achieve a
homogeneous sintering behavior of the part, the temperature within the specimen should be at
a minimum. The parameters that influence the temperature variations inside the sample are
the material's electrical conductivity, die wall thickness, and the graphite papers placed

between the specimen and the die [25].
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Fig. 1.5 Schematic diagram of the spark plasma sintering process.
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1.5 Introduction to finishing

Finishing is the most complex machining process carried out in the manufacturing sector. The
cost of finishing operations accounts for up to 15 % of the overall machining cost throughout
a manufacturing cycle [26]. Surface roughness plays a vital role in deciding the component's
mechanical, tribological, and corrosion properties. Various traditional and advanced
techniques have been employed in the past to improve the surface finish of components.

Some of them are discussed below:

1.5.1 Chemical mechanical polishing process

The chemical mechanical polishing (CMP) process is characterized by the simultaneous
application of chemical and mechanical forces (Fig. 1.6). An initial chemical reaction occurs
between the workpiece's surface and the silica slurry. The chemical reaction's byproducts are
later eliminated by mechanical abrasion. The wafer containing abrasive particles (silica sols)
is spun against the polishing pad and pressed down forcefully in order to shear any residual
roughness peaks and remove reaction products. On titanium dioxide thin film, CMP has the

ability to achieve a surface roughness of approximately 1.16 A [27].
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Fig. 1.6 Schematic diagram of the chemical mechanical polishing process.

1.5.2 Magnetic abrasive finishing
Finishing with magnetic abrasives was explicitly developed to finish large, flat workpieces
made of materials that are difficult to machine. During this procedure, ferromagnetic particles

and fine abrasive particles (such as diamond or SiC) are mixed to form ferromagnetic
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abrasive particles (FAP or magnetic abrasive particles-MAPs). As seen in Fig. 1.7, a
magnetic field is applied across the gap between the workpiece and electromagnet to perform
the finishing process. When a magnetic field is applied to the gap, it causes the formation of a
flexible magnetic abrasive brush (FMAB) by magnetic alignment particles (MAPs). The
dipole-dipole attraction between MAPs' magnetic poles along magnetic field lines is the
source of this phenomenon. The abrasive particles become trapped within the interlocking
chains of FMAB. FMAB functions as a multi-point cutting tool for removing the surface

roughness peaks from the workpiece surface through shearing. [28].

- Rotating | I
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abrasive
- particles

\ *
Fig. 1.7 Schematic diagram of magnetic abrasive finishing process.

1.5.3 Abrasive flow finishing

The abrasive flow finishing (AFF) process is a non-traditional finishing procedure that is
relatively new and is used to obtain a high surface quality, especially on the complex featured
components made of difficult-to-finish material. AFF is becoming increasingly significant as
a result of its capacity to produce results that are predictable, repeatable, and consistent [29].
A viscoelastic substance infused with abrasive particles is passed through the surface of the
workpiece that is being finished using AFF. The abrasive effect of AFF is comparable to
operations like grinding, lapping, and polishing. As the media is extruded down the restricted
pathway of the workpiece, it transforms into a self-forming mass, taking on the form of the
workpiece as it goes. This facilitates the finishing of both simple and complex geometric

components.
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The AFF process mainly comprises the following four elements:-

1.

AFF process setup: The AFF setup is designed in such a manner that it could meet the
requirements of the workpiece being finished. The primary components of the AFF
process setup include medium cylinders, hydraulic cylinders, a fixture, and a power supply
(hydraulic and mechanical). The arrangement of these components might be either vertical
or horizontal, depending on the specific task requirements and manufacturing convenience
[30].

. Tooling: Tooling is employed to hold the workpiece in a fixed position and guide the

abrasive to specific places, either to control the flow in regions where abrasion is intended
or to obstruct the flow in parts that should stay unchanged (Fig. 1.8(a)). The design should
ensure a firm hold on the workpiece and allow for the controlled insertion and removal of

the abrasive media.

. Media: Using an appropriate AFF media is crucial in achieving the desired surface finish

of a workpiece. The composition of the media primarily consists of a viscoelastic base
polymer, along with additives such as plasticizers, softeners, and abrasive particles. Fig.
1.8(b) demonstrates that the application of extrusion pressure (P) to the media leads to the
creation of radial force (Fr) due to the elastic component of the media. In contrast, the
viscous component generates axial force (Fa). As a pliable adhesive, the base polymer and
other additives hold abrasive particles in place and transfer pressures created in the media
to the active abrasive particles. While Fa drives the indented abrasive particle in the axial
direction to reduce surface roughness by microploughing or microcutting, Fr is

responsible for the indentation of abrasive particles into the workpiece's surface. [31].

Pressure (P)
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Fig. 1.8 Schematic showing (a) Tooling and (b) Various finishing forces acting on the media

during its extrusion through the workpiece passageway.
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4. Workpiece: The significance of the AFF process resides in its ability to finish components
comprising soft aluminum, tough carbides, and ceramics with simple to intricate
geometries [32].

Fig. 1.9 shows the AFF setup with its major components. During the working of the AFF
process, the workpiece that needs to be finished is kept firmly in place within the tooling, and
then it is positioned within the gap created by the upper and lower medium cylinders. When it
comes to the process of extruding the media, the medium cylinder's primary responsibility is
to both confine and direct the media during the reciprocating motion of the piston. At the
beginning of each new AFF cycle, the lower medium cylinder is typically loaded with
abrasive media, while the top medium cylinder is either empty or very close to being so. The
media is extruded through the confined path under the operation of an external force, which
may be hydraulic or mechanical. Once the lower medium cylinder has released its media, it
transfers it to the upper medium cylinder. Subsequently, the upper medium cylinder piston
initiates the process of pushing the media back into the lower medium cylinder. This
constitutes one complete cycle of the AFF process. The media is extruded back and forth

through the workpiece until the desired level of surface roughness on the workpiece surface is

attained.
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Fig. 1.9 Schematic diagram of abrasive flow finishing process [33].
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1.5.4 Magnetorheological abrasive flow finishing

A schematic of magnetorheological abrasive flow finishing (MRAFF) is shown in Fig. 1.10.
MRAFF is a method that is very similar to AFF in the sense that it extrudes the abrasive
media through or past the workpiece surface. However, it uses magnetorheological (MR)
fluid instead of employing normal abrasive media. The fluid consists of micron-sized
magnetizable particles, non-magnetic abrasive particles (NMAPSs), and a non-magnetic
carrier media such as silicon oil, water, or mineral oil. When MR fluids are applied, the
magnetizable particles form a columnar structure with abrasives between the chains. Shearing
peaks from the surface of the workpiece occur as the MR fluid is extruded back and forth

through the passageway of the workpiece fixture.
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Fig. 1.10 Schematic diagram of the magnetorheological abrasive flow finishing process.
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CHAPTER 2
LITERATURE REVIEW

MMCs have seen substantial development over the years, with various materials and
fabrication methods continually developed to enhance their qualities and broaden the variety
of applications for which they may be used. In the past, several types of reinforcement have
been reinforced in the metal matrix, majorly with silicon carbide (SiC), titanium carbide
(TiC), boron carbide (B4C), aluminum oxide (Al.Oz), etc. [34]. In the past decade, the need
for the use of titanium has grown due to its potential physical, mechanical, wear, and
corrosive properties. So, researchers have started to focus on titanium-based composites. The
developed TMCs find application in various applications (aerospace, automotive, defense,
biomedical). These composites were able to replace existing super alloys in those application
areas.

Further, the researchers started to focus on the advancement of fabrication techniques. In
recent times, continuous efforts have been made to improve the fabrication process of these
TMCs. Overall, the advancement of TMCs has been driven by a mix of developments in
reinforcing materials and fabrication techniques, as well as an enhanced understanding of the
fundamental scientific and technical concepts that govern the properties of TMCs. Moreover,
surface finishing plays a vital role in various industrial sectors. Also, it improves the
functionality and lifespan of the composites by improving their multiple properties.
Therefore, researchers in the past have focussed on the various finishing processes. The
conventional finishing process doesn't adequately address the current industrial requirement.
Thus, advanced finishing processes have recently been developed. In the present chapter a
detailed literature survey has been carried out about the recent developments in the evolution
of TMCs. A summary of the surface finishing techniques of various composites has also been

discussed in the present chapter.

2.1 Mechanical properties of titanium matrix composites

Over the years, efforts are been made to improve the mechanical properties of the TMCs.
However, with continuous increases in the industrial demand, further improvement in the
mechanical characteristics of these TMCs erupts. As stated above, the development of
reinforcing material and fabrication techniques has been the highlight of improving the
functionality of TMCs. Therefore, ceramic-based reinforcement was introduced in the

titanium matrix, and various researchers reported improvement in their findings. Li et al. [35]
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investigated the microstructure and mechanical properties of titanium matrix composites
reinforced by in-situ synthesized TiC-TiB. Significant improvements were recorded for the
fabricated TMCs. These improvements included greater yield strength levels (ovs) and
ultimate tensile strength (outs). Quantitatively, the value of oys and ours of the TMCs
increased by 89.3 % and 74 % compared to bare titanium. However, the increase in the
tensile properties was at the expense of losing the ductility of the titanium composites. Lagos
et al. [36] reveal a unique method for the preparation of reinforcement (TiC) using self-
propagating high-temperature synthesis (SHS). Ti and C are cold pressed into a stainless steel
die in this method. After a foam structure is formed, it is crushed and sieved. Reinforcement
with 5 wt.% and 10 wt.% has been added to the Ti6Al4V powder and compacted using SPS.
The density obtained for the sintered composites was more than 99 % compared to the
theoretical density. The mechanical results show that the composite with 10 wt. % of TiC has
increased the ultimate tensile strength and Young's modulus by 14 % and 15 %, respectively.
Pouzet et al. [37] studied the grain refinement and mechanical properties of B4C reinforced
Ti6Al4V composites fabricated using direct metal deposition (DMD). The hardness of the
composite with 12 wt. % TiB was 455 HV, which was 26.38 % higher than that of the
unreinforced sample. At 500 °C, a 7.79 % increase in the tensile strength was recorded for
1.5 wt.% of B4C. However, loss in the ductility for the composite was also reported, which
could be revealed with the help of an SEM image of the fracture surface. Falodun et al. [38]
used SPS to synthesize Ti6AI4V/TiN composites. TiN reinforcement was added to the matrix
in the volume fraction of 1 % to 5 %. The incorporation of TiN resulted in the formation of
new hard phase Ti2N into the composites. The value of hardness increases with the addition
of TiN into the matrix due to the formation of a hard phase and uniform distribution of TiN
into the matrix. Similarly, Sribalaji et al. [39] and Liu et al. [40] incorporated WC mixed
with TiC and SiC nanowires into titanium and reported enhancement in fabricated
composites' physical and mechanical properties. Further, researchers observed that the tensile
and hardness of the TMCs show some improvement. However, it is at the cost of hampering
other properties (density, ductility). Researchers have started using carbonaceous
reinforcement in the titanium matrix to solve this issue. Incorporating these reinforcements
results in the overall improvement in the mechanical properties of the TMCs.

A strong transition interface is required to form a strong bond between the matrix and
CNTs. The interaction between the CNTs and metal is mechanically bonded without
interfacial reactions, where the bonding force is mainly dependent on wettability between

CNTs and the matrix. Such bonding is relatively weak due to the difference in surface energy
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between the matrix and reinforcement [41]. To overcome this problem, researchers explored
graphene and its different structural forms to fabricate composites. Wei et al. [42] tried to
overcome the above-stated issue by reinforcing CNTs along with graphene oxide into the
titanium matrix.

Over time, various developments in fabrication techniques have been done to
consolidate these TMCs. Traditional ingot metallurgy techniques cannot be used to produce
TMCs. Kondoh et al. [43] concluded that the high chemical reactivity of titanium at high
temperatures makes traditional fabrication techniques unfeasible for the fabrication of TMCs.
Yang et al. [44] synthesized TMCs with various wt. % of graphene using microwave
sintering. The compressive strength of the composite with 0.2 wt.% of graphene shows
improvement while it decreases with a further increase in graphene content to 0.4%. This is
due to agglomeration and a further decrease in the aspect ratio of graphene. Cao et al. [45]
reinforced graphene into Ti6AI4V to form TMCs where 0.5 wt.% of graphene was blended
into the titanium matrix. The composites were consolidated using hot isostatic pressing
followed by isothermal forging. Adding graphene nanoflakes (GNFs) at a weight fraction of
0.5 considerably increased the tensile strength (12.31%) and yield strengths (20.11%) of the
composite material without negatively impacting its ductility.

Munir et al. [46] revealed in their study that the SPS is the most effective process to
preserve composite material characteristics during sintering. In their study, the authors
reinforced multi-walled carbon nanotubes (MWCNTS) into a pure Ti matrix. Mu et al. [47]
studied the interfacial structure and tensile properties of the multilayer graphene (MLG)
reinforced Ti fabricated by SPS. The mechanical results show a two-fold increase in the
tensile strength value of TMCs with 0.2 wt. % MLG when compared with bare Ti. The
interfacial strength of the TMCs was due to the partial reaction of TiC with the MLG. Mu et
al. [48] further increased the concentration of MLG to 0.8 wt. %. The consolidated samples
reveal an increase of 98 % in the tensile strength compared to bare Ti. Also, a 16 % increase
in elastic modulus value was reported. Gurbuz et al. [49] studied the various effects of
sintering parameters involved in the fabrication of graphene nanoplates (GNPs) reinforced
pure titanium matrix. GNP's content of 0.15 % wt. % exhibits results with density (4.36
g/cm?®) and harness (566 HV). Compared to pure Ti (304 HV), an increase in the hardness of
86.18 % was reported. Lu et al. [50] and Mu et al. [51] successfully overcome the ductility
problem in TMCs by incorporating GNPs as reinforcement. The results show an increase in
the strength without losing the ductility of the TMCs.
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2.2 Wear of titanium matrix composites
In addition to the mechanical properties of the TMCs, wear also plays an important role in
their use in various applications. A considerable number of studies have been carried out in
recent times to improve the TMC's wear characteristics. Similar to mechanical properties,
various authors started studying the wear properties of ceramic-based TMCs and found
positive results. Prakash et al. [52] studied the tribological properties of B4C reinforced
TMCs and concluded that with the addition of reinforcement into the Ti6AI4V matrix, its
properties enhanced. The wear rate for 10 wt.% of B4C at 5 N load was approx. 6.5 x 107
mm?®min. while that of unreinforced titanium was 8 x 107 mm?¥min. Significant
improvement in the coefficient of friction (COF) was also observed for the TMCs. Attar et
al. [53] produced Ti/TiB composites using selective laser sintering (SLS) route. In their
study, they indicated parameters such as the ratio of hardness to reduced modulus and yield
pressure to determine the wear resistance of the composites. The ratio of hardness to reduced
modulus and yield pressure for the Ti and Ti/TiB composite was 0.025, 0.002 GPa, 0.030,
and 0.004 GPa, respectively. The conventional wear test aligned with the anticipated wear
pattern, as the weight loss for Ti, measured 0.055 g, whereas that of the Ti/TiB composite
was 0.021 g. Namini et al. [54] reinforced TiB reinforcement into a pure Ti matrix
consolidated by the SPS process. Due to the formation of in situ TiB, an enhanced hardness
of the composite was reported. Across all temperature ranges, composite reinforced with TiB>
shows improved wear characteristics compared to sinter Ti. This is due to the formation of a
stable oxide layer in the composite case. Also, hardness plays a major role in improving the
wear resistance of the composites. Saba et al. [55] studied the effect of various particle sizes
of reinforcement (diamond powder) on the tribological properties of the sintered TMCs.
Among all the TMCs reinforced with particle size (5 nm, 100 nm, 200 nm, and 3 pm), one
with 5 nm particle size shows excellent wear resistance. The wear rate drastically decreases
for 5 nm particle size compared to the sintered Ti. However, the wear rate tends to increase as
the particle size increases. It was because 5 nm reinforcement could interact with dislocations
better than other reinforcement and enhance the mechanical characteristics of the TMC.
Rominiyi et al. [56] revealed that adding nickel (Ni) into Ti could improve the wear
resistance of the TMCs. Among all the fabricated TMCs, 10 wt.% of Ni shows the lowest
COF. Across all the loading conditions, wear resistance was highest in Ti/10 wt. % Ni. The
formation of intermetallic phases Ti2N and TiNz helps to improve the wear resistance in
TMCs. lzui et al. [57] revealed the tribological behavior of the TMCs reinforced with
titanium carbonitrides (TiCo.3No.7, TiCo7 No3). The TMCs with 10 wt.% of TiCo.3No.7 Show
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the best results among all the samples. Moreover, TiCN rich in nitrogen shows better results
than TiCN rich in carbon. The authors also compared both matrix (Ti and Ti6Al4V) and
found that Ti shows significant improvement in the wear resistance compared to Ti6AI4V.
Alaneme et al. [58] investigated the wear properties of the Ti-Nb2Os composites
consolidated by SPS. The COF for the TMCs varied in the range of 0.3 - 0.6. The wear
resistance increases with the increase in the content of the Nb2Os. Most of the wear on
sintered TMCs was caused by adhesive and abrasive wear mechanisms. Ma et al. [59]
concluded that TiC ceramic can improve the wear resistance of the Ti6Al4V alloy. The TiC
reinforcement was varied from 0 - 50 wt. % in the step of 10, and it was found that with
increasing content of TiC, the wear mass loss decreases. The increase in the wear resistance
iS due to the rise in the hardness of the TMCs. Compared to Ti6Al4V, TiC with 50 wt. % into
the matrix, reduces wear loss by 45.9 %. Selvakumar et al. [60] further improve the wear
volume for TiB-reinforced TMCs. They revealed that the TMC's wear volume was 0.4368
mm?3while the wear rate was 0.000276 mm?® /m. Significant improvements were observed for
TMCs with a TiB content of 38.5 wt. %. Xiong et al. [61] produced TisAlC2 and TiC phases
using Ti, Al, and C, which were used as reinforcements for Ti-6.5Al-2Zr-1Mo-1V (TA 15).
Addition of 1 wt. % of TisAIC, into TA 15 decreases the friction coefficient by 20.95 %.
This improvement was due to the formation of an oxide layer of the phases. Jin et al. [62]
attempted to improve the wear resistance of the Ti using TiB> as reinforcement fabricated via.
SLS. An increase in the wear resistance of 32.6 % was reported for TMCs with 7.5 wt.% of
TiB2> compared to fabricated Ti.

Kumar et al. [63] also reported an increase in the wear resistance of the TMCs
reinforced with TiB2. The increase in wear resistance was achieved using ceramic
reinforcement but at the cost of increasing the overall weight of the TMCs. This disadvantage
of TMCs restricts their use in various sectors where weight plays an important role. Song et
al. [64] reported the disadvantage of using ceramics in titanium-based composites. They
emphasize that the ceramics reinforcement usually has higher densities than the Ti and Ti
alloys. Adding such reinforcement leads to improved wear resistance but at the cost of
increased weight of the TMCs. To counter this problem, researchers have started focusing on
various alternatives to ceramics. Due to their various popular characteristics, researchers
explored carbonaceous reinforcement. Cao et al. [45] revealed that TMCs reinforced with
these carbonaceous nanomaterials lead to the formation of in-situ TiC, which acts as the load
bearer and thus improves the composites' COF and wear resistance properties. Using the SPS
process, Yu et al. [65] reinforced GNPs into Ti/6Al/2Sn/2Zr/3Mo/1Cr/2Nb/Si (TC21). As the
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amount of GNPs in the matrix increases, the hardness of GNP/TC21 composites also
increases. Also, with the addition of 0.05 wt.% of GNP's reinforcement, the wear loss was
decreased by 21 % compared to sintered TC21. Gurbuz et al. [66] investigate the mechanical
properties and tribological behavior of pure titanium at different concentrations of graphene.
Composite with 0.15 wt.% of graphene shows the highest compressive and tensile strength
with an improvement of 29 % and 48 %, respectively. Compared to sintered pure titanium
(5x10° mm3/Nm), the composite with 0.15 wt. % graphene had the lowest wear rate
(2.86x10° mm?®Nm) at 10 N load.

2.3 Corrosion of titanium matrix composites

Various electrochemical studies were performed to investigate the performance of TMCs in
corrosive environments. However, few researchers have focused on studying the corrosion
properties of TMCs fabricated via. SPS process. Anawati et al. [67] examined the corrosion
resistance of Ti- hydroxyapatite composites fabricated using mechanical alloying (MA) and
SPS process. Potentiodynamic polarization studies revealed that Ti composites with 0-10%
HA had better corrosion resistance than commercially pure Ti (CP-Ti). Increasing HA
content (20-30 %) reduces corrosion resistance due to crater-like flaws caused by ceramic
particle separation. Prakash et al. [68] targeted orthopedics applications by fabricating Ti-
Nb(50-x)-HA(X) (x = ¥ 0,10,20 wt %) composites using rapid microwave sintering. Due to
the presence of HA reinforcement in the composites, new phases were developed, such as
Caz(POs4)2, TisP3, and CaO. As a result of these phases the corrosion resistance of the
fabricated composites improves. An increase in the MA time considerably reduced defect
density and enhanced corrosion resistance. Ti-HA composites show potential for biomedical
implants due to the formation of a nano-HA layer in bioactivity tests in simulated bodily
fluid.

Fojt et al. [69] studied the corrosion properties of Ti-39Nb composites fabricated with
different porosities (5 %, 15 %, 24 %, and 33 %) using isostatic pressing at 400 MPa. They
concluded that when the TMCs have a 15 % or above porosity, there is a greater risk of
experiencing a localized corrosion attack. The behavior of materials with porosity lower than
15 % was analogous to that of a compact alloy when it came to corrosion. While exposing
samples with different porosities to an atmosphere containing fluoride ions, a discernible
localization of the corrosion process was seen and documented. In addition, macrocells
formed on porous materials significantly impacted the material's corrosive behavior. Yilmaz

et al. [70] produced different porous Til6Nb composites varying between 4.05 % and 60.79
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% using press conventional sintering at 1200 °C. It was revealed that increasing porosity
decreased corrosion resistance due to increased surface area exposed to the electrolyte,
heterogeneous oxide film, or insufficient oxide film thickness caused by the difficulty of
electrolyte penetration between porosities. Wang et al. [71] used the SLS process to produce
TMCs with Ti and Nb as starting material, followed by heat treatment. Due to the enhanced
chemical homogeneity that can allow the homogenous development of titanium oxides and
niobium oxides, heat treatment can further improve the corrosion resistance of as-sintered Ti-
35Nb samples. TMCs were showing promising results as compared to their unreinforced
counterpart. Gu et al. [72] successfully developed TiO2/Ti-35Nb-2Ta-3Zr anti-corrosion
composites with varying TiO. particle concentrations using friction stir processing (FSP).
The findings demonstrate that the TiO2/Ti-35Nb-2Ta-3Zr composite has uniform [ grains
with homogeneous diffuse oxygen on the surface. Composite layers showed reduced passive
current density (2.1 A/cm?) and corrosion current density (22.85 nA/cm?) with a wider
passive range than the substrate.

Mordyuk et al. [73] improve the corrosion resistance of Ti6Al4V by employing a
protective layer of alumina powder on its surface. According to the polarization tests in a 0.9
% NaCl medium, the coating has lower corrosion rates and greater corrosion potential than
the bare Ti6AIl4V alloy, suggesting improved corrosion resistance. Compared to the air-
oxidized Ti6Al4V alloy surface, the composite coating's linear polarization resistance, Rp, is
7.5 times more, and its protective efficiency is 4-fold. Zhou et al. [74] employed the SLS
process to fabricate Ti-5wt.% TiN composites The fabricated composite exhibits better
corrosive properties than fabricated CP-Ti. In contrast to CP-Ti, the Ti-5 wt% TiN composite
exhibits lower corrosion current densities. The Ti-5 wt.% TiN composite has more excellent
corrosion resistance than the CP-Ti, even if the immersion period is prolonged to 15 days.

Khiabani et al. [75] studied the corrosion resistance of reduced graphene (rGO) and
titanium dioxide (TiO2) coating on titanium substrate. It was observed through
electrochemical measurement of Rp via a potentiodynamic polarisation test that there was a
substantial increase from 1.88x107° to 195.3x10° Qcm? as the quantity of rGO nanosheets
rose to 0.5 gL%. The Mott-Schottky analysis showed that the integration of rGO nanosheets
significantly reduced the donor concentration of the samples. These results demonstrated that
adding rGO nanosheets into TiO2 coatings considerably improved their ability to resist
corrosion, indicating a considerable corrosion barrier effect of the coatings. Singh et al. [76]
reinforced GNPs into HA coatings, which were sprayed on Ti6Al4V substrate. The
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electrochemical behavior of the coated sample was studied in the simulated body fluids.
Adding 1 wt.% and 2 wt.% of GNPs significantly decreased the corrosion rate by 67 % and
87 %, respectively.

2.4 Finishing of titanium matrix composites
Various researchers finished MMCs using a magnetic-based finishing process. Singh et al.
[77] investigated the potential to achieve precise surface topography on TiNbTaZr (TNTZ)
alloy for orthopedic applications using the MRAFF process. Various input parameters such as
carbonyl iron particles, (CIPs), rotational speed of tool (Nt), and work gap (Gp) were varied at
different levels. The output response, i.e., surface roughness (Ra), is influenced by process
variables CIPs, N, and G, with a contribution of 9.39 %, 85.57 %, and 1.12 %, respectively.
Shi et al. [78] established that with the employment of shot peening (SP) and vibrational
finishing (VF) to TC 17 composites, the fatigue strength was improved by 26.7%. Ghosh et
al. [79] solved the problem of traditionally used MR fluid, i.e., the weaker bonding between
CIPs and diamond abrasives, which hinders the transmission of shear force for hard material
finishing, leading to poor material removal rate (MRR) and uneven surface polishing. MR
fluid was integrated with chemical etchants that create an oxide layer, resulting in a higher
finishing rate than conventional MR fluid. Tian et al. [80] finished Ti6Al4V using MAF,
where the authors used multiple pole tips on the finishing tool. Significant improvement upto
0.073 um from 1.195 pum in the Ra value was achieved. The finishing parameters used to
attain these results were 900 rpm spindle rotational speed and 160 rpm rotary table speed
with a working gap of 0.7 mm. The total improvement in the Ra value accounts for 94 %.
Parameswari et al. [81] studied the effect of MRF process parameters on the percentage
change in Ra. It was revealed that the overall polishing rate was significantly influenced by
the surface roughness of the original workpiece, Ra (about 61%). The concentration of
abrasives followed behind, accounting for around 33% of the total. Achieving a minimum Ra
value of 0.049 um was quite noteworthy. In the finishing processes employing magnets
(permanent, electromagnetic), a non-uniform magnetic field results in the uneven distribution
of finishing forces over the workpiece surface. As a result, surface roughness obtained on the
finished surface is non-uniform. The AFF process overcomes such shortcomings.

Sankar et al. [29] investigate the MRR during the finishing of the AMCs using the AFF
process. The SiC reinforced AMCs were finished to a minimum Ra value of 0.25 = 0.05 pum
from an initial value of 0.6 £ 0.1 um. Optimize parameters for the finishing process were also

concluded, such as extrusion pressure (6 MPa) and wt.% of processing oil (10 wt.%). Mali et
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al. [82] employed the Taguchi method to study the Ra properties of Al/15 wt.% SiC MMCs.
In their research, it was established that abrasive mesh size and wt. % of abrasive particles are
the most important parameters influencing Ra and were improved by nearly 80 %. Sankar et
al. [31] developed a new media (styrene polymer (SP), plasticizer (hydrocarbon processing
oil), and abrasive particles (SiC with mesh size 220) for finishing AMCs using AFF. The
authors concluded that the change in surface roughness (4Ra) for 10 wt.% reinforcement is
higher than that of AMCs finished with 15 wt.% of reinforcement. The experimental data
shows that the 4R, increases with increasing media viscosity and begins to decrease with
increasing plasticizer. Sankar et al. [83] concluded that media plays a vital role in defining
the final Ra of AMCs among all the process parameters. Their research concluded that the
wt.% of soft styrene polymer is mainly responsible for determining the 4Ra. Sushil et al. [84]
finished the rough surface obtained after the EDM process. They varied the wt.% of
reinforcement (SiC) from 20 % to 60 %. MRR in the finishing operation was varied between
1.9 and 9.3 x 10 g/s. The range of 4Ra values was between 0.40 and 1.70. Sudhakara et al.
[85] finished AI7075/SiC MMCs fabricated via the stir casting process. The effect of
extrusion pressure on MRR and Ra was studied. The authors reported that with the increase in
the extrusion pressure and wt.% of SiC, the MRR increased, and the Ra value decreased. A

similar trend was observed for the number of cycles.

2.5 Research gaps

Titanium and its alloys find their vast application in the aerospace, automobile, and
biomedical industries but still need attention to meet the ever-increasing demand for
improved material properties and life span. In recent decades, the powder metallurgy route
for fabricating titanium metal matrix composites has evolved. Recently, a few researchers
have developed and studied MLG based titanium composites by SPS process with improved
mechanical and tribological properties. However, some areas of improvement and limitations
based on the literature review are discussed below:-

1. MLG plays a vital role in improving the mechanical properties of Ti6AI4V. However,
limited work has been done to study the mechanical, tribological, and corrosion
characterization of Ti6Al4V/MLG nanocomposites fabricated using the SPS process.

2. Minimal work shows the detailed parametric study investigating the individual and
interactive effect of sintering temperature and wt. % of MLG on the mechanical,
tribological, and corrosion properties of Ti6AI4V.
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3. The published work does not report the finishing of the Ti6AI4V/MLG nanocomposites
by the abrasive flow finishing (AFF) process.

2.6 Obijectives of the present research work
Based on the exhaustive literature review, the following are the broad objectives of the
current research work:-

1. To fabricate the graphene-reinforced titanium metal matrix composites using the SPS
process.

2. To investigate the effect of various process parameters on the mechanical properties of
sintered composites, such as hardness and elastic modulus. To study the
characterization of fabricated composites via SEM, XRD, EDS, etc.

3. To study the wear and corrosion of sintered composites under various process
parameters.

4. To study the surface roughness of composites finished by the AFF process.

2.7 Organization of thesis chapters

Chapter 1 gives the introduction of the various matrix composites. Also, in this chapter, a
detailed discussion about TMCs is carried out. The various techniques to fabricate TMCs
(conventional and advanced) and their application were discussed explicitly.

Chapter 2 discusses the existing literature review about the various mechanical, tribological,
corrosion, and finishing properties of TMCs. This literature reports the advancements and
gaps that motivated the current thesis work. The research objectives of the present work are
reported at the end of this chapter.

Chapter 3 discusses the steps involved in the fabrication of TMCs, and also this chapter
highlights various testing methodologies involved in carrying out the present research work.
Lastly, this chapter discusses the design of the in-house developed abrasive flow finishing
setup.

Chapter 4 discusses the parametric results of various input parameters (sintering temperature
and wt.% of MLG) on the output responses (hardness, elastic modulus, wear rate, and
corrosion current density). Also, this chapter deals with the effect of various input parameters
of abrasive flow finishing (no. of cycle, wt.% of abrasive particle, and mesh size of the
abrasive particle) on the surface roughness profile of the sintered nanocomposites.

Chapter 5 provides the conclusions and significant outcomes from the present research work

and defines the scope for future work.

25



CHAPTER 3
METHODOLOGY

3.1 Introduction

This chapter deals with the detailed methodological procedure followed to accomplish the
research objectives. In accordance with the research objectives, this chapter starts with the
fabrication technique employed for consolidating TMCs. After that, various characterization
(microstructural, physical, mechanical, tribological, and finishing) methods were discussed in
detail.

3.2 Fabrication of titanium matrix composites
The following section discusses the detailed selection procedure of raw materials followed by

the steps involved in consolidating TMCs using those raw materials.

3.2.1 Material selection

The material selection was based on the exhaustive literature review carried out while
considering the recent trends and needs of industrial sectors. Recently, titanium and its alloys
have been extensively in demand for their wide use of applications in various sectors.
Therefore, Ti6AI4V (Ti64) was chosen as the base matrix for developing the TMCs. As
mentioned in the previous chapter (Chapter 2: Literature review), most studies focus on
exploring ceramics as reinforcement. Also, some of them highlighted the potential of
graphene as reinforcement to improve the properties of the TMCs. Therefore, multilayer
graphene (MLG) was taken as the reinforcement for the present work. The physical and
elemental composition of the Ti6Al4V and graphene powders is given in Table 3.1, and the
SEM images for the same are shown in Fig. 3.1.

Table 3.1 Physical properties and elemental composition of powders.
Physical properties

Powder Average particle size (um) Thickness (nm) No. of Layers
Ti6AI4V 30 -

MLG 5 (Diameter) 25 4

Elemental composition (wt. %)
Powder —; Al Y, Fe 0 N H C
Ti6Al4V 87.6-91 5.5- 3.5-45 <040 <020 <0.050 <0.015
6.75
MLG - - - - - - - 100
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Fig. 3.1 SEM images of (a) Ti6Al4V and (b) MLG powders.

3.2.2 Mixing of raw powders using a ball milling apparatus

To harness the true potential of reinforcement, i.e., MLG, it was necessary to disperse the
MLG uniformly into the titanium matrix. Many researchers have reported that the mechanical
ball milling process is an effective method for the uniform dispersion of the reinforcement
into the matrix. Therefore, the present work employed a ball milling apparatus to distribute
MLG uniformly into Ti6AI4V. Fig. 3.2 shows the image of the ball milling apparatus facility

present at Thapar Institute of Engineering and Technology, Patiala.
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Fig. 3.2 Ball milling apparatus, Courtesy: TIET, Patiala.

The required powders were mixed proportionately with steel balls in the ball milling
apparatus for 8 hrs. The ball-to-powder ratio was taken as 5:1. Fig. 3.3 shows the mixed
powder's SEM image with its area mapping. It is clear from the area mapping images that the
MLG reinforcement was uniformly dispersed into the Ti6AlI4V matrix.
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Fig. 3.3 SEM image and area mapping of mixed powder containing Ti6Al4V and multilayer
graphene.

3.2.3 Consolidation using spark plasma sintering

The consolidation of Ti6Al4V nanocomposites was done using the SPS process (Model SPS-
625, SPS Syntex INC., Japan), as shown in Fig. 3.4. The ball-milled powder was put into a
high density graphite die (825.5 mm x 60 mm) and consolidated at different input sintering
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temperatures. The heating rate for the SPS process was 100°C / min., and the pressure

applied for the sintering was 50 MPa with 5 minute holding time in a vacuum chamber.

__________________________________________

Graphite Die
containing
Ti6AI4V/MLG
powder

e - - - - - - ———— =

__________________________________________

Fig. 3.4 Image of the spark plasma sintering setup, Courtesy: 1T, Kanpur.

3.3 Design of abrasive flow finishing setup
3.3.1 Design methodology
An AFF experimental setup has been developed by keeping the process's primary mechanism
and basic needs as the base. Strength criteria were utilized throughout the design process for
various essential components, along with key design ideas and some assumptions. The vital
components of the AFF setup are the hydraulic cylinder, medium cylinder, piston, and
workpiece fixture. Before designing the setup, the following are some design considerations
that were taken to calculate the specifications of various components:-

1. The setup is under static loading.

2. The individual weights of the components are not taken into account.

3. The setup design was done with strength as the primary criterion.
In addition, the following criteria serve as the foundation for the design of the entire setup:

1. Maximum working pressure: 12 MPa.

2. Maximum stroke length is 140 mm.

3. The inner diameter of the medium cylinder is 40 mm.
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3.3.2 Medium cylinder

The medium cylinder is responsible for storing an adequate quantity of the abrasive media.
Secondly, it directs the media through the workpiece fixture past the workpiece surface using
the piston's extrusion pressure-induced motion. The medium cylinder performs both of these
significant roles. Since the medium cylinder is fabricated via casting, it contains few casting
defects. Also, the inner surface over which the media slides is very rough. To overcome such
problems, stainless steel cylindrical liners are used at the medium cylinder's inner surface.
The material for the medium cylinder was grey cast iron with an ultimate tensile strength oum
of 150 MPa (as per IS 210: 1993). The factor of safety, FS, is taken as 5. A high factor of
safety is to address its non-homogeneous nature.

Thickness of medium cylinder

The thin cylinder theory is used to calculate the thickness of the medium cylinder. The

equation that governs the thickness in thin cylinder theory is [86]:-

m= g 3.1)
where,
tm = medium cylinder's thickness
P =internal pressure on the cylinder, 12 MPa

d;, = medium cylinder's internal diameter, 40 mm
o4m = design stress for medium cylinder

Now, gy, IS given as:-

Ogm = 2 (3.2)
= =2 =30MPa
So, equation 3.1 gives tm as:-
- 12 x40 _g
m= 2 x30  oonm

Now, the total thickness of medium cylinder = tn + thickness of stainless steel liner +

thickness for reconditioning

=8+4+1 +35=12.5mm
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Fig. 3.5 Schematic design of medium cylinder (All dimensions are in mm).

Therefore, the outer diameter of the medium cylinder, dom is:-
dom = 40+ 2(12.5) = 65 mm (3.3)

Length of the medium cylinder
Length of medium cylinder, L = piston length + stroke length + allowance  (3.4)
=60+ 140 + 5 =205 mm

Flange dimensions
Medium cylinder flange contains 6 holes of 6 mm diameter (dnm) for attaching medium
cylinder to supporting plate. The pitch circle diameter (PCD) (dpm) for the same is calculated
as [87]:-
dpm = dim + 2(t) + 3dpm (3.5)
= 40 + (2% 12.5) + (3 X 6) = 83 mm
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For safe design, the PCD in the setup was taken as 90 mm.

The outside diameter, dom and thickness of the flange, tmm is calculated as [87]:-

dom = dpm + 3dpm (3.6)
= 90+ (3x6) =108 mm
Also,
trm = 1.25 X dppm to 1.5 X dpy, = 1.25X6t0 1.5 X 6 (3.7)
=7.5mmto 9 mm
In the current design, dom and tim are taken as 110 and 10 mm, respectively. Fig. 3.5 shows the

medium cylinder drawing with all the specifications.

3.3.3 Piston

The primary objective of the piston is to transmit the extrusion force of the hydraulic cylinder
to the abrasive media. The AFF setup contains two medium cylinders, both of which have
pistons. The piston helps in the to and fro motion of the media through the workpiece. The
current setup needed a piston made of a material that has good strength and should also be
lightweight. Therefore, the aluminum alloy was chosen to fabricate the piston for the AFF
setup. Fig. 3.6(b-d) shows the geometrical specification for the piston assembly.

Material: Aluminum alloy

Yield strength: 275 MPa

Factor of safety: 5

Piston nut thickness

Piston nut thickness, thp is calculated using Grashoff's formula given below [87]:-
_ /3pdi2m
thy = T (3.8)

p = internal pressure on medium cylinder =12 MPa,

where,

dim = internal diameter of the medium cylinder = 40 mm,
odp= design stress for piston material.

Now,
Oap = 22 (3.9)

=~—=55MPa
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In the current design, thp is taken as 10 (Fig. 3.6(c)).

Teflon piston ring

The piston head is likely to leak abrasive media in the working condition of the AFF setup.

Consequently, the piston head is attached to a piston ring in order to address this issue. Due

to its excellent tribological properties, the material selected for the piston ring was Teflon.

The empirical relation that governs the radial thickness of the piston ring, tr is given as [87]:-
trp = 22 X FS (3.10)

=gx6=9.6mm ~ 10 mm

The FS for the teflon ring is taken as 6. The high FS is due to the soft material of teflon rings.
Therefore, the axial thickness of the ring is given as [87]:-

tap = —Im_ x FS (3.11)

T 10xn,

40
=——X6=24mm
10x1

In the above equation, nr denotes the number of rings. Fig. 3.6(d) represents the drawing

specifications for Teflon rings.

Total length of the piston
The empirical relation for the total piston length is given as [87]:-

lp = dim to1.5 x dim (312)
=40 to 60 mm
For safe design, the length is 60 mm (Fig. 3.6(b)).
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Fig. 3.6 Schematic diagram of (a) Connecting rod (b) Piston (c) Piston nut (d) Teflon ring
(All dimensions are in mm).

Connecting rod

The hydraulic cylinder piston rod and the medium cylinder piston are connected via a

connecting rod. M 12 x 1.5P threads comprise the hydraulic cylinder piston rod's constituent

parts. Therefore, the hole must be the same size at the end of the connecting rod that faces the

hydraulic cylinder. Thus, the dimension of the hole at the rod end of the hydraulic cylinder is

M 12 x 1.5P (Fig. 3.6(a)).

The empirical relation for the outer diameter of the connecting rod, docr is as follows [87]:-
docr = 1.5 to 2 times inner hole diameter (3.13)

=15 X12to2 X2 =18to 24 mm.

In the current design, it is considered to be 30 mm.
Also, the hole diameter in the connecting rod at the medium cylinder piston end is 8 mm.
So the width of that section, Cy, is given as:-
C, = 2 X holediameter = 2 X 8 = 16 mm. (3.14)

In the present case, it is 21 mm, so the design is safe.
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3.3.4 Workpiece fixture

The workpiece fixture consists of lower and upper parts, as shown in Fig. 3.7. Proper slots are
provided in both the tooling parts for holding the TMCs in place during the AFF process.
Also, the workpiece fixture is made of a conic profile to ensure a smooth flow of AFF media
from the medium cylinder to the workpiece without any back pressure. A detailed drawing of

the tooling is shown in Fig. 3.7.
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Fig. 3.7 Schematic diagram of workpiece fixture.

3.4 Characterization of sintered nanocomposites

The sintered titanium nanocomposites were subjected to various characterization techniques
to study the physical, microstructural, mechanical, tribological, and corrosion changes
compared to bare Ti6Al4V. These were carried out to evaluate the percentage change in their
properties compared to sintered Ti6Al4V and to determine the effects of SPS input

parameters on various output responses.

3.4.1 Microstructure and surface morphology

A scanning electron microscope (SEM) (JSM-6510LV, JOEL Ltd) was used to study the
microstructure characterization of fabricated nanocomposites. Samples were polished and
later exposed to an etchant to study the microstructure of Ti6AI4V/MLG nanocomposites.
The SEM was equipped with energy-dispersive X-ray spectroscopy (EDS) to determine the
elemental composition of polished nanocomposites. X-ray Diffraction (XRD) was employed
to reveal the phases of fabricated samples. The scanning angle was varied between 20° to 90°

at a rate of 4°/min. The phases of peaks obtained from XRD results were matched using
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X'Pert Highscore software. Fig. 3.8 shows the images of SEM/EDS and XRD equipment

used to study the microstructure of the sintered nanocomposites.

Fig. 3.8 Images of (a) SEM/EDS and (b) XRD equipment, Courtesy: TIET, Patiala.

A surface roughness tester (Mitutoyo model SJ-400, Germany) is used to study the
surface morphology of the sintered nanocomposites. A tracing length of 0.08 mm was used
for analysis. After performing the test 4 times for each sample, an average reading was taken

out. Fig. 3.9 shows the surface roughness tester used to evaluate the surface roughness of the
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finished nanocomposites.

Fig. 3.9 Image of the surface roughness tester, Courtesy: TIET, Patiala.

3.4.2 Physical and mechanical characterization

Using a nanoindenter tester (Hyistron T1 950), sintered nanocomposites’ mechanical
properties, viz. nanohardness (H) and elastic modulus (E), were examined. Indentations were
made at polished surfaces of nanocomposites using a 2000 uN force and a dwell time of 20

seconds. Five measurements were made for each sample to ensure the findings' accuracy and
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dependability. Fig. 3.10 shows the nanoindenter tester used to evaluate the mechanical

characteristics of the sintered nanocomposites.

Fig. 3.10 Image of nanoindenter tester, Courtesy: IIT Ropar.

3.4.3 Tribological and corrosion characterization

Wear tests were performed on Ducom Instruments (TR-20 CH-400). The wear monitoring
setup uses a pin on disk rotary tests using samples prepared according to ASTM G99
standards. EN31 steel disc (165 mm dia. and 8 mm thickness) was used as a rotating disc on
which nanocomposites wear specimens slides. Fig. 3.11 shows the image of the tribometer

used to carry out the wear test of the sintered nanocomposites.

Fig. 3.11 Image of tribometer setup, Courtesy: TIET, Patiala.
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Corrosion studies were performed using three electrode cells (make: GAMRY
instruments). Fig. 3.12 shows the corrosion setup used to evaluate the corrosive properties of
fabricated nanocomposites. Ti6Al4V-MLG nanocomposites serve as the working electrode.
The reference electrode is of Ag/AgCl, while a platinum wire makes the counter electrode.
Experiments were performed by using 3.5 wt. % NaCl solution as electrolyte. Corrosion
studies include potentiodynamic polarization (electrode potential range is -1 V to 1.5 V with
a scan rate of 1 mv/s) and electrochemical impedance spectroscopy (EIS). EIS is carried out
with an AC signal of 3 mV amplitude in the 0.01 Hz to 10,000 Hz frequency range.

!

Fig. 3.12 Image of corrosion setup, Courtesy: TIET, Patiala.
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3.4.4 Finishing of the nanocomposites
Fig. 3.13 shows the image AFF setup, which has been fabricated in-house to perform

finishing operations on the sintered titanium nanocomposites.
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Fig. 3.13 Image of the AFF setup.
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, various results obtained after microstructural, physical, mechanical,
tribological, and corrosion characterization that has been carried out on the fabricated TMCs
are discussed. Also, the sintered TMCs undergo the finishing via the AFF process. The
analysis of the individual testing characteristics has been discussed in detail in the current
section. Furthermore, the parametric study is carried out to study the effect of the wt. % of

MLG and sintering temperature on the output responses.

4.1 Preliminary experiments

Preliminary experiments were conducted firstly to validate the authenticity of the present
work and secondly to find the suitable ranges of input parameters for improving the output
responses of the fabricated nanocomposites. The sintering temperature was kept constant
during the preliminary experiments at 1150 °C, and wt. % of MLG was varied from 0 to 1.2
with a step size of 0.4. Its effects were studied on the mechanical properties, i.e., hardness

and elastic modulus.

4.1.1 Densification of sintered nanocomposites

Theoretical density, experimental density, relative density, and porosity of fabricated TMCs
are shown in Table 4.1. The theoretical density of Ti6Al4V and MLG was taken as 4.429
g/cm?® [88] and 2.234 g/cm?® [89] respectively. The theoretical density, pr, of sintered
nanocomposites is calculated using the rule of mixture given in equation 4.1. Experimental

density, pe, is calculated using the Archimedes principle.

1
PT = Wi Wuiic (4.1)
Pm PMLG
Where wn, is the wt. % of the matrix, pm is the density of the matrix. Similarly, wmic
and pmLc represent the wt. % and density of MLG reinforcement.

After that, % porosity is calculated using equation 4.2 [90].

Theoritical density —Experimental density

% Porosity = x 100 4.2)

Theoritical density
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Experimental densities were taken three times for various samples to maintain accuracy
in the results, and their average value was reported. Table 4.1 shows the % porosity for
sintered bare Ti6Al4V and Ti6AI4V/MLG nanocomposites. The porosity of the sintered
composites decreases with the increase in MLG content. This improvement in the
densification of the nanocomposites is due to the high electrical and thermal conductivity of
MLG reinforcement. Due to MLG's high electrical and thermal conductivity, the composite
powder is subjected to uniform current and heat distribution during consolidation. This

uniform powder heating tends to improve nanocomposites' sintering and densification.

Table 4.1 Comparative analysis of theoretical and experimental densities.

Workpiece Theoretical Experimental Relative Porosity
composition density (g/cm®)  density (g/cm®)  density (%0) (%)
Ti6AlI4V 4.430 4.367 98.57 142
Ti6AlI4V/0.4

4421 4.390 99.29 0.70
wt. % MLG
Ti6AI4V/0.8

4,412 4.395 99.61 0.38
wt. % MLG
Ti6AI4V/1.2

4.403 4,391 99.72 0.27
wt. % MLG

4.1.2 Load-displacement and depth-time curves of the sintered nanocomposites

The load-displacement curves of the TMCs comprising of various content of MLG, when
subjected to indentation load of 2000 uN, are shown in Fig. 4.1. As evident from Fig. 4.1,
similar loading and unloading behaviors were observed in both sintered Ti6Al4V alloy and
MLG reinforced nanocomposites. Elastic plastic deformation behavior can be depicted from
the load-displacement curves. The maximum penetration depth occurs in sintered Ti6Al4V
alloy followed by Ti6AI4V/0.4 wt. % MLG, Ti6Al4V/0.8 wt. % MLG and Ti6Al4V/1.2 wt.
% MLG nanocomposites. This may be due to the presence of MLG, which improves the
resistance of Ti6AI4V/MLG nanocomposites to plastic deformation.
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Fig. 4.1 Penetration depth vs. load of sintered Ti6Al4V alloy and Ti6AI4V/MLG

nanocomposites.

Fig. 4.2 depicts the penetration depth with time of the sintered Ti6Al4V and
Ti6AI4V/MLG nanocomposites comprising various MLG content when subjected to
indentation of 2000 uN. A considerable amount of plastic deformation occurs in the sintered
TMCs subjected to a load of 2000 uN. The penetration of sintered Ti6Al4V, Ti6Al4V/0.4 wt.
% MLG, Ti6AI4V/0.8 wt. % MLG and Ti6Al4V/1.2 wt. % MLG nanocomposites at 2000 uN
are 157 nm, 135 nm, 116 nm, and 97 nm, respectively. This improvement in the mechanical
properties with the increased content of MLG is due to the load transfer mechanism of the

titanium matrix to the reinforcement [91].
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Fig. 4.2 Penetration depth vs. time of sintered Ti6Al4V alloy and Ti6AI4V/MLG
nanocomposites.
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4.1.3 Nanohardness and elastic modulus of the sintered nanocomposites
The nanohardness and elastic modulus of the sintered Ti6Al4V and the Ti6AI4V/MLG

nanocomposites are shown in Fig. 4.3.
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Fig. 4.3 (a) Hardness (b) Elastic modulus value for various wt. % of MLG.

The value of the nanohardness improves with the increase in the MLG concentration in
the titanium matrix. The nanohardness of sintered Ti6Al4V alloy was 3.14 GPa, and Ti6Al4V
nanocomposites with 1.2 wt. % MLG concentration has a nanohardness of 5.29 GPa. This
corresponds to a maximum of 68.4 % increase in nanohardnes of sintered Ti6Al4V compared
to bare Ti6Al4V. Ti6Al4V with MLG reinforcement of 0.4 wt. % and 0.8 wt. % has
nanohardness values of 3.99 GPa and 5.07 GPa, respectively. The increase in hardness of
nanocomposites can be due to:-

a) Solution strengthening of carbon (C) atoms from MLG.

b) Grain refinement of titanium matrix.

c) Dispersion strengthening of TiC particles formed due to in-situ reaction.

d) Load transferring effect from matrix to reinforcement.

A binary phase diagram can depict the solubility of the C atom in the titanium matrix at
room temperature, which is nearly 0.05 wt. % [92]. When the amount of carbon in the matrix
exceeds the solubility limit during sintering, carbon tends to react with titanium to form TiC.
Average grain size diameter after refinement has inverse effects on the strengthening of the
matrix. In the present study, as the weight concentration of MLG increases, the grain size of
the matrix reduces effectively. Therefore, grain refinement can improve the nanohardness of
the titanium matrix. The in-situ reaction of C and Ti leads to dispersion strengthening due to

the formation of TiC particles. The in-situ reaction between Ti and C forms a strong bond
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between TiC particle and Ti, making a weak bond between MLG and Ti matrix into a strong,
stable chemical bond [93]. Hence, both TiC particles and unreacted Ti in the matrix will play
a critical role in bearing load transfer, eventually increasing the nanohardness of the
nanocomposites. Fig. 4.4 shows the FESEM image of the interface of Ti6Al4V and MLG,
and it is evident that the interface formed is clean and strong. The EDS results in Fig. 4.4

show the presence of Ti and C peaks, confirming their strong bonding.

cps/eV

B
=t

Energy [keV]

MAG: 150kx HV:20kV WD:8.9mm Px: 10 nm

Fig. 4.4 FESEM and EDS image of Ti6Al4V/MLG nanocomposite interface.

The improvement was also observed in the elastic modulus of nanocomposites. This
indicates that the samples were elastically resisted from linear compression of the indenter.
Furthermore, with the increase in the MLG concentration, the nanocomposites' elastic
modulus increased. The elastic modulus value of sintered Ti6Al4V alloy was 49.8 GPa.
Compared to Ti6Al4V, Ti6AI4V-MLG nanomaterial with 1.2 wt. % MLG has the maximum
elastic modulus of 119.8 GPa, showing an improvement of 140.5 % compared to Ti6AI4V
alloy. Ti6Al4V nanomaterial with MLG reinforcement of 0.4 and 0.8 wt. % has an elastic
modulus value of 59.2 GPa and 100.4 GPa, respectively. These results indicated that the
presence of the MLG in the sintered nanocomposites enhanced the stiffness of the materials.
This improvement in the elastic modulus of the reinforced titanium nanocomposites may be
due to the formation of a secondary carbide phase (TiC), which improved mechanical
properties. Table 4.2 shows the present work's comparative study with some relevant

available literature.
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Table 4.2 Comparative analysis of present work with published literature.

S. Authors Material % increase in % increase in elastic
No hardness modulus

1. Present Study Ti6AI4V/IMLG 68.5% 140.5%

2. Wang etal. [94] Ti6AI4V/GNP 18% -

3. Song et al [95] Ti/MLG 71.38% 6.39%

4. Gurbuz et al [49] Ti/GNP 50.4% -

5. Yan et al [96] Ti6AI4VIGNS  9.45% 52.63%

6. Cao etal [97] Ti/GNP 49% -

Using the above results of sintered Ti6Al4V/MLG nanocomposites, mechanical
behavior, and wear properties were evaluated. Elastic recovery index We/Ws, plasticity index
W,/W;, nanohardness to elastic modulus ratio H/E, and yield pressure H3/E? were studied to
determine the material's elastic, plastic, and wear properties. We and W, represent the elastic
energy and plastic energy, respectively, and these can be calculated from the area under the
load-displacement curve. Also, W, represents the total work done by the indenter and can be
expressed as equation 4.3.

W, = W, +W, (4.3)
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Fig. 4.5 (a) Plasticity index and elastic recovery (b) Nanohardness to elastic modulus
ratio and yield pressure of sintered nanocomposites.

Fig. 4.5 (a) displays the elastic recovery index and plasticity index of Ti6Al4V alloy and
Ti6Al4V/MLG nanocomposites. The elastic recovery index reveals the energy released by
the material under loading conditions, whereas the plasticity index reveals the innate plastic
behavior of the material. Therefore, with the increase in the MLG concentration of the
nanocomposites, the value of the elastic recovery index increases, and the plasticity index

decreases. The value of the elastic recovery index was maximum for 1.2 wt. % MLG
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followed by 0.8, 0.4, and 0 wt. % of MLG concentration. The maximum value for the
plasticity index was found to be for sintered Ti6AI4V alloy, and it decreases with the increase
in MLG content in the nanocomposites. These results indicate that adding MLG
reinforcement into the titanium matrix improves the nanocomposite's resistance to plastic
deformation, previously shown in nanohardness and elastic modulus results. The ratio of
nanohardness to elastic modulus determines the resistance to elastic strain to failure. This
effect increases with an increase in MLG concentration (Fig. 4.5 (b)). The yield pressure
value of unreinforced titanium alloy was the lowest compared to its counterpart MLG-
reinforced nanocomposites. The improvement in these results implies the excellent material

resistance under impact loading and wear of the sintered titanium nanocomposites [98].

4.2 Design of experiments

In the present study, experiments were designed using the central composite rotatable design
(CCRD) method to evaluate the impact of SPS parameters (wt. % of MLG and sintering
temperature) on the various output responses (Hardness, elastic modulus, wear rate, and
corrosion current density). The statistical data and the regression model were generated with
the help of design expert (version 6.1) software. The range for the input parameter, i.e., wt. %
of MLG was kept in conformity with the preliminary experiments, whereas the range for
sintering temperature was kept after considering the various published literature. Table 4.3

shows input parameters and their corresponding values that are varied at five levels.

Table 4.3 Process parameters and their ranges for the SPS process.

Symbol Variable Levels
-1.414 -1.000 0.000 1.000 1.414
A Sintering temperature (°C) 787 850 1000 1150 1212
B wt. % of MLG (%) 023 040 080 120 1.36

The experimental runs for the designed problem can be calculated using equation 4.4.
N=2"+4+2n+ n, 4.4

Where, N is the number of the experimental run, n is the number of input process
parameters, and n¢ is the number of repeated runs at the center point. The total number of
runs for the experimentation in the present work was 13. The analysis of variance (ANOVA)

is conducted on the designed model by the statistical tool. The F-test is conducted to
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determine the significance of the developed models. ANOVA is performed to find the

significant SPS input parameters and their % contribution to output responses.

4.2.1 Mechanical characterization

4.2.1.1 Analysis of variance for hardness and elastic modulus of sintered nanocomposites
The experimental design with corresponding outputs, i.e., hardness and elastic modulus, is
shown in Table 4.4. Comparative analysis between the experimental results and the results
obtained by the regression equation 4.6 and equation 4.7 shows the maximum % error of
7.79 % for hardness and -18.24 % for elastic modulus, which is given as:-

Experimental value— Numerical value

% Error = x 100 (4.5)

Experimental value

Table 4.4 Experimental design with corresponding outputs.

Factors Hardness (GPa) Elastic modulus (GPa) % error
Run ST WT Elastic

(°C) (%) Experimental Numerical Experimental Numerical Hardness modulus
1 1000 0.8 5.37 5.29 138.9 132.78 1.49 4.41
2 1000 0.23 3.59 3.36 74.1 61.20 6.41 17.41
3 1000 0.8 5.18 5.29 130.1 132.78 -2.12 -2.06
4 1150 1.2 5.29 5.14 119.8 119.12 2.84 0.57
5 850 04 3.21 3.46 51.5 59.98 -7.79  -16.47
6 1150 0.4 3.99 4.10 59.2 70.00 -2.76  -18.24
7 787 0.8 3.81 3.67 64.2 61.94 3.67 3.52
8 1000 0.8 5.15 5.29 127.1 132.78 -2.72 -4.47
9 1000 0.8 541 5.29 136.7 132.78 2.22 2.87
10 850 1.2 3.74 3.72 85.6 82.60 0.53 3.50
11 1212 0.8 5.07 5.12 100.4 94.86 -0.99 5.52
12 1000 1.36 4.14 4.28 108.6 113.47 -3.38 -4.48
13 1000 0.8 5.32 5.29 131.1 132.78 0.56 -1.28

ST: Sintering temperature, WT: wt. % of MLG

The ANOVA table for the hardness and elastic modulus of the designed model are
shown in Table 4.5 and Table 4.6, respectively. From the response model for hardness and
elastic modulus, the F-values are 43.78 and 32.97. The high "model F-value" could not be
attributed to noise because the probability of this happening is only 0.01 %. In the present

work, model F-value > critical F value confirms that both models are significant [99]. A
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small P-value (Prob. > F) implies that the associated coefficient is more important, so its
contribution to the response variable is also significant. The significance of the model term
can be predicted by analyzing the F-values for the hardness and elastic modulus model. Input
parameters coefficients with a P-value less than 0.05 (significance level, a for 95 %
confidence interval) significantly contribute towards the output responses. It is evident from
Table 4.5 and Table 4.6 that both sintering temperature and % wt. of MLG were found to be
significant for the models. The % contribution of sintering temperature (A + A?) and wt. %
of MLG (B+ B?) was 42.15 % and 55.40 %, respectively for hardness. Also, the %
contribution for the elastic modulus was 49.24 % for sintering temperature and 48.61 % for
wt. % of MLG. The interaction effect of the input parameters (AB) is insignificant, with a %
contribution of 1.81 % and 1.39 % in deciding the hardness and elastic modulus. In the
present study, the lack of fit test is within the non-significant range compared to pure error,

indicating that both models fit the experimental data well.

Table 4.5 ANOVA table for hardness.

Source Sum of Df Mean F-value P-value % contri-
squares square Prob. >F bution

Model 7.73 5 1.55 43.78 0.0001 significant

A 2.11 1 2.11 59.82 0.0001 significant 25.41

B 0.85 1 0.85 24.06 0.0017 significant 10.24

A2 1.39 1 1.39 39.30 0.0004 significant 16.74

B? 3.75 1 3.75 106.16 0.0001 significant 45.16

AB 0.15 1 0.15 4.20 0.0797 not significant  1.81

Residual 0.25 7 0.035

Lack of Fit 0.19 3 0.065 4.85 0.0806 not significant

Pure Error  0.053 4 0.013 0.64

Cor Total  7.98 12
A: Temperature, B: % wt. of MLG

Table 4.6 ANOVA table for elastic modulus.

Source Sum of Df Mean F-value P-value % contri-
squares square Prob. >F bution

Model 11562.23 5 2312.45 32.97 0.0001 significant

A 1083.32 1 1083.32 15.44 0.0057 significant 8.57

B 2573.69 1 2573.69 36.69 0.0005 significant 20.35

A? 514293 1 5142.93 73.32 0.0001 significant 40.67
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B? 357358 1 3573.58 50.94 0.0002 significant 28.26
AB 175.56 1 175.56 2.50 0.1577 not significant  1.39
Residual 491.03 7 70.15

Lack of Fit 395.94 3 131.98 5.55 0.0656 not significant

Pure Error  95.09 4  23.77 0.75
Cor Total  12053.26 12

A: Temperature, B: % wt. of MLG

Table 4.7 shows the statistical parameters of the model. Using R? (coefficient of
determination), the reduction in response variability for hardness and elastic modulus was
calculated to be 0.9690 and 0.9593, respectively. This indicates that the experiment variables
contribute 96.90 % and 95.93 % to the total variance in the hardness and elastic modulus
measurement. The model is the best fit for data as the value of R? s close to 1. The hardness
model's standard deviation (SD) is 0.19, while that of elastic modulus is 8.38. A lower SD
and the value of R? close to 1 result in a better model. 0.9469 and 0.9302 correspond to the
adjusted R? value for the hardness and elastic modulus measurement, implying that there is no
need for any additional term in the regression equation model. The values of adequate
precision for the model are 15.110 and 12.795 which shows that the model is fit. Adequate
precision tells us about the signal-to-noise ratio of the model. The desired value for adequate
precision is greater than 4 [100]. It can be calculated by dividing the maximum and minimum

predicted response difference by the average SD value of all predicted values.

Table 4.7 Statistical parameters of the model equation as obtained from the ANOVA
model of hardness and elastic modulus

Type of variable Hardness Elastic modulus
model model

Standard deviation (SD) 0.19 8.38

Mean 4.56 102.10

R? 0.9690 0.9593

Adjusted R? 0.9469 0.9302

Predicted R? 0.8167 0.7541

Adequate precision 15.110 12.795

The regression equation for predicting the hardness and elastic modulus of sintered

nanocomposites as a function of sintering temperature (A) and wt. % of MLG (B) is

represented in equation 4.6 and equation 4.7, respectively.
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Hardness = —19.01843 + 0.040571A + 4.94911B — 0.0000198556 4%
—4.58906B% + 0.00320833AB (4.6)

Elastic Modulus = —1191.44248 + 2.406134 + 161.07407B — 0.00120844A%
— 141.65625B% + 0.11042AB 4.7

4.2.1.2 The normal probability plot of residuals for hardness and elastic modulus

Fig. 4.6 (a) and (b) show the relationship between the actual response vs. predictive response
plots (hardness) and the normal plot of the residuals (hardness), respectively. These
relationships are used to assess the suitability of the developed model. It can be seen from the
graph that predictive values from the model and the actual values from the experimentation
are very close to each other. This closeness of values signifies that the model generated is
accurate. For the hardness responses, it was found that the plot's model ensured a relatively
uniform distribution of values along the fit line. This was supported by the results obtained
for adjusted R? (0.9469) and R? (0.9690), which are close to 1. These values ensure that the
model is fit to the experimental data. The studentized residuals' normal probability plot
further confirms the regression model's adequacy. The residuals on the normal probability
plot form a straight line, implying that the errors form a normal distribution and the output
responses are correctly predicted in an unbiased manner. A similar trend was followed for the
elastic modulus, as shown in Fig. 4.7 (a) and (b).
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Fig. 4.6 (a) Actual response vs. predictive response plots for hardness (b) Normal plot of
the residuals for hardness.
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Fig. 4.7 (a) Actual response vs. predictive response plots for elastic modulus (b) Normal
plot of the residuals for elastic modulus.

4.2.1.3 Effect of sintering temperature on hardness and elastic modulus of sintered

nanocomposites

Fig. 4.8 (a) and (b) show the relationship between sintering temperature vs. hardness and

sintering temperature vs. elastic modulus, respectively. There is an increase in the hardness

value, and elastic modulus is nearly upto 1100 °C and 1020 °C. Thereafter, the value of

hardness and elastic modulus decreases. The increase in the hardness and elastic modulus

values due to the change in sintering temperature is attributed to the higher density of the

nanocomposites [101]. Due to the higher diffusion rate at higher sintering temperatures, a

denser structure is formed.
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Fig. 4.8 (a) Sintering temperature vs. hardness (b) Sintering temperature vs. elastic modulus

Theoretical density, experimental density, relative density, and % porosity of fabricated

TMCs are shown in Table 4.8.
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Table 4.8 Comparative analysis of theoretical and experimental densities.

Workpiece Sintering Theoretical Experimental  Relative Porosity
composition temperature (°C) density (g/cm®) density (g/cm®) density (%) (%)
Ti6AI4V/0.8  wt. 787 4.412 4.297 97.39 2.60
% MLG

Ti6AI4V/0.8  wt. 1000 4.412 4.367 98.97 1.01
% MLG

The hall patch relation can explain the decreasing trend in response to further increasing
the sintering temperature. The grain growth beyond certain sintering temperatures results in a
decrease in response values [102]. To study the reason for the reduction of hardness value
beyond 1100 °C, the average grain size of nanocomposite was calculated using image J
software. The average grain size of the nanocomposite for 1212 °C at 0.8 wt. % was found to
be 6.250 + 1.86 um. This average grain size is 24 % higher than the average grain size of
1000 °C/0.8 wt. % nanocomposites. Table 4.9 shows the average grain size of both the
nanocomposites. The SEM image used to calculate the average grain size is shown in Fig.
4.9.

Table 4.9 Average grain size diameter of fabricated nanocomposites.

Workpiece Sintering Average grainsize % increase of average
composition temperature (°C) diameter (um) grain size diameter (um)
Ti6AI4V/0.8 1000 5.040 + 2.30 -
wt. % MLG
Ti6Al4V/0.8 1212 6.250 + 1.86 24 %
wt. % MLG

by . _ b\ o4 - X B -
BEC 15kV WD8mm S$se2 X2,000  10pum  S— BEC 15kV WDSmm $S62 x2,000 10pm

Fig. 4.9 SEM image of nanocomposite (a) 1000 °C (b) 1212 °C fabricated with 0.8 wit.
% of MLG.
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4.2.1.4 Effect of wt. % of MLG on hardness and elastic modulus of sintered nanocomposites

Fig. 4.10 (a) and (b) shows the relationship between wt. % of MLG vs. hardness and wt. % of
MLG vs. elastic modulus, respectively. As shown in both the figures, hardness, and elastic
modulus increases with an increase in the MLG content. However, beyond a threshold, the
values of responses decrease. The formation of titanium carbides (TiC) in the
nanocomposites due to the in-situ reaction of Ti and C during sintering increases the response
value [103]. The confirmation of TiC was done with the help of XRD results. The peak for
titanium carbide was detected in the nanocomposites. Fig. 4.11 (a) shows the XRD pattern of
nanocomposite fabricated at 1000 °C and 0.8 wt. % of MLG. The other peaks in the results
correspond to Ti, Al, V, and C. The decrease in the response values beyond the particular
MLG reinforcement content may be attributed to the agglomeration in the matrix [104]. As
shown in Fig. 4.11 (b), agglomeration of the MLG occurs in TMCs with 1.36 wt.% of MLG.

This results in an increase in porosity, lower density, and hardness values.
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Fig. 4.10 (a) wt. % of MLG vs. hardness (b) wt. % of MLG vs. elastic modulus.
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Fig. 4.11 (a) XRD pattern of sintered nanocomposite (b) SEM image of nanocomposite
fabricated at 1000 °C with 1.36 wt. % of MLG.
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4.2.2 Tribological characterization

4.2.2.1 Analysis of variance for wear of sintered nanocomposites

A total of 13 experiments are designed using the CCRD method. Table 4.10 provides a
detailed plan of experiments, along with the associated output response, i.e., wear rate
(average of 3 readings). Also, a bare Ti6Al4V sample is fabricated to compare the properties
with Ti6AI4V/MLG nanocomposite. The wear rate of the Ti6AI4V is 31.80 x10° g/m.

Table 4.10 Detailed experimental design with wear rate.

Factors Wear rate x10° (g/m) % error
Run Sintering wt. % of
temperature (°C) MLG  Experimental  Numerical
1 1000 0.8 15.80 15.16 455
2 1000 0.23 24.00 24.51 2213
3 1000 0.8 14.70 15.16 -313
4 1150 1.2 15.20 16.25 _6.91
5 850 0.4 25.00 24.09 3.64
6 1150 0.4 22.00 22.39 S1.77
7 787 0.8 23.30 24.20 -3.86
8 1000 0.8 15.30 15.16 0.92
9 1000 0.8 14.50 15.16 4.05
10 850 1.2 23.50 23.25 1.06
11 1212 0.8 19.00 17.99 5.32
12 1000 1.36 20.00 19.34 3.30
13 1000 0.8 15.51 15.16 296

ANOVA is used to estimate the percentage contribution of sintering temperature of
SPS and wt.% of MLG content in establishing the wear rate of the nanocomposites. ANOVA
for wear rate is shown in Table 4.11. The model p-value, Prob. > F for the response is
<0.0001, i.e., less than 0.05 (significance level, a for 95% confidence interval), implying that
the model is significant. As shown in Table 4.11, during determining the wear rate of
nanocomposites, wt. % of MLG (B+B?) has the highest contribution of 48.72 %, followed by

46.22 % contribution of sintering temperature (A +A?).
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Table 4.11 ANOVA table for wear rate.

Source Sumof Df Mean F-value P-value % contri-
squares square Prob. >F bution
(x10) (x101)

Model 19.30 5 3.87 49.04 <0.0001 Significant

A 3.78 1 3.77 47.87 0.0002  Significant 17.71

B 2.43 1 2.43 30.86 0.0009  Significant 11.42

A? 6.08 1 6.08 77.08 <0.0001 Significant 28.51

B2 7.95 1 7.95 100.83  <0.0001 Significant 37.30

AB 0.70 1 0.70 8.90 0.0204  Not significant 3.29

Residual 0.55 7 0.079

Lack of Fit ~ 0.43 3 0.14 4.80 0.0817 Not significant 1.78

Pure Error 19.89 4 0.03

Cor Total 1.98 12
A:Sintering temperature, B: wt. % MLG

Table 4.12 shows the statistical parameters of the model equations developed for wear
rate. The developed model adequately explains the variation in the wear rate, which is 0.972,
as given by R? (coefficient of determination). This implies that the experimental variables
account for 97.20 % of the total variance in the measurement of wear rate. The adjusted R?
value for wear rate is 0.952, indicating no need for additional terms in the model. The desired

value for adequate precision is greater than 4.

Table 4.12 Statistical parameters of the model equation obtained from the ANOVA wear rate

model.
Type of variable Wear rate model
R? 0.972
Adjusted R? 0.952
Predicted R® 0.836
Adequate precision 15.297

Results obtained after the parametric analysis of the SPS process during the fabrication
of the TMCs are discussed in the present section. All the model terms upto 2" order are
considered in the regression model. The regression equation for wear rate in terms of input

responses, i.e., Sintering temperature (A), and wt. % MLG (B) is as follows:-

Wear rate = 16.0395x107° — 2.59618x10774 — 1.60932x10~5B
—2.21x10784B + 1.314 x1071942% + 2.11344x107°B? (4.8)
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4.2.2.2 The normal probability plot of residuals for wear rate

Fig. 4.12 (a) shows the relationship between the actual response vs. the predictive response
plot (wear rate). The values from the experimentation and prediction from the model are
within acceptable limits. This confirms that the model is significant. The values of adj. R?
(0.952) and R? (0.972) well justify the wear rate values distribution along the fit line. These
values ensure that the model is fit to the experimental data. As shown in Fig. 4.12 (b) by the
normal plot of residuals, most residuals fall on the straight line, implying that errors are

normally distributed.
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Fig. 4.12 (a) Actual response vs predictive response plots for wear rate (b) Normal plot of the
residuals for wear rate.
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4.2.2.3 Effect of sintering temperature on wear of sintered nanocomposites

The experimental studies revealed that as the sintering temperature of the nanocomposites
increases, the wear rate gradually decreases (Fig. 4.13). The lowest wear rate of 14.50 x 107
g/m is obtained for nanocomposite sintered at 1000 °C. The primary cause for the
nanocomposite's wear resistance improvement is the hardness enhancement of MLG-
reinforced composites [105]. According to the Archad equation, the total volume of wear
debris produced, Q, is inversely proportional to the hardness of the material, H, and is given

as:-

_ KWL
H

Q (4.9)

The variables K, W, and L in the above equation represent dimensionless constant, total
normal load, and sliding distance. However, the wear rate tends to increase beyond a
threshold value of sintering temperature (nearly 1050 °C). This increase in the wear rate
value can be accounted for by the decrease in hardness due to the increase in grain size at an
elevated sintering temperature. Fig. 4.14 shows the FESEM image of nanocomposites
fabricated at 787 °C and 1000 °C with 0.8 wt. % MLG. The wear rate predominates more in
nanocomposite fabricated at 787 °C when compared to its counterpart fabricated at 1000 °C.
Fig. 4.14(a) shows more crater and wider grooves compared to Fig. 4.14(b), demonstrating a

relatively softer surface that is more susceptible to wear.
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Fig. 4.13 Variation in wear rate with sintering temperature.
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Fig. 4.14 FESEM image of nanocomposites fabricated at (a) 787° C and (b) 1000° C with
0.80 wt. % MLG.

4.2.2.4 Effect of wt. % of MLG on wear of sintered nanocomposites
As shown in Fig. 4.15, using MLG as reinforcement in TMCs results in a lower wear rate for
a given applied load and sliding distance. For a constant applied load-sliding distance and
various concentrations of MLG reinforcements, Ti6Al4V/0.8 wt.% of MLG nanocomposite
exhibits superior wear characteristics compared to TMCs with lesser MLG content. Firstly, it
is due to the better hardness of the TMCs with more MLG content. Additionally, due to the
relatively higher hardness of Ti6Al4V/0.8 wt.%, the mechanical mix layer (MML) is more
stable. Secondly, MLG has a lower density (2.52 g/cm®) than Ti6AI4V (4.72 g/cm®) and
comprises more particles at a given reinforcing amount. Dislocations are created on the worn
surface while sliding against the counter surface. However, they cannot advance because of
the secondary particles. Due to the constraint imposed by intermetallic compounds or
strengthened carbon particles, dislocations tend to accumulate around these particles,
increasing strain hardening, plastic deformation resistance, and a decrease in wear rate.

The SEM/EDS images of wear tracks for sintered Ti6Al4V/0.23 wt.% MLG and
Ti6Al4V/0.8 wt.% MLG nanocomposites tested at 5 kg loading conditions are shown in Fig.
4.16. The worn-out surfaces of TMCs exhibit delaminated areas, craters, and grooves. In
comparison to fabricated nanocomposites with 0.8 wt.% of MLG, the one with 0.23 wt.% of
MLG exhibits severe surface damage, likely due to a relatively larger number of micro-cracks
and less stability of MML. The grooves on worn surfaces indicate the entrapment of wear
debris underneath. Three-body abrasive wear is caused by the entrapment of wear particles
that plow the worn surface with hardened wear debris. The EDS results further prove the less
stability of MML in the case of nanocomposites with 0.23 wt.% of MLG, as the iron (Fe)
content is less in Fig. 4.16(a) than in Fig. 4.16(b). The presence of Fe, however, confirms the

transfer of material from the counter body to the material in both cases.
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Fig. 4.15 Variation in wear rate with MLG content.

50 cps/eV Element Weight percentage

Ti 67.34

Al 4.10

] v 228

4 200 Fe 7.29

o 14.60

C 4.39

Total 100

v L]

Z e e — : ! iy

~

100 ym"* EHT = 20.00 kV. Signal A= SE2

Date: 27 Dec 2022 2 3 4 3 &
WD = 8.9 mm Mag= 300X Time: 11:47.06 Energy [keV]
50 cps/eV Element Weight percentage |
Ti 63.76
Al 433
v 2.40
Fe 9.19
o] 12.66
(o] 7.66
l Total 100
i
o
m - "
s \‘u ‘ i Y Imm
T Signal A = SE2 Date: 27 Dec 2022 Fond 0 1 2 3 4 2 b ¢
WD = 89 mm Mag= 300X Time: 12:02:55 Energy [keV]

Fig. 4.16 FESEM with EDS image of nanocomposites fabricated at different MLG wt. %
(a) 0.23 and (b) 0.80 at a sintering temperature of 1000 ° C.
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4.2.3 Corrosion characterization

4.2.3.1 Analysis of variance for corrosion of sintered nanocomposites

Table 4.13 displays the experimental design together with the corresponding output response,
I.e., corrosion current density. In addition, the corrosion current density of bare Ti6AI4V is
3.14 pAcm which is reduced to a minimum of 1.45 pAcm corresponding to a 53.82 %
improvement for Ti6AI4V/0.8 wt. % MLG fabricated at 1000 °C. Table 4.14 shows the
ANOVA table for the developed model's corrosion current density. According to the response
model, the F-value is 34.89, and the corresponding P-value is < 0.0001, which suggests the
model is significant. Therefore, the high "model F-value” could not be attributed to noise, and

the quadratic model is significant at the 95 % confidence level.

Table 4.13 Detailed experimental design with output responses for corrosion current density.

Factors Corrosion current density % error
Run Sintering wt. % of
temperature (°C) MLG  Experimental  Numerical
1 1000 0.8 1.47 1.52 -3.40
2 1000 0.23 2.58 2.65 -2.71
3 1000 0.8 1.60 1.52 5.00
4 1150 1.2 1.50 1.56 -4.00
5 850 0.4 2.80 2.64 571
6 1150 0.4 2.15 2.16 -0.47
7 787 0.8 2.30 2.47 -7.39
8 1000 0.8 1.62 1.52 6.17
9 1000 0.8 1.45 1.52 -4.83
10 850 1.2 2.46 2.34 4.88
11 1212 0.8 1.65 1.57 4.85
12 1000 1.36 1.99 2.01 -1.01
13 1000 0.8 1.49 1.52 -2.01

Furthermore, it can be seen from the ANOVA table that the sintering temperature and the
wt. % of MLG was found to be crucial parameters in deciding the output response. While
determining the corrosion current density of the sintered nanocomposites, the contribution of
sintering temperature (A + A?) and wt. % of MLG (B + B?) was 43.44 % and 54.75 %,
respectively. Further, the lack of fit value of 4.44 implies that it is insignificant relative to

pure error, showing that the models accurately accounted for the experimental data. The
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regression equation for predicting the corrosion current density, lcorr Of sintered

nanocomposites as a function of sintering temperature (A) and wt. % of MLG (B) is given

as:-
Corrosion current density = 15.73307 — 0.0232A — 3.3172B —0.00129AB
+1.10611x107°A? + 2.524219B% (4.10)
Table 4.14 ANOVA table for corrosion current density.
Source Sumof D Mean F-value  P-value % contri-
squares square bution

Model 2.64 5 0.53 34.89 <0.0001 Significant
A 0.80 1 0.80 52.70 0.0002 Significant 28.08
B 0.42 1 0.42 27.42 0.0012 Significant 14.60
A? 0.43 1 0.43 28.40 0.0011 Significant 15.10
B? 1.13 1 1.13 7479  <0.0001 Significant 39.85
AB 0.02 1 0.02 1.58 0.2486  Not significant 0.84
Residual 0.11 7 0.02
Lack of Fit 0.08 3 0.03 4.44 0.0919  Not significant
Pure Error 0.02 4 0.01 0.21
Cor Total 2.75 12

The statistical parameters for the model equations are shown in Table 4.15. Using R?
(coefficient of determination), the reduction of response variability for corrosion current
density was calculated to be 0.961. This indicates that the experimental input parameters

account for 96.14 % of the total variance in measuring corrosion current density.

Table 4.15 Statistical parameters of the model equation obtained from the ANOVA
model of corrosion current density.
Type of variable Corrosion  current

density model

Standard deviation (SD) 0.123
Mean 1.928
R? 0.961
Adjusted R? 0.934
Predicted R? 0.775
Adequate precision 13.507
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The model best fits the data because the R? value is near to 1. The corrosion current
density measurement model's standard deviation (SD) is 0.123. The value of 0.934, which
corresponds to the adjusted R? for the corrosion current density measurement, indicates no
requirement for any additional term in the regression equation model. The model's value of

adequate precision, 13.507, demonstrates that it is fit.

4.2.3.2 The normal probability plot of residuals for corrosion current density

Fig. 4.17 (a) shows the relationship between the actual response vs. predictive response plots,
and Fig. 4.17 (b) shows the normal plot of the residuals for corrosion current density. The
experimental and model-predicted values exhibit remarkable closeness, validating the
significance of the model. The adjusted R-squared value of 0.934 and the R-squared value of
0.961 strongly support the assertion that wear rate values are uniformly distributed along the
fitted line. These values prove that the model is well-suited to the experimental data. In
addition, the unbiased nature of the predicted corrosion current density is demonstrated by the

normally distributed residual plot.
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Fig. 4.17 (a) Actual response vs. predictive response plots for corrosion current density (b)
Normal plot of the residuals for corrosion current density.

4.2.3.3 Effect of sintering temperature on corrosion of sintered hanocomposites

Fig. 4.18 illustrates the relationship between sintering temperature and corrosion current
density, indicating that the corrosion current density decreases with temperature until it
reaches nearly 1100 °C, thereafter, it starts increasing. This decrease in corrosion current
density indicates improved resistance of the fabricated composites against the corrosion. As
the sintering temperature increases, the nanocomposite's hardness improves. Nanocomposites
with high hardness tend to have lower corrosion current density, indicating a lower corrosion
rate. This is because harder materials often possess a more compact and dense microstructure,
which provides better resistance against corrosive reactions. Also, it was evident that with the
increase in the sintering temperature beyond 1100 °C, there is a slight increase in the
corrosion current density. It is primarily due to the increased grain size of the nanocomposite,

which adversely affects its hardness as well as corrosion resistance.
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Fig. 4.18 Variation in corrosion current density with sintering temperature.

Fig. 4.19 shows the potentiodynamic polarization curves of Ti6Al4V/0.8 wt. % MLG
nanocomposites sintered at 787 °C and 1000 °C. The corrosion potential, Ecorr, and corrosion
current density estimated from these curves is -163 mV, 2.30 pAcm for nanocomposites
with sintering temperature 787 °C, while -273.10 mV, 1.62 pAcm? for nanocomposite
fabricated at 1000 °C (Table 4.16). This indicates more stable passive oxide film formation
on the nanocomposite surface with higher sintering temperatures [106]. Therefore, the
corrosion rate of Ti6AI4V/0.8 wt. % MLG nanocomposite sintered at 1000 °C is 0.014
mm/year, while that of nanocomposite sintered at 787 °C is 0.020 mm/year.

Table 4.16 Corrosion parameters obtained for Ti6Al4V/MLG nanocomposites from
polarization curves

Nanocomposite ST  Ecor lcorr Corrosion rate
(°C) (mV) (WAcm?)  (mml/year)

Ti6AI4V/0.8 wt. % MLG 787 -163 2.30 0.014

Ti6AI4V/0.8 wt. % MLG 1000 -273.10 1.62 0.020
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Fig. 4.19 Potentiodynamic polarization curves for 0.80 wt.% MLG nanocomposites sintered
at 787 °C and 1000 °C.

4.2.3.4 Effect of wt. % of MLG on corrosion of sintered nanocomposites

Fig. 4.20 shows the effect of varying wt. % of MLG on corrosion current density. Increasing
the MLG content to nearly 0.8 wt. % leads to a decline in corrosion current density with a
minimum value of around 1.45 pAcm2. However, beyond 0.8 wt. %, the corrosion current
density starts to increase. The decrease in the corrosion current density, or in other words, the
improvement in the corrosion properties of nanocomposites, is due to the formation of the
carbide phase with the addition of reinforced graphene. The formation of titanium carbides
(TiC) in the nanocomposites due to the in-situ reaction of Ti and C during sintering increases
the value of responses. TiC is highly corrosion resistant, and its content increases with the
increase in wt. % of MLG [107]. Uniform dispersion of MLG into the matrix results in better
corrosive properties of nanocomposites. However, after a threshold MLG content in the
Ti6AI4V matrix, its agglomeration occurs, increasing the corrosion current density in
nanocomposites. As shown in Fig. 4.21 (a), the corrosion is more dominant on the
Ti6Al4V/0.23 wt. % MLG nanocomposite compared to the improved corrosion resistance
offered by the Ti6Al4V/0.80 wt. % MLG nanocomposite (Fig. 4.21 (b)).
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Fig. 4.20 Variation in corrosion current density with MLG content.
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Fig. 4.21 FESEM image of nanocomposite surface after corrosion for different MLG wt.
% (@) 0.23 and (b) 0.80 at a sintering temperature of 1000 °C.

Electrochemical impedance spectroscopy (EIS) results in Fig. 4.22 show a comparison
between the Ti6Al4V/0.23 wt. % MLG and Ti6Al4Vv/0.80 wt. % MLG nanocomposite.
Nanocomposite with 0.80 wt. % of MLG possesses higher impedance with a maximum of 6
x 10* Q, compared to nanocomposite with a 0.23 wt. % of MLG. In addition, high capacitive
behavior with a maximum phase angle close to — 68°, indicating superior corrosion resistance
is demonstrated by Ti6Al4V/0.80 wt. % MLG nanocomposite Fig. 4.22 (b).
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Table 4.17 Comparative analysis of present work with published literature.

,\?6. Authors Material ;)//\(;egﬁcég?ze n Tﬁ) IICDO(frcrease
1. Present Study Ti6AI4V/IMLG 54.40 % 53.82 %

2. Gurbiz et. al. [49] Ti/GNP 32.10% -

3. lzuiet. al. [57] Ti6AI4V/TiCo7Nos ~35% -

4.  Mordyuk et. al. [73]  Ti6AI4V/ALLO:/TIO, - 47.36 %

5. Anawati et. al. [67] Ti/HA - 19.04

Table 4.17 shows the comparative study of wear rate and corrosion current density in

the present study with that of reported in various literature.

4.2.4 Finishing of nanocomposites

Various researchers have studied the effects of surface finishing on the wear properties of
composites. Their study revealed that surface finishing can significantly improve their surface
characteristic, especially surface roughness, Ra, thereby enhancing their functionality [108].
For example, fine surface roughness on the nanocomposite's surface improves the frictional
resistance between the nanocomposite material and its contact surface during relative motion.
As a result, the wear rate decreases, and the material's lifespan increases. Experimental
studies showed the mechanical, wear, and corrosion properties of the Ti6AI4V/0.8 wt. %
MLG nanocomposite with a sintering temperature of 1000 °C was better compared to its
counterpart. Therefore, considering this as the best fabricated TMC, surface finishing was
done on the same using the abrasive flow finishing (AFF) process. The initial surface
roughness of the workpiece is in the range of 3.75 + 0.15 um. The effect of percentage
change in the surface roughness, % ARa was evaluated with respect to various input
parameters of the AFF process (number of cycles, wt.% of the abrasive particle, and mesh

size of abrasive material) and is given as:-

Initial surface roughness—Final surface roughness
% AR, = ! g ! ghness 100 (4.11)

Initial surface roughness

The current study uses an economically developed AFF media to conduct AFF
experiments. The AFF medium is primarily viscoelastic. It serves as a matrix to contain the
abrasive particles that shear the peaks of surface roughness. Using a two-roll mill set-up, all
of the media's ingredients are appropriately combined. Two chromium-plated rollers with a
tiny space between them make up the two-roll mill. Repetitive passage of media constituents

across the gap occurs as soon as the rollers begin rolling. First, properly mixing the polymers
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constitutes the base media is done. Subsequently, the mixture is mixed with abrasive particles
and different additives in the proper amounts (Fig. 4.23).

Fig. 4.23 Various ingredients with two-roll mill machine used for developing AFF media.

In the current thesis, styrene-butadiene polymer (SBP) and silicon polymer (SP) act as
the viscoelastic matrix of the developed media. Later, various additives (plasticizers and
softeners) and abrasive particles are added to the AFF media. Five different compositions of

the media are prepared with varying wt. % of abrasive particles (Table 4.17).

Table 4.18 Various AFF media compositions (wt. %) prepared for finishing TMC.

Media Abrasive
o SBP SP ) Plasticizers Softeners

composition particles

1. 20.00 35.00 30.00 8.00 7.00

2 18.57 32.50 35.00 7.43 6.50

3 17.14 30.00 40.00 6.86 6.00

4. 15.71 27.50 45.00 6.29 5.50

5 14.29 25.00 50.00 5.71 5.00
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4.2.4.1 Effect of number of cycles on surface roughness of nanocomposites

The number of cycles in AFF refers to the number of times the abrasive media is passed
through the workpiece during the finishing process. As the AFF cycles increase, the
frequency of the abrasive particles to shear the roughness peaks increases. As a result,
increasing the number of cycles, the % ARa of the TMCs increases (Fig. 4.24). A significant
increase in the % ARa of the TMCs was observed for the number of AFF cycles up to 75.
Thereafter, the increase in the % 4Ra was inconsequential. The impact of temperature on the
media’s shear viscosity is primarily responsible for reducing the rate of change in % 4Ra
[109]. At high AFF cycles, there is a considerable increase in the finishing time during which
heat is generated due to continuous shearing of the surface roughness peaks and the friction
between the media and the TMC surface. Polymer based viscoelastic media becomes less
viscous at high temperatures and loses its capacity to hold the abrasive particles effectively.

Thus, the finishing capability of the media reduces at high temperatures.
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Fig. 4.24 Variation of the percentage improvement in surface roughness value with the
number of cycles (30 wt. % of abrasive particles, 600 mesh size).

Fig. 4.25 shows the 2D surface profile of TMC after finishing at various numbers of AFF
cycles. As the number of AFF cycles increases, the height of high roughness peaks decreases.
Thus, it is evident that the surface roughness improves with the increase in AFF cycles.
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Fig. 4.25 2D surface profiles for various AFF cycles (a) Initial (b) 25 (c) 75.

4.2.4.2 Effect of wt.% of the abrasive particle on surface roughness of nanocomposites

The abrasive particles help finish the TMC's surface by shearing the surface roughness peaks.
Higher the wt. % of the abrasive particles in the media more are the abrasive particles per unit
time taking part in the shearing of the roughness peaks. Therefore, as shown in Fig. 4.26, an
increase in the wt.% of abrasive particles results in the improvement of % 4Ra. However, as
the wt. % of abrasive particles is increased beyond a threshold, i.e., 45 %, % A4Ra declines.
This is primarily because at high wt. % of abrasive particles, the amount of base polymer
decreases, and there won't be enough polymer chains to hold the abrasive particles
effectively. Thus, the finishing forces generated in the media are not effectively transferred
by the polymer chains to the abrasive particles that shear the surface roughness peaks.
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Fig. 4.26 Variation of the percentage improvement in surface roughness with wt. % of the

abrasive particles (75 AFF cycles, 600 mesh size).

Fig. 4.27 shows that TMC finished with 45 wt. % abrasive media has a more fine finished

2D surface roughness profile compared to that of TMC finished with 35 wt. % abrasive

media.
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Fig. 4.27 2D surface profiles for wt.% of abrasive particles (a) 35 (b) 45.
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4.2.4.3 Effect of mesh size of abrasive material on surface roughness of nanocomposites
The mesh size of the abrasive particle plays a vital role in deciding the final roughness of the
workpiece's surface. The relation between mesh size, M, and abrasive particle size, Rap,

radius of the abrasive particle) is given as [110]:-
7.62

Rap ==~ (4.12)

As shown in Fig. 4.28, with the decrease in the mesh size of the abrasive particle, the %
ARa of the TMCs increases. As the mesh size increases, the size of the abrasive particles
decreases. As a result, the abrasive particle's penetration depth and width into the workpiece
surface decreases. Therefore, the improvement in Ra is less for the higher mesh size abrasive
particles. According to the findings of the experiments, the greater the size of the abrasive
particle, the more efficiently it shears the surface roughness peak. A maximum improvement
of 73.20 % corresponds to a minimum 0.94 um R, of the TMC by finishing it with 220 mesh

size abrasive particles is achieved (Fig. 4.29).
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Fig. 4.28 Variation of the percentage improvement in surface roughness with mesh sizes of
the abrasive particles (75 AFF cycles, 45 wt. % of abrasive particles).
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CHAPTER S

CONCLUSIONS AND FUTURE SCOPE

TMCs have been fabricated using the SPS process in the reported thesis work. Various input

parameters were varied to study their effect on different output responses. The metallographic

characterization, mechanical testing, wear, and corrosion finishing study were conducted on

various TMC samples. The major conclusion of the current research work, along with the

future scope, is listed in this chapter.

5.1 Conclusions drawn from microstructural and mechanical characterization

1.

In the current work, TMCs with enhanced mechanical properties were successfully
fabricated by using the SPS process. It can be concluded that MLG plays a vital role in
improving the mechanical properties of TMCs.

. Sintered nanocomposites' hardness and elastic modulus increase with increasing

sintering temperature and MLG content. The improved mechanical properties can be

accredited to the enhanced density, grain refinement, and formation of TiC.

. Grain growth at an elevated temperature around 1100 °C leads to a decline in hardness

and elastic modulus. Also, at higher wt. % of MLG (i.e.,, around 0.9 %), its

agglomeration occurs, which results in a decline in mechanical properties.

. The parametric study of the SPS process shows that sintering temperature and wt.% of

MLG contribute 42.15 % and 55.40 %, respectively, in determining the hardness of the
fabricated nanocomposites.

. The ANOVA shows that sintering temperature and wt. % of MLG have almost the

same contribution, viz. 49.24 % and 48.61% in deciding the elastic modulus of

nanocomposites.

5.2 Conclusions drawn from tribological and corrosion characterization

1.

2.

3.

Nanocomposites' tribological and corrosive properties were enhanced with increased
wt.% of MLG and sintering temperature. However, a decline in the properties is
observed beyond a threshold value.

Densification of nanocomposites, grain refinement, and the formation of TiC were the
primary reasons for the improved properties.

A minimum wear rate of 14.50 x10® g/m and corrosion current density of
1.45 pAcm? is achieved for the Ti6AI4V/0.8 wt.% MLG nanocomposite sintered at
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1000 °C. This corresponds to a 54.40 % and 53.82 % improvement compared to bare
TiGAI4V.

4. ANOVA concluded that wt. % of MLG is the dominating input parameter. It
contributes 48.72 % and 54.75 % in determining wear rate and corrosion current
density, respectively.

5. Sintering temperature contributes 46.22 % and 43.44 % to influencing sintered

nanocomposites' wear rate and corrosion current density, respectively.

5.3 Conclusions drawn from finishing characterization

1. There is a considerable change in % 4Ra of around 34 % till finishing with 75 AFF
cycles.

2. As the wt. % of the abrasive particles in the AFF media increases, there is an
improvement in % ARa. However, beyond a threshold, i.e., 45 wt. %, % 4Ra decreases
due to the insufficient polymer chains in the media to hold the abrasive particles.

3. A decrease in the mesh size of the abrasive particles results in an improvement of
% ARa. This is primarily due to the bigger cutting edges of the smaller mesh size
abrasive particles that help in effectively shearing the roughness peaks.

4. Significant improvement in the surface roughness of TMCs was achieved. A maximum
% ARa of 73.20 % was recorded for 75 AFF cycles, 45 wt. % of 220 mesh size abrasive

particles.

5.4 Future scope of the present thesis work

In addition to the present work, the fabricated TMCs can be tested for tribological and
corrosion testing under simulated body fluids to confirm their application in biomedical.
Also, a numerical model can be developed to simulate the SPS process. A developed
numerical model can replace expensive and time-consuming experiments if it can accurately
predict the effect of input parameters on the output responses. In the current work for the
design of AFF setup various assumptions and higher FOS was taken. In future the design of

the setup can be done using any design software to make it more accurate and economical.
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