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ABSTRACT

PTFE is one of the best material used for fabricating bearings, seals etc., in food, textile,
and automobile sectors, as it offers low coefficient of friction and high operating temperatures.
But, sacrifices easily due to low tensile strength and high wear rate. A thorough literature survey
was carried out in the selection of inorganic nanofiller and Halloysite nanotubes (HNTS) was
chosen as the reinforcement material to disperse in Polytetrafluorethylene (PTFE) matrix, in
order to enhance the mechanical and thermal tribological properties.

PTFE/HNT nanocomposites at 0 wt. % to 10 wt. % with 2 wt. % increment of HNTs
were fabricated. Morphology characterization tests such as XRD and SEM images of
PTFE/HNT nanocomposites samples were studied for degree of dispersion in the matrix
material. Mechanical properties such as tensile strength, Young’s modulus, impact strength,
flexural strength and flexural modulus, and micro-hardness were examined using tensile,
impact, flexural and Vickers micro-hardness tests respectively. Thermal properties for heat of
fusion, melting crystallization temperature, cooling crystallization temperature, degree of
crystallinity were characterized using the DSC test and properties like storage modulus, loss
modulus, tan delta, glass transition temperature were studied using the DMA test. Subsequently,
wear characterization through optimization process was done. For conducting wear tests after
screening the material for operating parameters wt% HNT, load, speed and distance and their
corresponding levels were selected to achieve the target i.e., for minimum coefficient of
friction, minimum wear rate and maximum specific energy. All experiments were carried out
as per the ASTM standards.

XRD results were plotted and found maximum value of degree of crystallinity as 76.34
% at 4 wt. % HNT addition and SEM results shown satisfactory dispersion of HNTs in the
PTFE matrix at low wt. % HNT loading. DSC results has shown that HNT acts as a hetero
nucleating agent. The HNT content in nanocomposites has helped in increasing the degree of
crystallinity. The degree of crystallinity of PTFE increased from 57.83% for neat PTFE to
73.5% at 4 wt. % HNT addition. DMA results shown increase in storage modulus, loss modulus
and tan delta values. Improved mechanical properties of PTFE/HNT nanocomposites showed
an increase in yield tensile strength by 135% and tensile modulus by 250% at 6 wt. % HNT
addition in comparison with neat PTFE. Also, an increase in the impact strength by 130% at 4
wt % loading is observed. The maximum Vickers micro-hardness value is observed for sample

‘F’ (10 wt. %), which is increased by 163% compared to neat PTFE. From the mechanical



analysis at higher HNT loading (i.e. >8 wt%), poor dispersion HNT was realized. Moreover,
change in PTFE structure was also observed. The enhancement in mechanical properties can be

attributed to increase in the degree of crystallinity.

From the wear study rubbing on steel counter face, a hybrid method was adopted and
the optimum input parameters were estimated as per the designer based requirement. The wt.
% HNT was about 4% from hybrid method and from RSM based on same weightage to all
factors, the wt. % HNT was about 6.67%. Hence, the hybrid method suggested an optimum wt.
% HNT addition to be 4 % and minimum COF, minimum SWR, and maximum EW might be
obtained. From the wear study rubbing on counter face fitted with different surface roughness
SiC abrasive papers, the optimum input parameters and responses of PTFE/HNT
nanocomposites were predicted to be 4 wt. % of HNT addition, 20 N of load, 3.0 km of distance,
3 m/sec of sliding velocity when running against a counter surface roughness of 9.5 microns
were 0.1001 and 700x10® mm?N-m for COF and SWR respectively. A composite desirability
of the model close to 1 was obtained, which indicated the responses were reasonably optimized.
From the erosion wear study, conforming to the minimization of erosive wear at desirability
equal to 1, wt. % HNT addition of 5.14 %, pressure of 0.83 bar, and an impingement angle of
88.42° were found. The erosion wear rate corresponding to the optimum input parameters was
predicted as 0.349455x107° g/g.

SEM analysis was also done on the fracture surfaces, wear test pin surfaces, and
deposited films on the SiC abrasive papers. From the SEM micrographs of impact fracture
surfaces, pull out regions were observed suggesting resistance offered by the HNT in the matrix
attributed to good interfacial strength and dispersion of HNTs in the PTFE matrix material at
smaller fractions of HNT (4 wt. % to 6 wt. %). SEM analysis of pin surfaces and transfer film
on the abrasive paper revealed the reduction in the coefficient of friction of PTFE/HNT
nanocomposites due to the deposition of transfer film. It was also observed that the strength of
transfer film is found to be optimum at a surface roughness of 9.5 microns under the optimum

operating conditions of input parameters.

From the present research work, it can be concluded that, a novel ‘green’ and cost
effective PTFE/HNT nanocomposites were fabricated and tested. From the characterization
study, it was concluded that about 4 wt. % HNT to 6 wt. % HNT addition, the material shows
multi-functional properties such as improved mechanical , thermal and tribological properties

due to better dispersion in the PTFE matrix material. These characteristics help in increasing
iv



the fatigue life of PTFE/HNT nanocomposite components. Hence, the components can be
fabricated with PTFE filled with Halloysite nanotubes for self-lubrication applications.
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CHAPTER -1
INTRODUCTION

The technological progress in any field is directly related to the development of different
innovative materials. Figure 1.1 shows the chronological advancements in the industrial
revolution. The progress in material technologies always opens a new arena for industrial
revolutions and is the clear evidence for making complex range products into simple and viable
to the common man as shown in Fig 1.1. Many countries give the primary emphasis on the
research and development of innovative materials by encouraging new research projects,

including the Ministry of Human Resources Development (MHRD) of India.
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Figure 1.1 Progress of industrial revolutions in the development of innovative products

In the present scenario of industrial products, all high-density material (metals) products
gradually replaced by low-density material products like polymers. But, to increase the
applicability of polymers, the weak polymers are reinforced with micron size or nano-sized
fillers and hence the evolution of composites and nanocomposites came into the picture. A
nanocomposite product is one in which the filler material has at least one characteristic
dimension (diameter or thickness) in less than 100 nm in contrast to the micron-sized filler.
Also, a nanocomposite component/product implies that the filler is at nanoscale not the
dimensions of the product are at Nano size [1]. Nanocomposites have been gaining great interest

in academia as well as industrial fields due to its tailored functional properties. Especially, the
1



use of nanocomposites embraced in mechanical engineering due to several reasons, like low
unit cost, ease of fabrication, high strength to weight ratio, inherent tribological characteristics
etc. The research carried out in the development of moderate to high performance materials
specifically in polymer nanocomposites from academia is being converted into the real-time
fabrication of products in bulk quantities for a variety of applications from industries. For
instance, the first nanocomposite product (N6/MMT nanocomposites) was an engine cover-
belt developed for its automotive industry by Toyota Research Centre [2], claimed that
significantly improved mechanical properties and increase moisture resistance. Also, several
commercial nanocomposite products made by different companies were also successfully put

into use.

Nylon6/66 fuel system components
ABS flame retardant computer and monitor housings
Nylon6 automotive parts like Mitsubishi engine cover
Food packaging
Butyl rubber/Nanoclay coating on Tennis balls
PU bladder for athletic shoes
Tribological applications like
Gears
Bearings/bearing cages
Artificial human joint bearing surfaces

Automobile brake pads

The research on polymer nanocomposites broadly encompasses many areas like electronics
and computing, data storage, communications, aerospace and sporting materials, health and

medicine, energy, environmental, air-craft structures, transportation and defence applications

[3].
1.1 Brief view of polymer nanocomposites (PNMCs)

In this section, it is discussed briefly about types of nanofiller, the effect of surface treatment
of nanofiller, processing and morphological characterization of the polymer nanocomposites.
Nanocomposites classified into metal matrix nanocomposites, polymer matrix nanocomposites,
or ceramic matrix nanocomposites, as shown in Fig. 1.2 (a). In all the cases the filler may be an

organic/inorganic filler that exists with one characteristic dimension on the nanoscale (i.e., ~100



nm). The shape of nanofiller exists in nano particulate (nano Al203, ZnO), nano fibres (nano-

glass fibre, CNTs, HNTs), and nano-platelets (Montmorillonite clay, kaolin) as shown in Fig.

1.2 (b) [4]

a)

Metal/Metal

Metal/Ceramic

4

M

Ceramic/Ceramic

M

Nanocomposites

Non polymer based nanocomposites

Polymer based nanocomposites

Polymer || Inorganic/Organ | | Inorganic/Orga Polymer/ , ,
Pol Pol B t
/Ceramic ic polymer nic hybrid Silicate olymer/Polymer locomposites
b) Fibrous
material Platelet (Layered)
material
Particulate
material /
)
t
3/r 2/r+ 2/1 2/t + 4/

Figure 1.2 (a) Classification of nanocomposites; & (b) Common particle reinforcement and
their respective surface to volume ratios [5]

Processing and characterization of nanocomposites

After the selection of a particular matrix and nanofiller combination for a specific

application, the next challenge is to select a proper synthesis method to obtain nanocomposites.

There are three common methods used to disperse nanofiller in the polymer matrix (thermo-

set/ thermoplastic/ elastomer) to produce polymer nanocomposites. They are



Melt compounding/intercalation
In-situ polymerization
Solvent method.

High shear mixing, pressing and sintering

In melt compounding/intercalation of the nanofiller into a polymer melt is done simultaneously
when the polymer is being processed through a screw extruder (single/twin) and injection
moulder. Injection moulding along with screw extruder has several stages. They are plasticity
stage, melting stage, and homogenizing stage. Accordingly, the screw barrel contains different
temperature zones along the screw barrel. The nanoparticles will be introduced into the polymer
melt during melting stage, as the mixture is passing through the homogenizing stage the
dispersion of the nanoparticles will be done and the barrel length provided under this section
relatively longer than other two sections. At the end of the screw barrel, the inlet to the injection
moulding machine is connected. During injection of the melt the screw acts as a ram and transfer
the polymer melt rapidly from the reservoir into the mould cavity and subsequently, the mould
is cooled and the product is ejected. The shape of the mould cavity may be made as any desired
shape. The rotation of the screw provides the necessary shear force in completing the cycle.
The nanofiller (clay) is introduced into the melt polymer using shear forces helps in obtaining
exfoliated structure [6]. In In-situ polymerization process, the nanofiller is added directly to the
liquid monomer (selected polymer matrix material) during the polymerization step. High shear
mixing, pressing and sintering method is used when melt intercalation is not suitable for
materials like PTFE, whose viscosity increases abruptly at high temperatures. In this case, both
polymer matrix and nanofiller are mixed thoroughly by using a high-speed pulverizer (jet
milling) which is meant for breaking agglomerates. Subsequently, pressing and sintering of the
compaction is followed for the final production of nanocomposites. In solution method, the
nanofillers are added to the selected polymer solution by using solvents like toluene, chloroform
and acetonitrile to integrate the polymer and nanofiller molecules[7]. Since the use of solvents
is not eco-friendly, the first three methods are widely preferred in the production of polymer
nanocomposites [8]. Figure 1.3 depicts the varieties of synthesis method to disperse the filler

material in the matrix material.
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Figure 1.3 Synthesis methods to disperse layered silicate into nanocomposites
1.2 Characterization

The variation in properties is highly influenced by the size scale of its component phases
and degree of mixing between the two phases. Hence, depending on the type of filler/matrix
combinations, a method of fabrication result possibly three types of structures as shown in Fig.
1.4. They are

e Phase separated (like micro-composites)
e Intercalated
e Exfoliated

For instance, when a polymer matrix is filled with Nano silicate platelets the three structures
are explained as follows: When the matrix is unable to penetrate between the nano silicate
platelets, a phase separated structure is obtained, and the properties lie in the same range of
those for conventional composites. In an intercalated structure, where a single extended
polymer chain can penetrate between the nano silicate platelets, a well-ordered multilayer
structure with alternate matrix and Nano platelets is obtained. When the nano silicate platelets
are completely and uniformly dispersed in the polymer matrix, an exfoliated structure is
obtained [9]. In each case, the resulting properties are obviously different and better improved
properties enhanced in the exfoliated structure. Hence, one of the main areas in the development
of nanocomposites is how to get an exfoliated structure. Achieving the exfoliated structure is
very difficult, as nanoparticles form agglomerates during mixing in polymer melts. Therefore,

5



the degree of dispersion of nanofiller in the matrix plays a crucial role in obtaining improved
functional properties. Without proper dispersion, i.e. a poorly dispersed nanofiller even may
diminish the values of mechanical properties [10], [11]. Additionally, if the surface of nanofiller

is modified, a good dispersion and adhesion at the interface will be achieved.

Phase separated

=4 =4

Intercalated
\ o
; — //
\ L o)
S - L ///

Polymer matrix
Exfoliated

/*?/\\

Figure 1.4 Types of nanocomposite structures [9]

The interface properties like, delamination resistance, fatigue, inter-laminar shear strength
and corrosion resistance etc. will then be improved. There are usually two types of surface
treatment namely surface modification by chemical reaction and surface modification by non-
reactive modifier. In the first type of surface modification develops a chemical reaction between
the inorganic filler and polymer matrix to improve the adhesion. A hydrophobic surface can be
obtained by the use of two reagents such as an alkyl saline coupling agent and another is an
alcohol [12]-[14]. In the second type of surface modification which is by the use of non-
reactive modifier. A nonreactive modifier generally reduces the interaction between the filler
particle interfaces and there by reduces the agglomeration during mixing. A widely used non-
reactive type of surface modifier is stearic acid. If added in matrix materials which reduces the
melt viscosity and thereby increase in dispersion capability [15]

Numerous characterization techniques are available to understand various physical,
chemical, and morphological properties of PMNCs. The commonly used techniques are Wide
Angle X-ray Diffraction (WAXD), Scanning Electron Microscope (SEM), and Transmission
Electron Microscope (TEM). These techniques provide images of associated surface details of

6



the combined nanofiller and matrix interfaces at micro to nano level. Also, Scanning Probe
Microscope (SPM) and Scanning Tunnelling Microscope (STM) are also widely used to
characterize the surface structural information at atomic level [16]. Raman spectroscopy has

also evidenced a useful investigation of material with carbon-based properties[17].

1.3 Tribology

Tribology includes the science and technology of interacting surfaces characteristics. They
include friction, wear and lubrication. The term ‘tribology’ was first coined by Prof. H. Peter
Jost in 1966, in a report submitted to UK department of education and science. It deals with the
technology of lubrication, control of friction and prevention of wear of surfaces having relative
motion under load. The work of tribology engineer is mainly interdisciplinary, connecting
mechanics, thermodynamics, and materials science, physics, chemistry, and including a huge,
multifarious and entangled area of machine design, reliability, and performance where relative
motion between surfaces involved [18]. While, the main objective of tribology is to regulate
the magnitudes of frictional force i.e., either to reduce the friction for lubrication applications

or increase the friction in case of anti-skid applications (Figure 1.5).

]%earmgs, (“dl‘l’]S, Brakes, Clutches,
Gears, all engine Tyres, clamps etc
critical components T

Minimum wear

Friction
& Wear

Maximum wear

\ Min. Friction
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Solid Lubricants Friction Surfacing
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Figure 1.5 Practical objectives of tribology [19]

Tribology of polymer nanocomposites refers to the study of effect of nanofiller addition on
friction and wear properties under different operating conditions. Selected Nanofiller are added
in order to improve the wear resistance of polymers since they possess long polymer chains
with less Vander Walls energy without affecting or even reducing the friction coefficient. The

early works led in this area was mainly reflect in improving the tribological parameters with



the addition of novel filler into the polymer matrix. It is a continuous quest of new

nanocomposites, they contribute to the less wear rate[20].

The coefficient of friction is defined as the ratio of applied load to the normal reaction from
the surface. Since in tribology, the components are in relative motion, here the term coefficient
of friction is nothing but kinetic coefficient of friction, simply called as coefficient of friction
(COF). Wear is nothing but loss of material due to friction, when a soft material is forced to rub
against hard counter surface. The rate at which the material is losing the mass from the base
material is known as wear rate, expressed in mm3. The amount of wear rate per unit applied
load and distance travelled is termed as specific wear rate, expressed in mm3/N-m. The amount
of frictional work spent in removing unit material from the base surface is known as specific

wear energy, expressed in J/g [21].
1.4 Materials tribology in mechanical/machine design

A typical machine or mechanical system is made from assemblies and sub-assemblies. The
individual parts connected together such that to make a sub-assembly and led to final assembly.
The interfaces of the component with the neighbour component obviously form either higher
pair or lower pair. These pairs can be of sliding pairs or rolling pairs (tribological components),
are in relative motion and transmit loads. Whenever two components are in relative motion, at
the interfaces, wear of the components occurs due to friction and improper lubrication. Hence,
for successful functioning of components, at these surfaces of mechanical systems low friction
and low wear is desirable. Since, the inherent tribological characteristic, wear is vital in the
successful utilization of the end product for longer periods of life. In a mechanical system
design, a designer tries to optimize a design, accuracy of the properties of materials become
vital during the design process. The design process is even more intensive while designing
tribological components as wear rate and coefficient of friction are not properties of material.
The tribological behaviour of materials is therefore depends on many parameters like: material
couple, contact geometry, external normal load, contact pressures, relative sliding speed,
material surface topology and roughness, operating temperature, chemical interactions, sliding
direction (unidirectional, reciprocating, or random) etc. The tribological design even requires
more attention in case of the mechanical assemblies have to work in multiple environments like

air and submerged fluids, terrestrial and space environments, cryogenic environments etc., [22].



1.4.1 Tribology of polymers and polymer nanocomposites

Wear is a material response to the external motivation and can be mechanical or chemical in
nature. It involves progressive loss of materials, due to relative motion between the surface and
a contacting surface. It was observed that, failure of the component s is due to reduction in wear
life, which the main factor to damage the system functionality. Several researchers worked in
improving the wear resistance of polymer components by incorporating varieties of nanofiller.
But, very few researchers contributed towards the development of eco-friendly polymer
nanocomposites [23]. Since eco-friendly polymer nanocomposites contribute to green
tribology. The term green tribology means, saving materials, energy, and improving the quality
of environmental life. i.e., reducing the waste and extending the life of components. For
example, in the area of tribology, green tribology demands on the development of biomimetic
composites, self-lubricating and recyclable materials etc. The life of Industrial components
mainly depends up on its reliability and successful service. It is termed as loss of function of a
system. The loss of functionality of a system relies on the successful functionality of individual

components. Several aspects they lead loss in functionality of a system/component is as

follows:
‘ Loss of Function of a System ‘
]
v
| Obsolescence (15%) || Total Fracture (15%) || surface Failure (70%) |
Gross Failure Surface Induced Wear (55 %) Corrosion (15 %)
Fatigue

Figure 1.6 Different failures in the loss functionality of a system [24]
Obsolescence 15% -> Discontinuation of the usage due to old design concepts
followed.

Total Fracture 15%-> Gross failure and surface induced failure—> surface induced one
is due to fatigue of component/system

Surface failure 70% = Wear 55% or corrosion 15%

The effect of wear on the reliability of industrial components is acknowledged widely and
the cost of wear has also been accepted to be high (Figure 1.6). It is assessed that around 33%

of the world's energy resources in current use indicate as friction many forms. This



communicates to an astonishing loss of potential power for the present automated society. The
reason for research in tribology is naturally the minimization and disposal of pointless waste at
all levels of engineering applications where the rubbing of surfaces is included [23].

1.4.2 Different types of wear and wear mechanisms in polymers

In case of solid lubrication (dry lubrication) system the material under two body wear
mechanism, during the service of polymer components depends on several parameters like:
normal load, sliding speed, sliding distance, temperature, surface finish, type of contact,
hardness toughness, melting point, thermal conductivity, as shown in Fig. 1.7. In case of
polymer composite systems filler wt. % addition, and the characteristics of filler such as size,
shape, hardness etc. Hence, in the present context associated with materials, the type of wear
mechanism depends up on the type of polymer material, blend, composite or nanocomposite of
thermoset, thermoplastic, or elastomeric matrix materials. The wear mechanism in these types
of materials is discussed in Table. 1.1, and its corresponding mode of wear when running

against metallic counter face and counter face fitted with abrasive paper.

Table 1.1 Different types of polymer and its wear behaviour [25]

Wear on abrasive paper Wear on metal counter surface
Material| - Examples Contact Type of wear Contact Type of wear
conditions | P conditions yp
Polystyrene,
- PMMA, . . plastic-partly cutting and partly
Rigid Thermosetting Plastic cutting elastic fatigue
resins
. |Filled rubbers, Plastic partly cutting an(_j elastic-partly Tegrlng and
Elastic : . partly tearing . fatigue and partly
polyamides [elastic . plastic 4
or fatigue cutting
ngh_ly Rubbers Elast_lc-partly tearing elastic tearing and fatigue
elastic plastic
Plastic- PVC, PTFE |Plastic cutting plastic-elastic cutting, tearing,
elastic and fatigue
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Wear classification for polymers

Generic scaling

Phenomenological

interacting model:

- Cohesive wear
- Interfacial wear

Material response
approach

approach approach
Origin of wear process
Two-term model:

- Abrasive wear

- Adhesive wear

- Transfer wear

- Chemical wear

- Fatigue wear

- Fretting wear

- Erosion

- Delamination wear

Polymer class model:
- Elastomers
- Thermosets
- Glassy polymers

- Semi-crystalline
polymers

Figure 1.7 Wear classification of polymers [26]

Two-term model of the wear processes. The difference between interfacial and cohesive

wear processes occurs from the point of deformation in the softer material (usually polymer)

by a rigid, non-dissipative, asperity of the counter-face. For interfacial wear the frictional

energy is dissipated mainly by adhesive interact ions while for cohesive wear the energy is

dissipated by adhesive and abrasive (subsurface) interactions as depicted in Fig. 1.8. In the

present work the emphasis made mainly on abrasive wear and erosive wear of nanocomposites.

!

Velocity «— |Hard
Surface

Polymer

Normal Load

Rigid
asperity

Interfacial zone

Cohesive zone

Figure 1.8 Cohesive wear process [27]

1.4.3 Abrasive wear of polymers

1.4.4 Tribology of thermoplastic nanocomposites filled with inorganic fillers

Thermoplastic material is widely used for several tribological applications. Polymer

nanocomposites fabricated by the use of inorganic fillers into polymer matrix had shown better

properties even without surface modification but by the use of reduced dimensions of fillers. It
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means the fetching in the desired properties are governed by the size and shape of the nanofiller
which is incorporated into the matrix facilitates the good bonding strength [28]. It is proposed
that with decreasing filler dimensions or increasing filler content a significant improve in the
contact area between the filler and matrix, and in turn it would greatly and effectively improve
the transfer of the load between the fillers and the polymer matrix. The inorganic nano-fillers,
ranging from 1 to 50 nm, were successfully incorporated into the polymeric matrix to strengthen
and improve the ductile polymer to be more stiff and resistant for abrasion [29]. The inclusion
of the ceramic nano-filler into the more ductile and low thermal resistant polymer can
substantially improve its stiffness and thermal stability [30]. The nano-sized silica or alumina
particles without any chemical modification were incorporated into the PEEK polymer. The
addition of reduced size alumina particles greatly reduced the agglomeration cluster density and

improved dispersion of filler in the PEEK matrix [31].
1.5 Tribometer and modes of testing

The main purpose of friction and wear tester is to provide experimental simulation of the
wear parameters under predefined operating conditions. Because, the wear and friction are very
much sensitive to operating parameters such as temperature, load or weather conditions of
surrounding environment as discussed in table 1.2. Hence, it is vital to have an experimental
setup where many of these parameters can precisely be controlled and observed. Also, precise
measurement of these parameters cannot be done with classic industrial equipment. Therefore,
careful design and fabrication of the experimental setup are essential to develop as per the
international standards. The recent technological development in the area of tribology of

materials also helped in manufacturing the advanced tribometers for the tribological researches.

A group of tribometers are available to assess the tribological performance of different
materials. Hence, it is important to select the required type of tribometer along with the mode
in order to conduct the wear runs. Selection of a particular friction tester depends upon the type
of geometry between the friction pair, type of loading, type of contact and the corresponding
type of motion. Table 1.2 describes the aforementioned parameters for selecting a particular
wear and friction tester. Figure 1.9 depicts the types of test modes available for the wear

assessment
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Table. 1.2 Typical test geometries for friction and wear testing [32]
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+
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\// Stationary

( Py cylinder
o Rotatlng
g) cylinder

Rotatlng
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h)

Face/Edge .
Geometry loading Type of contact Type of motion
1 Pin-on-disc Face loaded |point/conformal uun_ldlrgctlonal sliding,
oscillating
2 Pin-on-flat Reciprocating |point/conformal |Reciprocating sliding
3 Pin-on-cylinder Edge loaded |point/conformal junidirectional sliding, oscillating
4 Thrust washers face loaded conformal unidirectional sliding, oscillating
5 Pin-into-bushing conformal unidirectional sliding, oscillating
6 Flat-on-cylinder  |edge loaded  |Line unidirectional sliding, oscillating
7 Crossed cylinders Elliptical unidirectional sliding, oscillating
8 Four balls Point unidirectional sliding
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Figure 1.9 Types of friction wear assessment — modes of test rigs [32], [33]

1.6 Solid Lubricant materials and the use of Polytetrafluoroethylene (PTFE)

Fluid lubrication require pumps, seals and filtration systems to keep the contacting surfaces

out of lubrication. So the main drawback of fluid lubrication system is smaller operating

temperature range in which they operate and leakage issues, environmental pollution upon

disposal etc. Under these circumstances, solid lubricant is an excellent opportunity and provide
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many added benefits like a broad operating temperature range, low coefficient of friction value,
new environmental capabilities, the lubricant remains in contact and is self-replenish, can be

applied as a coating. Figure 1.10 depicted the potential applications of polymer materials.

The major downfall of polymers is rapid wear rate, finite life time, wear debris generation.
Hence lot of focus by researchers is going on in reducing the unwanted effects and increasing
favourable effects. i.e., increased life span, reduced wear rate, reduced debris generation,
reduced or less effect on friction coefficient of friction. Materials with low shear strength metals
such as gold, silver, lead, lamellar solids such as MoSy, talc, boric acid, graphite, can be used
as self-lubricants. The reason for high wear rate for these materials is low shear strength and
low interaction energy between lamellar layers. Diamond like carbon coatings show extremely

low friction and wear under dry and vacuum conditions.

Polymers and polymeric composites are another option as solid lubricant material. Common
high performance polymers are Polyether ether ketone (PEEK), Polyamide imide (PAl),
Polyimide (PI), Polytetrafluorethylene (PTFE). PEEK, PI, or PAI have desirable mechanical
and thermal properties with moderate wear behaviour but have high coefficient of friction
values. On the other hand, PTFE and similar fluoropolymers have low friction coefficient but
suffer from poor wear. Using wt. % addition of micron sized or nano sized fillers the wear rate
can be reduced. PTFE is one of the most promising self-lubricating and superior performance
industrial polymer invented by Dr. Roy J. Plunket at DU Pont’s laboratory, US, on 6" April
1938. The structure of PTFE is a long chain consists of stable and strong Carbon-Fluorine bonds
and the molecules possesses very low coefficient of friction, outstanding chemical resistance,

high thermal resistance.

Characteristics of PTFE:

Self-sacrificing during wear between surface
Offers resistance to chemical exposure
Hydrophobic surface

Offers thermal and electrical insulation
Good operating temperature limits

Low coefficient of friction

Dry running capability

High surface speeds

Resistance to weathering
14



High impact strength

Applications of unfilled PTFE (Fig. 1.10)

Sealing rings in ball valves and globe valves

Sealants

Transportation of food products, oils, paints, acids, alkaline solutions, gases and solvents
Gaskets, washers, well-drilling parts

Pharmaceutical, beverage, food and cosmetics industries use virgin PTFE for making conveyor
belts, slides, guide rails, ovens etc., as PTFE meets the FDA regulations.

Insulation of high voltage cables

Linings of electrical heating elements such as protective covering for micro-electronics and
electroplating

Coverings for medical appliances

: Industrial: Textile, Paper,
Medical Automobile P
Food etc.,

Minlature
Ball Bearings

Ball bearing material
Inner race: PTFE, PA6

smehait Journel Besrings Operating Outer race: PTFE, PEEK
thancement of Injection Pressure and Temperature T = 100°C ;
erefore of Engine's Degroe of Efficiency Cage: PTFE

Steel balls

Dental turbine bearings

Short CF /
- UHMW-PE
CF Fabric/ PEEK -

Sliding Shoe

Sliding shoe in the chain system of a

Length ca. 10 Meter < _ -
Vo Lsorg e, S Weight of Cover ca. $%0 kg Nanocompound textiledrying machine
R

Toon & Waat

Calendar roller of a paper mill
Hip jointimplant cup

Figure 1.10 Potential fields of applications of polymers including PTFE as self-lubricating
material [34]

Limitations of unfilled PTFE

Inferior mechanical properties

Poor thermal conductivity

Cold shear flow of the molecules due to pressure near contact surface
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1.6.1 Methods to improve tribological behaviour of PTFE

In order to overcome the limitations mentioned, the wear resistance of PTFE over a range of
operating temperatures, operational loads and the overall tribological performance, a
specialized tribosystem is required in addition to the material property enhancement. Coming
to material properties such as % crystallinity, glass transition temperature, mechanical
properties, molecular weight, orientation, hardness, and surface energy are factors that have
been shown to influence both the friction and wear behaviour of pristine polymers under
different experimental parameters. While for a tribosystem: loading characteristics, the
counterpart material, operating temperature, presence of lubricants etc. play a major role for the
active wear mechanism and subsequently for the overall wear performance as shown in Fig.
1.11.

Composite materials Mating materials

- Polymer matrix - Roughness/hardness of
- Type and structure the counterpart surface
of the filler = <3 | - Bonded or loose

- Filler/matrix interface sharp particles
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- Sliding - Adhesion
- Multiple/single pass - Fatigue
- Reciprocating - Chemical degradation
- Impacting
External conditions
- Temperature
- Contact pressure
- Velocity

- Environment
- Dry conditions/lubricants

Figure 1.11 Factors influencing the wear behaviour of polymers [35]

Applications of present day frequently require a more specific modification of the
tribological properties to meet the demands. Accordingly many researchers had put continuous
efforts in search of new fillers to improve the sliding performance of pristine polymers.
However, the developments are still ongoing to interlace with other fields of applications for
extreme operating conditions. In detail the literature survey on PTFE, PTFE composites and
PTFE nanocomposites were discussed in chapter 2
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1.7 Erosion wear

Solid particle erosion wear in polymers: Solid particle erosion is the loss of material from
the surface, results from repeated collision of accelerated particles. The erosion wear also
occurs, whenever, hard solid particles are entrained in fluid medium impinging on a counter
surface at considerable velocity. In both the cases, particles can be accelerated or decelerated,
and change their directions of motion by the action of fluid. The solid particle erosion is a useful
process in some cases like, sand blasting and water jet cutting, but the wear process is not
desirable in many other engineering systems, like steam and jet turbines, pipelines and valves
carrying chemicals/solid matter, and FBC systems. The motivation for study and understanding
erosion wear mechanism might be reduced life times, failures of mechanical components
utilized in erosive environments such as, pipelines carrying sand slurry, petroleum refinery,

turbine blades, nozzles, fire tube/water tube boilers.

1.7.1 Erosion wear procedure

Erosion and local removal of material in the matrix rich zones: The erosions wear resistance
is mainly depends on the erosion characteristics of matrix material, since the impact of solid
particles is first exposed to the matrix material. Hence, the toughness of exposed matrix rich
zone directly affected for the erosion mechanism. In case of thermosets, the matrix erodes in
brittle manner. Whereas, in case of thermoplastics, the matrix is uniformly ridged and cratered
with local material removal in the zone is revealed. Erosion in the fibre zones associated with
breakage of fibers: The effect of fibre reinforcement has some significance in the erosion wear
process, as fiber material, fiber content, fibre geometry and its orientation affects the erosion
magnitude. The damage is characterized by the separation and detachment of broken fibres
from the matrix. The material with the strongest interface strength showed the highest wear
resistance. The inclusion of brittle fibres produce lower erosion rates compared to unfilled
thermoplastics [36].

Erosion of the interface zones between the fibres and the adjacent matrix: as the next erosion
affected zone is weak interface between fibers and the matrix. This is the next weakest zone
which is exposed to the impacting media. Highest interface strength can be observed if the
surface of the fibres were modified by some special treatment. Thus the bonding strength at the
interface increases due to surface modification and hence the increased wear resistance at the
interface. This phenomenon helps even in the matrix rich zones and delay in the wear can be
observed [37].

17



CHAPTER -2
LITERATURE SURVEY

The chapter discusses about the literature review, it describes clearly about the necessity of
solid lubrication for several industrial applications, Literature related to PTFE as a solid
lubricant, necessity of filler addition to the PTFE matrix material, conclusions from PTFE
composites, conclusions from PTFE nanocomposites, HNT as a filler material, HNT filled
polymer nanocomposites, problem identification, problem definition from research gap, and

motivation for the current work.

2.1 Tribology: Friction, Wear, and Lubrication

Tribology is defined as science and technology that mainly deals with friction, lubrication,
and wear. Friction is inevitable characteristic between the moving parts or components of
machinery in industries. This is controlled by the thin surface layers of bodies in dynamic
contact. Therefore it is always desirable to have less value of friction coefficient and that leads
to minimum losses and torque requirement. The study of friction in polymers is mainly
emphasized on two main elements i.e., adhesion and deformation [27]. Wear is the dislodging
of mass lumps from the weak material when is set to slide against hard counter-surface.
Abrasion, adhesion, and fatigue wear are common types of wear of polymers[38]. The basis for
wear process is as follows: The basic mechanism of friction of polymers in the highly elastic
state over smooth surfaces is adhesion. The changes in surface layer arise from mechanical
stresses, temperature and chemical reactions. Polymers are generally more sensitive to these
factors due to their specific structure and mechanical behaviour. The local temperature at the
interface may be substantially higher than that of environment, and may also be enhanced at
the asperity contacts by transient flashes or hot spots. The temperature exerts an influence on
wear of polymers. In practice, less number of polymers are available for sliding against steel at
higher operating temperatures. Friedrich et al, [39] fabricated composites with different fillers
like PTFE particles, short glass, carbon and aramid fibres in the matrix of PEEK, and studied
the friction and wear properties of high temperature resistant polymers,. They found any fibre
orientations of carbon fibres in the PEEK matrix give better wear resistance than the arbitrary

orientation of glass fibres, and aramid fibres.

In many materials, wear is closely related to friction and lubrication. Varieties of materials

were developed with different film coatings and strengthening mechanisms of soft polymer
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phase loaded with micro and nano-reinforcements to combat wear and friction. The
reinforcement in the matrix material would improve wear resistance at the cost of slight increase
in friction coefficient. In recent years, several new solid lubricant materials have been
developed to achieve better lubricity and longer wear life in challenging tribological

applications [40].

2.2 Polytetrafluoroethylene (PTFE)

PTFE is one of the most promising solid lubricant material to possess all desirable
characteristics and replaces many metals in wear and friction aspect. But it highly suffers from
low wear resistance rather low coefficient of friction. PTFE is viscoelastic in nature and as a
result, its friction, wear and lubrication properties are functions of both sliding velocity and
operating temperature. PTFE is a linear chain, non-cross linked, semi-crystalline polymer with
smooth molecular contour consisting of 20,000 to 2, 00,000 repeating units of TFE -(C2F2C2F»)-
n. The fluorine encasement of the carbon backbone provides high chemical inertness, while its
smooth profile provides low friction sliding [41].

PTFE also has a wide operating temperature range (269 °C — 227 °C) and a very low vapour
pressure (low out gassing) making it a viable material for solid lubrication in space craft
applications. The molecular structure of PTFE is shown in Fig.2.1 (a) and in Fig.2.1 (b) the
details of the typical spherulite arrangement in the structure is shown. An increase in coefficient
of friction of PTFE material was observed, at reduced operating temperatures or increased
sliding velocities [42]. In their work, for applications at speeds less than 10 mm/s a low
coefficient of friction value (0.03-0.1) and a moderate specific wear resistance (10°mm?/N-m)
was registered. Makinson et al. [43] found that, when the sliding velocity was increased to
above 10 mm/s at room temperature, a changeover from mild to high wear (10°-10= mm?®/N-
m) along with increased friction coefficient. They also hypothesized that at speeds <10mm/s
and temperatures >30 °C shearing occurs in the amorphous regions (regions at the interface of
neighbouring crystalline portions) and formed lamellar type of debris on the counter surface
[6,7, 8]. Also, they observed an increase in the shear stress compared to the shear stress under
original conditions of material (low friction and moderate wear) in case of sintered PTFE
material. The stress required to cause failure at the boundaries between crystalline regions of
the material, at increased speeds and decreased temperatures. They concluded that this leads to

larger debris and increased wear rates.
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Figure 2.1 a) molecular structure of PTFE [41] and b) arrangement of spherulites in PTFE

PTFE powder does not actually liquefy at its melt temperature ~340°C, due to its extremely
high molecular weight i.e., the melt viscosity increases with increase in temperature [44].
Consequently, the bulk PTFE powder must be consolidated by other than usual melt flow
processing techniques like screw extrusion. Press-sinter methods are commonly employed,
where the PTFE powder was cold pressed into a mould pressure of 10MPa or above,
subsequently sintered above the melting point, maintained few hours of holding time and slowly
cooled to room temperature. The typical shapes of moulds used are in the form of rod or sheet
and the final shape of the part can be obtained by machining these rods or sheets. PTFE
composites may be shaped by simply blending the particles of filler into the PTFE matrix

powder before pressing.

The molecular structure of sintered PTFE is shown in Fig. 2.2. The chains organize parallel
each another with their axes lying within the plane of thin crystalline wedges or slices, with
tangled regions separating slices as they pile to form bands. The hypothesized crystalline slices
appear to have thickness in the range 20-30 nm [45], along the length of these bands observed
upon fracture surfaces. Figure 2.3, depicts the gradual wear loss mechanism of virgin PTFE

material.

20



Figure 2.2 Microstructure of PTFE: (a) semi-crystalline band; (b) crystalline slices, separated
due to shear in the disordered region; (c) hexagonal array of chains arrangement of

PTFE molecules in the slice [45].
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Figure 2.3 typical wear loss of virgin PTFE material with hard counterface [46]

Blanchet and Kennedy [47] observed from their study of transition wear behaviour speed
at different temperatures at increased temperatures the wear rate transition speed is also
increased. The transition of severe wear occurred at COF=0.1 was observed from wear rate ‘k’
versus COF graph plots at different temperatures. These results were in good agreement with
the work of Makinson and Tabor [43] and suggested that severe wear transition was a response
to the shear stress at the interface, as shear stress is a function of COF and thus the COF is
dependent on both speed and temperature. Moreover, in search of reasons for causing severe

wear rates they also studied several microtomed samples (perpendicular to the direction of
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wear) after mild and severe wear test. When observed severe wear samples, some cracks were
found to propagate in the direction of sliding under a layer of worked material at subsurface
depth consistent with observed debris thickness. On the other hand no such cracks were found
in mild wear samples. They explained the reasons as follows: the defects in the sintered material
act as crack initiator, when speeds are low, the kinetic friction coefficient at the tribo-interface
is low and the static friction coefficient is just sufficient to support the PTFE interface for the
surface tractions. Whereas, when the sliding speed increases the kinetic friction coefficient at
the tribo-interface increases and exceeds the static COF (~0.1) at the PTFE/PTFE crack
interfaces, the crack tips must support surface tractions. Eventually, this leads to a progressive
delamination wear process. Due to this severe wear of PTFE at high speeds and operating
temperatures it has precluded its use as pristine PTFE in many applications and motivates the

use of reinforcement to overcome the onset of severe wear.
2.3 PTFE composites

In the previous topic it is discussed the necessity of filler addition in PTFE matrix material.
For the last few years, micro fillers were incorporated and up to 100X wear reduction was
observed. The following graph shows the reduction of wear rate with filler wt. % addition in
few PTFE composites found in the literature. In spite of being tested with different testers,
methods, pressures, speeds and fillers, there was a regular trend of reduced wear rate with
increased filler wt. % up to 50 wt. % was noticed. The reasons for wear reduction due to filler

addition were discussed in the coming section.

Lancaster [48] suggested that the inclusion of hard wear resistant fillers with a high aspect
ratio resulted the reduced wear of PTFE composite and increased support to the load due to a
thin film formation. Especially when metal fillers were added, the transferred fragments of
metal fillers on the counterface, had some adhesion interaction with the remaining filler
particles of the slider. Moreover the metal fillers on the counterface form as ‘hot spots’ acts as
catalyst for the chemical reaction between PTFE matrix and the filler establishes a strong thin
film on the counterface and there by the reduction in the wear was observed.

Tanaka et al. [42], prepared PTFE composites with fibers, particulate and lamellar types of
fillers. The tribological behaviour of PTFE composites was studied under a constant load and
at different sliding speeds. They observed that friction is independent of type of filler added to

neat PTFE and concluded that fibre and particle type fillers were more effective than solid

22



lubricant lamellar and other hard fillers in the contribution of preventing large scale destruction
of long structure of PTFE material near friction surface. In their work they also noticed that,
the effect of shape and size of the filler on the friction and wear behaviour of PTFE material.
Bahadur and Tabor [23], carried out experiments, using polar graphite, PbzOs, MoS; and
Cus fillers in different proportions included in PTFE slider, rubbing against flat counterface of
glass and mild steel, which were finished by grinding, abrading using 600 grade emery paper
and lapping. They recorded the following observations: Graphite filler inclusion reduced the
wear rate of PTFE by about 100 X and increased the coefficient of friction by ~30%. CusS filler
inclusion provided 100X reduction in wear rate with no increase the coefficient of friction.

2.4 PTFE nanocomposites

In the previous section from the literature it was revealed that, PTFE micro-composites were
loaded with more than 20% (by volume) filler in order to make it as wear resistant. But the
subsequent problem with high % of filler loadings is that, the hard and wear-resistant fillers
cause abrasion to the counterface and spoils the surface roughness. Hence, nanofillers might be
the other option to use as reinforcement. The main advantage with nanoparticles is its size scale,
on par with counterface asperities and therefore has potential as wear-resistant, nonabrasive
fillers. Also, the improvement in the properties can be achieved with low wt.% addition of
fillers (<10%). From the literature, in various other polymeric systems, low filler fractions of
nanoparticles have resulted in appreciable improvements in mechanical properties and thermal
properties [31], [49], [50].

Collective researches showed that the addition of low amount of organic and inorganic
nanofillers can render superior improvement of functional properties. In this regard
carbonaceous nanoparticles such as graphene sheets (GS) and carbon nanotubes (CNTs) have
gained great deal of interest as a functional filler for polymer-based nanocomposites. In recent
study, Graphene nano platelets (GNPs) was used as reinforcement in polydimethylsiloxane
(PDMS) silicone elastomers and the effect of concentration of GNPs on ultimate properties of
composites was studied [51]. From the study, useful mechanical and thermal properties were
analyzed through Infrared mechanical responses at different pre-strain values.

The improved properties of the composites witnessed several varieties of applications like
photo-responsive coating material for many MEMS devices, optomechanical memory, adaptive
skin smart material, temperature sensitive strain gauge etc. An optimum increase in mechanical
properties such as Young’s modulus, photomechanical induced stresses in the composite
material at different pre-strain levels was realized at 2 wt. % GNPs addition. The addition of
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graphitic nano-carbons such as single layer graphene and graphene nano platelets (SLGs and
GNPs) as reinforcement played an important role in enhancing several mechanical properties
through improved load transfer from the work of Xu et al [52]. During their preliminary studies,
they developed advanced PDMS composites containing SLGs and GNPs for robotic actuator
applications. The remarkable enhancement in load transfer and mechanical properties was
observed for PDMS composites containing 1 wt. % exfoliated graphene and it was ascertained
with the help of strain induced Raman band shift. Due to the band shift in tension and
compression modes, a considerable increase in mechanical properties such as elastic modulus
of PDMS (about 42%), toughness (about 39%), damping capability (about 673%), and strain
energy density (about 43%) was reported. It was also observed that the orientation of the GNP
and SLG flakes in PDMS matrix influences the damping and frictional properties in
longitudinal and transverse loading [53]. The synergistic effect of multi-wall carbon nanotubes
(MWNTSs) and SLGs towards load transfer and enhanced mechanical properties was studied in
PDMS matrix. The significant improvement in the load transfer as well as mechanical
properties was obtained with total 1 wt% addition of MWNTSs and SLGs in the matrix material
[52].

The extensive studies by Burris et al [54]-[56] showed a prominent improvement in
mechanical and tribological properties of PTFE composites with organic and inorganic
nanofillers compared to micron sized fillers due to its large aspect ratio. Further, they
consolidated the work of previous authors and defined the target direction for high performance
materials as shown in Fig. 2.4. The tribological parameters such as friction and wear plotted
on a semi-log plot and classified as per the specific wear rate magnitude of PTFE blends,
composites, and nanocomposites. From the Fig. 2.4, the circles enclosed with letters were the
design points, the work of previous authors, and represent the specific wear rate and coefficient
of friction. The classification described these materials into low performance, medium

performance, and high performance materials suitable for several tribological applications.
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Figure 2.4 Semi-log plot of Wear rate versus friction coefficient for various solid lubricating
unfilled polymers, polymer blends and polymeric composites. The lower left hand
corner, a target region of ultra-low wear rate and friction coefficient is also portrayed.
[54]

Conte et al [57] has observed that combination of soft and hard phases influenced the
coefficient of friction, self-lubricating and load carrying properties of PTFE composites as
compared to pure PTFE and proved that mateirals . The studies by Feng et al [58] showed an
enhanced tribo-performance with the dispersion of surface modified ZnO nanoparticles in
PTFE matrix. Improved mechanical, wear and electrical properties were reported in single
walled carbon nanotube (SWNT)/PTFE composites [50]. Optimum performance in tensile
properties of GF/PTFE composites was found at 0.3 wt% of surface modified glass fibers by

using rare earth surface modifier (LaCl3) [59].

2.5 Filler material: Halloysite nanotubes (HNTS)

HNTSs are a kind of natural occurring clay minerals with nanotubular structures, usually
being extracted from mines. HNTSs are attracting the focus of researchers as a reinforcement
material due to its hollow tubular structure similar to carbon nanotubes (CNTs) with good
aspect ratio. The clay mineral was first identified and reported by Berthier in 1826, as a
dioctahedral clay mineral of kaolin group [60]. The chemical formula for a typical HNT can be
expressed as Al>SioOs(OH)4-nH20, with n equals 0 and 2, representing dehydrated and hydrated
HNTSs, respectively. Lots of deposits of HNTs have found in countries such as, France,
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Belgium, China, and New Zealand. HNTs adopt other than tubular morphologies like
spheroidal and plate like particles under varying crystallization conditions. Of these tubular
morphology is the most common and useable for several applications. Initially, HNTs reported
its application in biomedical use as controlled release of drugs, since the lumens of HNT can
be loaded with drugs and other chemicals [61]. For engineering applications, HNTs found its
place as corrosion inhibitor loaded within the lumen, when doped with specialized coatings for
surface protection [62]. In the field of material science applications, owing to its several
advantages like high L/D ratio, low density, ready to disperse easily without any surface
modification, HNTs have attracted as a promising reinforcement filler for thermoplastics for
improving functional properties. Many researchers reported that increased mechanical,
thermal, and tribological properties were observed with the incorporation of HNTSs as filler
[61], [63]-[67]. Fig.2.5 (a) & (b) shows the TEM images of Halloysite nanotubes particles
supplied by the manufacturer. Fig.2.5 (a) shows the average inner and outer dimensions of tube
structure whereas Fig.2.5 (b) shows the lengthwise dimensions of the nanotubes. The length of
nanotubes play some dominant role in improving the mechanical properties such as tensile,
impact, flexural, and micro-hardness and thermal properties like improved heat capacity,

process of crystallization, degree of crystallinity etc.,

Figure 2.5 Transmission Electron Microscope (TEM) Images of HNT particles (a) average
inner and outer dimensions; (b) Particles have different lengths {source: NaturalNano
Inc., USA [63]}

A survey on the natural mineral Halloysite nanotubes (HNTSs) being used as filler for
thermoplastic, thermoset, and elastomer polymers, was reported by Rawtani et al [61].
Halloysite nanotubes have alternate alumino silicate layers with alumino layers located inside

the HNTs and most of outer layers are siloxane. The HNTSs are usually hydrophobic in nature
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due to low content of hydroxyl groups on their surface compared to other nanoclays and
nanosilica. Therefore, HNTSs can be easily dispersed in non-polar polymers like PP, ABS, PTFE
etc, using shear mixers [67]-[69]. Also in case of CNTs, owing to m—m interactions, the
dispersion in polymer matrices is complex [70]. On the other hand, HNTs have very less inter-
tube relations due to less hydroxyl groups and also the presence of siloxane makes the inter-
tube interaction relatively weak and promotes exfoliated dispersion in the polymer matrix [68].
In addition, it possess high aspect ratio and cost effectiveness compared to single or multiwalled
carbon nanotubes. HNTs have emerged in its usability as filler in comparison to other
nanofillers for polymer-based nanocomposites. This is in comparison to the effect of fillers like
talc, mica and various other aluminum silicates used to improve functional properties of several
polymers [28], [71]. Consequently, modified HNTs were dispersed in the several polymer
matrices such thermoset/thermoplastic/elastomers [15], [67], [72]-[77] and improved
functional properties were found. Moreover, the recent trend in developing ‘green tribological’
materials has been motivated in the preparation of PTFE/HNT nanocomposites as PTFE is
recyclable and HNTSs are naturally available materials. In the present context, green tribology

means saving energy, improving the environment and the quality of life [78].

2.6 Transfer film mechanism

Coming to transfer film characteristics, filled polymers produced a uniform and articulate
film on the steel surface compared to unfilled PTFE. The changes in size and shape of the worn
debris of filled PTFE and their bonding to the counter surface with less shear stress during
sliding caused smear film. The increase in the wear resistance or reduction in wear debris can
be quantified directly with the strength of transfer film. Especially, when sliding on hard counter
surfaces, the established film that fills the asperities of the counter surface and grows gradually
its thickness with further sliding distances. The optimum thickness of the formed film begins
as a PTFE/over laying PTFE pair and hence the tribological behaviour of PTFE becomes very
insensitive to the counter surface roughness or composition. Transfer film formation on the hard
counter surface occurs due to weakening of current layer from the slider end, since adhesive
force from the counter surface dominates the cohesive force between the layers. Repeated stress
cycles at the interface are the main reason in forming the film. For unfilled polymers, transfer
can be beneficial or detrimental to the wear process, depending upon the topography generated.

Figure 2.6 shows certain results from this type of experiment and it may be noted that
transfer causes increased wear with the brittle polymers and reduced wear for the more ductile
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ones. It is reasonable to suppose that transferred fragments from the ductile materials are readily
deformed during repeated contacts and generate a surface which is smoother than the original
metal. The localized asperity stresses are therefore reduced, and in turn the magnitude of the
rate of wear. Various zone presented in the Fig. 2.6 were explained as follows: I. Initiation of
contact between the surfaces. Il. Running-in wear process where the soft polymer molecules
are gradually transferred to the hard counter surface as a third body. Ill. Steady state wear
process where the wear and friction phenomena are influenced mainly by shear and adhesive
properties of the transfer film [27]
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Figure 2.6 wear process in soft polymers (ploughing effect) and hard polymers (debris flakes)
[27]

Gong et al., found that the wear rate of PTFE was independent of chemical bonding with the
counterface, and concluded that cohesive failure within the PTFE must govern its wear rate.
Blanchet et al. [47], had similar findings with XPS analysis of PTFE and PTFE composites in

dry sliding, and concluded that the wear reducing role of the filler is to slow primary removal
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of material from the bulk by arresting crack propagation rather than slowing secondary removal

of material from the counterface via increased transfer film adhesion.

2.7 Erosion wear

Solid particle erosion wear is one among the other wear modes, occurs when hard solid
particles entrained in a fluid and impinging the target surface at different angles. It involves the
gradual loss of material of the target surface when exposed to the dusty environments encounters
in many industrial applications. This results change in functional properties and life of the
components. In general there are several applications of components which are made of polymer
composites working in sandy environments; situations like pipelines carrying sand, slurries in
petroleum refining, helicopter rotor blades, pump impeller blades etc., If proper measures not
taken to overcome the loss of material; the component cost due to wear failure will be increased
because of replacement frequency. Hence many researchers worked, in order to improve the
resistance to rain and sand erosion of reinforced polymers [79], [80]. The erosion wear rate is a
dynamic process and governed by several operating factors like, striking velocity, angle of
impingement, shape and size of erodent, erodent discharge rate, erodent material properties, and

target material properties [81].
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Figure 2.7 Polymer erosion wear mechanism modes[82]
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Erosion wear mechanism

From the literature, it is known that the amount of erosion wear rate of various types of
polymer matrix composites are depends upon by the amount, type, orientation and properties of
the reinforcement on the one hand and by the type and properties of the matrix and its adhesion
to the fibers/fillers on the other. Next to that the experimental conditions (impact angle, erodent
velocity, erodent shape, erodent flux rate, etc.) have a great influence on the erosive response
of the target materials. Two erosion modes are namely brittle and ductile erosion are found. The
erosion wear rate (Ewr) of them is mainly depends on impact angle. For ductile materials Ewr
goes through a maximum at impact angles, at about15°-30°. For brittle materials Ewr
continuously increases and reaches maximum at about 90°[83]. Solid particle erosion includes
cutting, impact and fatigue processes. The local energy concentration of the erodent on the
impacted surface is crucial for the erosive wear. During the impact at first the top layer consists
of both matrix and reinforcement will be eroded by the cutting action and next new layer will
be exposed and so on, as it is a gradual removal of material from the target surface. Also the
fracture begins at the breakage of the weakest interface between the filler and matrix. Figure
2.4 depicts different types of erosion wear mechanism in brittle and ductile materials.

PTFE material for erosion environment

Polytetrafluoroethylene (PTFE) is one of the iconic thermoplastic material offers a broad
range operating temperatures and are used for several applications include bearing pads and
compressor piston seals, oven conveyor belts for food industry, and architectural protective
coverings which are exposed to rain and sand erosion [84]. A very little literature was available
on PTFE and its composites in erosion wear area. The matrix material, PTFE is a semi-
crystalline, high temperature resistant material and can be reusable, but suffers from low wear
and inferior mechanical properties. In order to strengthen and increase the usability with the
addition of fillers/nanofillers are generally used. Halloysite nanotubes (HNTS) are naturally and
abundantly available filler material at relatively low cost. A conventional method of processing
of the PTFE nanocomposites in bulk is also another favourable aspect in choosing the matrix
material. Design of high performance nanocomposites is highly essential to increase the wear
strength, decrease the replacement costs and there by diminishes the environmental pollution
and many health issues. Hence, in the current paper the work is carried out on the complex

material made of PTFE and HNTSs filled nanocomposites.
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Table 2.1 Erosion wear study by some researchers on polymer composites

resin filled with micro
and nanofillers

152m/s a =15°,
30°, 45°, 60°, 75°
and 90°

Material Tested Test Conditions Erodent Type, Shape & Ref.
Size used
Polyimide composites V=42m/s, a = 30°, | Natural sea sand, slightly [85]
based on Quartz 45°,60°, 75°,90° | rounded, 210-297 um
polybutadiene, glass
cloth epoxy and quartz
Bismaleimide (BMI) V=20, 40, 60 m/s a | Alumina oxide particles, [86]
matrix and reinforced =30°, 90° angular, 63, 130 and 390
with graphite fibre um
Bismaleimide (BMI) V=60 m/s, a=90° | Alumina oxide particles, [87]
matrix angular, 42, 63, 143, 390
pm

Polypropylene matrix V=70m/s a=30°, | Corundum particles, [88]
and reinforced with 60°, 90° angular, 60-120 pm
discontinuous short, long
glass fiber and
continuous unidirectional
glass fiber
Ultra-high molecular Vv=10,20,40,70, Coal powder, silicon [89]
weight polyethylene 100 m/s a =15°, dioxide, angular, 60-70
(UHMWPE) 30°, 45°, 60°, 75° | mesh size

and 90°
Glass Fiber reinforced V=32, 43, 54, silica sand 200 um, 300 pm, | [90]
with granite filled with 65m/s a=45°, 60°, | 400pum, 500 pm
unsaturated ophthalic 75°, 90°
polyester resin
Polyetheretherketone V=61, 97.5, 10 um Arizona road dust, [91]
(PEEK) matrix filled 152.4m/s a =15°, 100 um sieved runway sand
with aligned carbon fiber | 30°, 45°, 60°, 90°

T=210c and

2600c
Unsaturated polyester V=297.8, 128, Alumina sand, 11.5um [92]

2.8 Design of experiments

For evaluating optimum input parameters of tribological responses response surface
methodology is adopted. Response surface methodology (RSM) is a combination of statistical
experimental design, regression modelling and optimization. Several authors worked on

optimization of cutting tool input parameters was accomplished by using DOE techniques in
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production field. Due to its simplicity of the methodology, the RSM was adopted in polymer
material science area for optimizing the operating input parameters in order to find better
mechanical properties of composites/nanocomposites. Chow[13] worked on the flexural
properties for epoxy/organo-montmorillonite (OMMT) nanocomposites. RSM was used to find
process variable of in-situ polymerization those affect the flexural properties. They found that
the speed of mechanical stirrer, post-curing time and post-curing temperature were influencing
the flexural modulus and flexural yield stress of epoxy/4 wt. % OMMT nanocomposites.
Chakradhar et al. [93] studied the optimization of mechanical properties of MMT clay filled
epoxy/polyester nanocomposites. The objective of their work was the nanocomposites which
offer low cost, high strength and eco-friendly in nature. Ghasemi et al. [94] studied the
optimization of processing parameters of elastomer/clay nanocomposites. Erdem et al. [95]
utilized and found best input parameters in the preparation of polystyrene/MMT

nanocomposites.

Many studies have reported using RSM to evaluate the effect of input parameters on the
tribological properties of composites materials.In the work of Kumaresh Babu et al. [96] the
two-body abrasive wear behavior of Glass—Epoxy (G—E) composites, the addition of Titanium
carbide (TiC) as a secondary reinforcement using different operating conditions with 400 grit
water proof Silicon Carbide (SiC) abrasive paper. Box- Behnken design was adopted to get the
significant factors and their interactions, influencing the weight loss of the composites. They
found that highest wear resistance of G-E composite was achieved by the addition of 2wt. %
TiC in particulate form. Rajmohan et al., investigated the modeling and optimization of
tribological parameters on PEEK reinforced glass fiber composites. In their work the weight
percentage of glass fibre content as a categorical factor. An experimental plan of four-factor D-
optimal design based on the RSM was employed to carry out the experimental study. The
regression model for the responses has been obtained a model adequacy of 95% confidence
level. The optimization results indicated PEEK/30 GF composite were preferred to minimize
the specific wear rate and coefficient of friction [97]. Ojha et. al. [98], utilized RSM for
optimization of input parameters such as fiber concentration, applied load and sliding velocity
for abrasive wear of Rice Husk ceramic Reinforced Epoxy Composites. They conducted
experiments using full factorial design on pin-on-disc type wear testing machine, against 400
grit size abrasive paper. A second order polynomial model was developed for the prediction of
wear loss. The adequacy of the developed model was verified by using analysis of variance
(ANOVA) at 95% confidence level and found an acceptable deviation of 7.438%
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2.9 Research gaps

The PTFE nanocomposites containing HNTs are not well established in the literature.

Therefore, in this study, we have made an attempt to design PTFE nanocomposites containing

HNTs as a functional fillers and their thermal and mechanical performance was systematically

studied. The remarkable enhancement in the mechanical performance of PTFE nanocomposites

containing HNT was realized over neat PTFE. Hence, this study provides critical insights in the

designing of PTFE nanocomposites containing HNT with enhanced mechanical performance.

From the literature the following points were extracted and the problem has been identified.

1.

Most of the work reported on fluoropolymer nanocomposites with different fillers with a
target of increasing wear resistance for self-lubrication applications. Also, from the literature
it was shown that, decrease in wear rate occurred at the cost of marginal increase in the
coefficient of friction. For longer service operations the increase in friction value is not
desirable. Only few researchers reported on the mechanical properties of fluoropolymers
filled with inorganic fillers.

There are many techniques available for mixing of nanofiller in the fluoropolymer matrix
material for better dispersion of nanofiller was discussed in literature. The sophisticated
blending techniques used for mixing of powders were not commercially viable for the
selected application.

The effect of filler addition on tribological study for different counter surface roughness

values was not actively reported.

. Most of work was reported on the study of erosion wear characteristics of epoxy based

nanocomposites and on thermoplastic nanocomposites.

The existing multi-response optimization techniques like Response surface methodology,
Taguchi Grey-based techniques are complex and equal weightage to all responses in the
optimization process, but not as per the designer requisites. A new hybrid technique to be
proposed considering priority based weightage to all responses.

2.10 Problem Definition

A novel ‘green’” PTFE nanocomposites reinforced with HNT has to be fabricate for self-

lubricating applications such that it will have multi-functional properties such as high

mechanical , thermal, and tribological properties and cost effective as well.
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2.11 Research Objectives

1.

To fabricate PTFE nanocomposites by dispersing different weight fractions of HNT using

high speed pulverizer, cold pressing, followed by sintering cycle (heating and cooling).

. To study the morphology characterization of the PTFE nanocomposites using XRD and

SEM.

To study the mechanical behaviour of the PTFE nanocomposites: Tensile test, Flexural test,
impact test, and micro-hardness test.

To study thermal behaviour of the PTFE nanocomposites subjected to thermal and combined
mechanical and thermal loads using Differential Scanning Calorimetry (DSC), Dynamic
mechanical analysis (DMA).

To study abrasive wear of PTFE nanocomposites, when running against steel counter surface
and when running against counter surface fitted with several SiC abrasive grade papers.
Erosion wear study of PTFE nanocomposites, when the target surface is hit by accelerated
erodent particles.
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2.12 Work Plan

Fabrication of PTFE/HNT nanocomposites by
compression moulding technique

\

Characterization of PTFE/HNT nanocomposites
for different wt.% HNT addition

Mechanical Thermal
Morphology
¢+ SEM
¢+ XRD
¢ Tensile test + Differential Scanning
¢+ Impact test Calorimetry + Abrasive wear study
+ Flexural test + Dynamic mechanical on steel counterface
¢+ Micro-hardness test analysis (DMA) + Abrasive wear study
on counterface fitted
with different SiC

abrasive papers
+ Erosion wear study

Figure 2.8 Flow chart of work plan

Plan of work

Chapter 3 discusses about the experimental methods used like fabrication of PTFE/HNT
nanocomposites, morphology characterization of the PTFE nanocomposites, mechanical
property characterization, and thermal property characterization. Compression moulding
technique was adopted in the fabrication of nanocomposites. PTFE/HNT nanocomposites were
fabricated in the form of sheet of size 300 mmx300 mm x 3.2 mm thickness. Samples were cut
from the sheets as per ASTM standard of respective test. X-Ray Diffraction was carried out for
the determination of amount of HNT addition in terms of intensity values. Mass density of
PTFE/HNT samples was also determined by using density measurement experimental setup.

Followed by mechanical properties characterization was carried out from tensile test, flexural
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test, impact test, and hardness test. The thermal properties characterization was also carried out
from Differential Scanning Calorimetry and Dynamic Mechanical Analysis and several thermal

properties were studied.

Chapter 4 discusses about the results and discussion on characterization of PTFE/HNT
nanocomposites. Mechanical properties were estimated from tensile test, flexural test, impact
test, and hardness test. UTM was utilized and test data was extracted for all samples. Tensile
properties such as, yield tensile strength, ultimate tensile strength, Young’s modulus, were
estimated from the tension test data. A Tensometer was utilized and properties flexural
modulus, bending strength were calculated from three point bending flexural test. Instron make
impact tester was used and amount of energy absorbed by each sample and thus impact strength
was determined from lIzod impact test. Notches were cut on the impact test specimens as per
ASTM standard by using Instron make notch cutter. Vickers-micro hardness tester was used
and hardness of each nanocomposite was estimated in terms of hardness number and converted
to MPa. The chapter also discusses about the thermal properties characterization. The
characterization is highly essential as the improvement in the properties of nanocomposites
were directly related to the changes in thermal and dynamic mechanical properties as well.
Thermal related properties like glass transition temperature, melting temperature,
crystallization temperature, degree of crystallinity and dynamic mechanical properties like
storage modulus, loss modulus, and tan delta were studied. For thermal properties, Differential
Scanning Calorimetry (DSC) test and for dynamic mechanical properties, dynamic mechanical
analysis (DMA) test were performed. In the chapter the tests procedure, about operating
conditions in experimentation part, and the addition of wt. % HNT addition in the PTFE matrix

were also discussed under results and discussion.

Chapter 5 discusses wear properties characterization. The ultimate utilization of any PTFE/
filled PTFE components are meant for wear applications. The backbone chapter of the present
work was divided into three phases. Phase | deals with multi response optimization of input
parameters using a sandwich method. Phase Il deals with optimization of input factors for multi-
response optimization corresponding to various counter surface roughness values. In this case
the counterface is covered with different grades of abrasive papers. Phase Ill deals with
optimization of erosion wear properties of the nanocomposites were studied when the material

is struck by a jet of air filled with abrasive particles like sand, at different pressures. In all the
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three cases design of experiments concept was utilized in estimating optimum input parameters
for minimum wear rate, minimum friction, and minimum erosion wear loss. To enhance the
wear resistance of pristine PTFE filler addition is must. Since it was observed from literature,
the inclusion of fillers boosts the wear resistance of PTFE. Selection of filler material should
be such that it should have less influence on the coefficient of friction while improving its wear
resistance or reducing wear rate. Operating parameters like applied load, speed, distance of
travel are highly affected by the filler wt. %HNT addition. While, the input factors for erosion
wear are different than abrasive wear and are discussed in the third section. In the study the
parameters were optimized for objectives namely: minimization of coefficient of friction,
minimization of specific wear resistance, and maximization of specific wear energy. The input
factors considered for the study were: wt. % HNT, Load, Speed, and Distance. The focus was
mainly given on multi-response optimization of input factors by selecting three levels for each
input factor. During the process of optimization a sandwich based method (graph theory based
utilization approach — Taguchi - Response surface methodology) was followed. These results

were validated through RSM and satisfactory optimized input parameters were obtained.

Chapter 6 presents conclusions and scope for future work. The chapter wise end findings of
the work were discussed. Also explored the future scope of the work in order to continue
research for the selected material combinations to serve the society in a better manner through

technological research and development.
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CHAPTER -3
MATERIALS & METHODS

3.1. Matrix material: Polytetrafluoroethylene (PTFE)

PTFE is a white colour thermoplastic crystalline polymer with a density of 2.2 g/cm3. Its T
and Tm are —20 and 321 °C; respectively. Due to the robust nature of molecular bonds in its
structure; PTFE is highly resistive to UV radiation and most of the chemicals except alkali
metals and elemental fluorine. It retains these properties over a very wide range of temperatures.
The matrix material was selected of INOFLON 640 (moulding grade) for wear applications and
procured from Gujarat Fluorocarbons Limited, India.

The properties of the matrix material were as follows:
> Particle size = 20 microns

Mould shrinkage = 4-5 %

Specific gravity = 2.14-2.17

Melting point = 327 °C- 342 °C

Tensile strength at break = 30 MPa

Elongation at break = 350 %.

YV V. V V V

3.2 Reinforcement material: Halloysite nanotubes (HNTS)

The selected Halloysite nanotubes (HNTS) filler material was procured from Natural nano
Inc., USA. Halloysite powder, as received was suspended in acetone for few hours and dried.
The SEM microstructure of the dried HNTs were captured and shown in Fig. 3.1 (a) — (c). Fig.
3.1 (a) & (b) shows the HNTs on 1 micron scale, and 300 nm scale, whereas Fig. 3.1 (c) shows
a typical nanoparticle with few microns extended length. The average outer and inner diameters

of HNT particles were 30 nm, 50 nm respectively from SEM microstructure.
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1um EHT = 5.00kV Signal A = SE2 Date :29 May 2013 7
H WD = 9.0 mm Mag= 10.00KX  Time:17:31:35 2y
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Figure 3.1 Halloysite nanotubes: a) particles have different lengths; b) cluster of
particles; ¢) a typical HNT particle
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3.3 Fabrication of PTFE/HNT nanocomposites

3.3.1 Ensemble weight calculation
Ensemble is the mixture of both matrix and filler in powder form. The weight of the
ensembles were calculated based on the mould size (Table 3.1). The selected mould size was

being 300 mm x 300 mm x 3.2 mm and the density of PTFE material was taken as 2.21 gm/cc.

Table.3.1 Proportions of PTFE and HNTs for making sheets

PTFE PTFE Total
(\I;Ivtl\(l;;) mate (:’ial material |_|(2|)T \é\;]e;ggtb?;

wtoe) | (@ Q

0 100 630 0 630

2 98 617.4 12.6 630

4 96 604.8 25.2 630

6 94 592.2 37.8 630

8 92 579.6 50.4 630

10 90 567 63 630

3.3.2 Description of the apparatus

The pulverizer consists of a high speed rotor as shown in Fig.3.2. The function of the
pulverizer is to break the lumps or mix the combined material fed into it. The speed of the rotor
is about 10,000 rpm. The material was fed at the top. The agglomerates of PTFE were then
broken into fine powder by the high shear action of the rotor. The electronic balance was used
for measuring ensemble powders has 0.001g accuracy. The hydraulic press employed for
compressing the ensemble in the mould. The sintering oven employed for drying the green
products of PTFE or its composites. The PTFE/HNT nanocomposites were prepared at
JAYHIND Polymers, Sangli, Maharashtra under the supervision of the author. The heating and
cooling cycles for different PTFE grades can be set with the help of programmable PID
controller. The heating or cooling operations of the PTFE/PTFE nanocomposite samples were

done under nitrogen controlled atmosphere. The maximum operating temperature is about 500

0C with +/— 1 °C error.
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Pulverizer

Collector

Base

Figure 3.2. Pulverizer used for breaking agglomerates and mixing of the powders
3.3.3 Fabrication procedure

Compression moulding technique followed by sintering is employed for fabricating the
PTFE nanocomposite samples (Fig. 3.3 (a)-(e)). At high temperatures the melt creep viscosity
of PTFE material is so high and is not suitable for processing it through melt intercalation or
injection moulding technique[99]. The PTFE nanocomposite sheets were fabricated in sheets
of size 300 mm x 300 mm x 3.2 mm. The sheets were made with 2 wt. % - 10 wt. % and were
designated as samples ‘A’ - ‘F’. These were fabricated by following the sequence of steps: (i)
production of preforms, (ii) breathing, (iii) sintering, (iv) cooling, and (v) cleaning. The
properties of a sample mainly depends up on the following process parameters: preforming
pressure, dwell time, sintering time and temperature and the cooling rate. The ‘preform’ is a
compacted sheet/sample, which is made by pressing the premixed ensemble in the mould. An
operating pressure of 14 MPa is applied for about 20 min. and later the sheets were ejected out
of the mould. The preforms were kept for about 12 h at room temperature as a breathing period
in order to relieve any entrapped air or moisture. Subsequently, they were sintered in an
electrical furnace as per heating and cooling sintering cycle as shown in Fig. 3.4, for about 8 h
hold time at 365° C. The preforms were heated to a temperature above the crystalline melting
point of the resin during the sintering cycle. The cooling cycle is used to control the crystallinity
of the sample. The process was repeated for all the compositions of PTFE nanocomposite
samples. Finally, after diagnosing the samples for defects like sintering cracks, bending of
sheets, the blur edges of each sample was cleaned by wiping with a medium grade abrasive
paper. Later, the specimens were cut from these samples for characterization as per ASTM

standards for different tests.
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Figure 3.3 (a)-(e) sample preparation steps (mixing, cold pressing, preforming, sintering)

Sintering cycle
400

w

o

o
I

200 ﬂ
w| ] \
d \

Sintering Temp., °C

o

0 2 4 6 10 14 16 18 20
Time in hours

Figure 3.4 sintering cycle: heating - holding - cooling
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Figure 3.5 Sample preparation steps and micro-structural changes in three stages (performing,

sintering (heating), and cooling)

While fabrication of the PTFE/HNT nanocomposite samples the structural changes were
briefly depicted in Fig. 3.5. Stages 1-4 shows delayed recovery after compression or compaction
of the powders in the mould. The green stock with good cohesive strength which was removed
from the mould was left in still air for 24 hours helps in escaping the entrapped air. The sintering
process was initiated in the oven and was programmed as per the manufacturer’s catalogue. In
the oven as the temperature was increasing gradually, at first thermal expansion in the sample
occurs and later melting and mixing take place at hold temperature (360° C) and also eliminates
if any voids at the interfaces (Stages 5-8). As the temperature decreases during cooling,
crystallization starts simultaneously at different locations of reinforcement. After reaching to
room temperature thermal contraction of the samples take place. Finally, the samples were
designated as follows: A: 0 wt.% HNT; B: 2 wt.% HNT; C: 4 wt.% HNT; D: 6 wt.% HNT; E:
8 wt.% HNT; F: 10 wt.% HNT.
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3.4 Density Measurement by using Specific Gravity meter

An electronic specific gravity meter (KUDALE INSTRUMENTS) was used to measure the
specific gravity of PTFE/HNT nanocomposite samples. ASTM D 792-98 standard is used for
specific gravity and density measurement of PTFE/HNT nanocomposites.
Description of the apparatus

The apparatus can measure specific gravities ranging from 0.9 to 25 and has a least count of
0.0001 is used. The Digital Read-Out (DRO) display shows directly the specific gravity of the
sample. It consists of Cast Iron structure along with a beaker holder to mount the specimen to
be tested. Because of hydrophobic nature of PTFE and PTFE/HNT nanocomposites, the
specific gravity of PTFE/HNT nanocomposite samples were measured by using solid sample
testing in ‘water option’ [100]. The procedure to calculate the specific gravity and density
measurements were done based on [101].
3.5 Morphological study
X-Ray Diffraction and Energy Dispersive X-Ray Spectroscopy were carried out for the

determination of amount of HNT addition in terms of intensity values as follows:
3.5.1 X-ray diffraction (XRD) study

XRD technique was used to study the crystal structure of materials. It produces a diffraction
pattern, in the form of sharp peaks and amorphous regions result in broad halos that reveal
arrangement of reinforcement particles in the matrix material. The diffraction pattern of
polymers usually contains a combination of both. The degree of crystallinity of nanocomposites
can be estimated by integrating the relative intensities of the peaks and halos [102]. Figure 3.6
shows a PANalytical X Pert PRO diffractometer. The working principle of Goniometer is, it
collects the intensity value of the sample which was counted in arbitrary units by the counter
corresponding to the rotation of sample (2 0), while it was being struck by the X-ray beam in
the chamber [103]. The XRD patterns for the nanocomposite samples (‘A’ — ‘F’), were scanned

from 10° to 50°; in steps of 0.02°, and integration time of 0.5 s.
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Figure 3.6 PANalytical X ’Pert PRO diffractometer

3.5.2 Energy Dispersive X-Ray Spectroscopy (EDX)

EDX system is an attachment to Scanning Electron Microscope instruments (SEM), where the
imaging capability of the microscope identifies the specimen of interest. SEM provides detailed
high resolution images of the sample by rastering a focussed electron beam across the surface
and detecting secondary or backscattered electron signal. Thus, by measuring the amounts of
energy present in the X-rays being released by a specimen during electron beam bombardment,
the identity of the atom from which the X-rays was emitted can be established.

3.6 Thermal properties study

The change in mechanical and other properties of any composites mainly depends on degree of
crystallinity of the material. DSC and DMA tests were conducted on all the specimens. The
degree of crystallinity of the PTFE/HNT nanocomposites was estimated based on the procedure
described by Chan et. al. [104]

3.6.1 Differential Scanning Calorimetry (DSC)

METTLER-TOLEDO Differential Scanning Calorimeter (DSC 822¢) with STAR e software
was used for measuring the thermal transitions of PTFE/HNT nanocomposites. It can estimate
the glass transition temperature, melting point of a PTFE nanocomposites by measuring the
heat flow difference between the sample and reference. Differences in heat flow arise when a
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sample absorbs or releases heat due to thermal effects such as melting, crystallization, chemical
reactions, and polymorphic transitions. Fig. 3.7 shows the DSC test set up used for conducting
the test.

Figure 3.7 METTLER-TOLEDO (DSC 822¢) setup
The heat of fusion (mJ/mg) of the nanocomposites is estimated by measuring the area of
heating peaks. The degree of crystallinity or % crystallinity denoted by % X, is defined as:

% X, = Area of the melt endotherm, (AHy)
° ¢~ Theoritical heat of fusion, (AHy00f)

For semi-crystalline polymers without filler, the degree of crystallinity can be calculated by

using equation (3.1).

%X, = AHy % 100
‘ AH; o5

3.1)
For different wt.% addition of HNT in the matrix material, the % Crystallinity can be estimated
by using equation (3.2)[105].
AH;

= x 100
AH100f(1 — W)

% X,

3.2)
Where, AHs = area of the melt endotherm in J/g; AH1o0f = heat of fusion for a 100% crystalline
PTFE sample; wt = wt% of HNT. Assuming the crystallinity of pure PTFE matrix material is
83 J/g [5].
3.6.2 Dynamic Mechanical Analysis (DMA)
Many materials, including polymers, behave both like an elastic solid and a viscous fluid,

thus the term viscoelastic. DMA differs from other mechanical testing devices in two important
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ways. First, simple tensile test devices focus only on the elastic component of the material. In
many applications, the inelastic, or viscous component, is critical as it determines properties
such as impact resistance. Second, tensile test devices work predominantly outside the linear
viscoelastic range. Whereas DMA works mainly in the linear viscoelastic range and is therefore
more sensitive to the structure. DMA measures the viscoelastic properties using either transient
or dynamic oscillatory tests [106]. The most common test is the dynamic oscillatory test, where
a sinusoidal stress is applied to the material and a sinusoidal strain is measured. Hence, by using
DMA, properties such as, the storage modulus and loss modulus of polymers/composites can
be investigated under the action of dynamic oscillatory (sinusoidal type) loads [107].

The response of the polymer is dependent on both temperature and time. The storage modulus
is a measure of stiffness whereas loss modulus is a measure of degree of damping present in the
system. The phase difference known as phase lag, between the two sine waves is then measured.
The phase lag will be zero degrees for purely elastic materials and 90 degrees for purely viscous
materials. Polymers will exhibit an intermediate phase difference [108]. Due to the application
of sinusoidal loads, the elastic modulus exhibited by the material decreases over a period of
time because of the molecular rearrangement in an attempt to minimize localized stresses. The
method is also useful for characterizing the glass transition temperatures of polymer materials.
DMA can identify small transition regions that are beyond the vicinity of DSC.

Figure 3.8 Perkin EImer make Dynamic Mechanical Analysis setup
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A Perkin Elmer DMA 7e was used to investigate the dynamic mechanical properties of
PTFE/HNT nanocomposites. The parameters, E’, the storage modulus is the elastic component
and related to the samples stiffness. E”, the loss modulus, is the viscous component and is
related to the samples ability to dissipate mechanical energy through molecular motion. The
tangent of phase difference, or Tan delta, is another common parameter that provides
information on the relationship between the elastic and inelastic component. Figure 3.8 shows
Perkin Elmer, USA, DMA set-up used for testing the PTFE/HNT nanocomposite samples.

Stationary
Clamp

Movable
clamp

Figure 3.9 Single cantilever dynamic mode of load on the PTFE/HNT samples in DMA test

Test Description
The viscoelasticity of the PTFE/HNT nanocomposite samples were measured by DMA (ASTM
D7028 - 07(2015)). The samples are deformed periodically at a frequency of 1Hz over a varying
temperature from 30° C to 200° C with oscillation amplitude of 15um, which is in the linear
viscoelastic regime. The measurements were done by using a single cantilever test clamp as
shown in Fig. 3.9, which is more suitable for thermoplastic materials.
Test parameters
Clamp used: single cantilever
Operation mode: multi-stress/strain mode (Dynamic mode)
Frequency: constant frequency = 1 Hz
Temperature ramp input = 3° C/ min
Temperature range= room temperature to 250 °C

The specimens were cut to the required length with rectangular cross section (63.00 mmx13
mmx3.26 mm), as shown in Fig. 3.10. Before conducting the test, the section dimensions were

measured with Vernier and micrometre and were recorded.
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Figure 3.10 Test specimen

Et
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Figure 3.11 Moduli triangle
From figure 3.11:
Storage modulus is the energy stored elastically during deformation
E'=E*Xcos¥é
(3.3)
Loss modulus is the energy loss during deformation,
E' =E*Xsind
(34)
where, E* = Complex dynamic modulus = E' + i E"
Loss tangent or loss factor is a measure of damping of the material and it shows the ability

of material to dissipate the energy

Tané = —
an 7

(3.5)
The values of storage modulus, loss modulus and tan delta are calculated by equations (3.3) -
(3.5). Figure 3.11 shows the relation between the storage modulus and loss modulus with phase
angle ¢ &’

3.7 Mechanical Property Characterization

Mechanical properties were estimated from tensile test, flexural test, impact test, and

hardness test as per ASTM standards. Three to five samples were used and the results were
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averaged. UTM was utilized and test data was extracted for all samples. Tensile properties such
as, yield tensile strength, ultimate tensile strength, Young’s modulus, were estimated from the
tension test data.

3.7.1 Tensile test (ASTM D638)

The tensile test method is used to determine tensile properties such as yield tensile strength,
break tensile strength, and Young’s modulus of PTFE/HNT nanocomposites when tested under
defined standard conditions like laboratory room temperature, humidity, testing machine speed
and environment conditions of testing. Tensile properties may provide useful data for newly
developed materials for design purpose. However, because of the high degree of sensitivity
exhibited by PTFE nanocomposites to rate of straining and environmental conditions, data

obtained by this test method cannot be applicable for applications involving load-time scales.

4

Figure 3.12 INSTRON 5967 tensile testing machine: test specimen fitted with extensometer
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Specifications:

Model -INSTRON 5967

Maximum Load capacity: 30 kKN

Speed range: 0.001 mm/min to 1000 mm/min

Total crosshead travel: 1140 mm

Vertical test space: 1212 mm

Column spacing: 418 mm

Footprint dimensions: 163 cm height x 78 cm base width x 73 cm base depth
Measurement accuracy: + 0.5% of reading

Data acquisition rate: up to 2.5 kHz

Test description

Mechanical characterization was conducted using the Instron 5967 as shown in Fig.3.12.
Samples for mechanical testing are created using the standard processing procedures outlined
in the standard ASTM D 638 of type | for many types of plastics. Following compression
moulding, the PTFE/HNT nanocomposite samples are machined to the shape by using high
speed fine sawing machine for consistent sample dimensions. The sample is gripped and the
pulling force can only be achieved through friction at the clamp interface. The tensile ASTM
D 638 specimen dimensions were shown in Fig. 3.13. The final dimensions provide a factor of
safety of two to ensure that the clamp does not slip during the test. The corners of the dog bone
are relieved such that the shape provides a well-defined tensile section in the centre of the
sample where strain can occur without significant stress concentration. The tensile test was
carried out on all formulations of PTFE/HNT nanocomposite samples (Figure 3.14). The values
of stresses and strains can be calculated from equations (3.6) and (3.7)

The calculations of these quantities are as follows,

F
g =
hxw (3.6)
1—1, Al
£ = = —
o o (3.7)

where, o is the stress, F is the axial force, h is the sample height, w is the sample width, € is the

engineering strain, | is the length during loading and lo is the original sample length.
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Figure 3.13 Tensile test specimen: dimensions as per ASTM standards

Figure 3.14 Tensile test samples of PTFE/HNT nanocomposite with varying wt. % HNT
addition

3.7.2 Impact test (ASTM D256)

Impact tests are used in studying the toughness of material. A material’'s toughness is a factor
of its ability to absorb energy during plastic deformation. Ductile materials have high toughness
as a result of the large amount of plastic deformation that they can endure. The impact value of
a material can also change with temperature. Generally, at lower temperatures, the impact
energy of a material is decreased due to ductile to brittle transition. Also, parameters like size
of the specimen, defects or imperfections in the material, will greatly affect the impact energy.
The available test methods are Izod, and Charpy methods. For testing plastics or its

nanocomposites 1zod test was selected as polymers absorb moderate energy.
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Apparatus Description

Instron make pendulum type tester was used to measure the impact energy absorbed by
PTFE nanocomposites samples (Figure 3.15 (a)). The machine is a table top type mounted on
a rigid frame. The pendulum was mounted on bearings allowed to swing freely with negligible
friction and it may be of simple or compound pendulum type. The effective length of the
pendulum is about 0.4 m, one end is mounted on to the bearings and other end is provided with
a striker. The striker of the pendulum is made of hardened steel and has some provision to fix
the weight. The position of the pendulum holding and releasing mechanism is held at a height

of 610 mm and produce a velocity of the striker at the moment of impact is about 3.5 m/s.

Figure 3.15 (a) Impact Testing Machine; (b) Notch cutter

Impact tester specifications:

Model no: 7614.000 - Ceast (Italy)

Hammer capacity: 0.5J to 50 J

Fixture: Charpy, Izod

Angular encoder resolution:0.05”

Braking system: Hammer disc brake system

Cryobox: conditioning of specimens for sub-zero tests

cooling system: liquid nitrogen
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Temperature range: ambient to — 60° C
High resolution data acquisition system

There are four types of failure, when a specimen is tested for impact strength.

1. C: completer break — the specimen breaks completely and separates into two pieces.

2. H: hinge break — an incomplete break, the free part above the notch bends with less
than 90° included angle while the lower fixed part remains vertical.

3. P: partial break — an incomplete break, with 90% of distance from the notch is
fractured

4. NB: non-break - an incomplete break, with less than 90% of distance from the notch is

fractured

Since the PTFE samples are more ductile in nature, the sample do not fail under sudden impact
load. So, all the samples were prepared with notches. A standard INSTRON notch cutter (Figure
3.15 (b)) was utilized and standard notches were cut on each sample as shown in Fig. 3.16.

Y ~— = DIRECTION OF
| PIRECTION OF |
< IMPACT END F\—-D w e pE—
MOLDING A 1016 + 0.05
T @ B T : B 318=10
C 835=+20
¢ * / D 025R = 0.0
‘WIDTHOF spECiMeN|| T 1270 =020

Figure 3.16 Impact test specimen dimension used for PTFE/HNT nanocomposite samples

The force signal during impact will be acquired through a strain-gauge circuit, which is located
inside the striker body. The deformation coming on the striker during impact will be read by a
suitable data acquisition system as an electric signal, which is further transformed into a force

value.
3.7.3 Flexural test (ASTM D 790)

Flexure test method determines the flexural properties (including flexural stress, flexural
strength, flexural strain, modulus of elasticity, and load/deflection behaviour) of PTFE/HNT

nanocomposites. The test method utilize a three-point loading system applied to a simply
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supported beam i.e., the bar rests on two supports and is loaded by means of a loading nose
midway between the supports as shown in Fig. 3.17 (b).

Apparatus Description

The flexural properties were studied by conducting three point bending test on a Tensometer
(see Figure 3.17 (a)). The ASTM D 790 flexure test specimen was made of rectangular cross
section with dimensions as shown in Fig. 3.18, was loaded by means of a loading nose midway
between the supports. A special fixture was used for the purpose and tests are conducted on a
Tensometer. Since the specimen do not rupture in the outer surface and hence according to the

test procedure a maximum strain of 5.0 % is considered as failure point. The test was stopped

once the maximum value of strain is reached.

Test sample
position

—» Tensometer moving
head travel direction

Force transducer

Figure 3.17 (a) Tensometer; (b) three point bending test fixture

Test parameters:

Speed of Testing: speed of testing considered for the test is at a rate of crosshead movement of
0.1 mm/mm/min.

Force application: Force applied to the specimen and resulting specimen deflection reaches a
strain of 0.05 mm/mm. The predetermined value of deflection is considered as the failure
criterion, as the PTFE /HNT nanocomposites are highly flexible and do not fail under the load.
Deflection Measurement: Specimen deflection at the common centre of the loading span is
measured by a properly calibrated device. The device has an electronic controller that
increments the load on the specimen automatically by some initial settings. The display

controller displays continuously the readings of deflection in ‘mm’ and applied load in ‘N’.
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Figure 3.18 Three point bending test specimen along with standard dimensions

The rate of crosshead motion is calculated by using equation (3.8) and the machine is set to run
for the calculated rate of crosshead motion.
R — Z_LZ
6d
(3.8)
where,
R = rate of crosshead motion, mm/min,
L = support span, mm,
d = depth of specimen, mm, and
Z = rate of straining of the outer fiber, mm/mm/min,
Z=0.01
Flexural Stress (sf) While calculating the flexural stress the same hypothesis of homogeneous
elastic material is used for all PTFE nanocomposites specimens. For a simply supported beam
loaded at the midpoint, the maximum stress in the outer surface of the test specimen occurs at
the midpoint. This stress can be calculated for any point on the load-deflection curve by using
equation (3.9)

_ 3PL
"~ 2bd?

Of

(3.9)
where

ot = stress in the outer fibres at mid-point, MPa,
P =load at a given point on the load-deflection curve, N,

L = support span, mm,

b = width of specimen tested, mm, and
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d = depth of specimen tested, mm.

Flexural strength is defined as maximum flexural stress sustained by the test specimen during
a bending test. Since PTFE/PTFE nanocomposites do not break at strains of up to 5 % may give
a load deflection curve that shows a point at which the load does not increase with an increase
in strain, that is, a yield point. The flexural strength can be calculated for these materials by
letting P of equation (3.4) equal to the corresponding load value at yield point (Py). Flexural

strength of the nanocomposites is calculated by using equation (3.10)

3P,L
%s = pqz

(3.10)
where

ots = Flexure stress, MPa,
Py = load at a given point on the load-deflection curve, N,

L = support span, mm,
b = width of specimen tested, mm, and

d = depth of specimen tested, mm.

Flexural Strain is defined as nominal fractional change in the length of an element of the outer
surface of the test specimen at mid-span, where the maximum strain occurs. It may be calculated
for any deflection using Equation (3.11)

6Dd
& = 12

(3.11)
&= strain in the outer surface, mm/mm,
D = maximum deflection of the centre of the beam, mm,
L = support span, mm, and
d = depth/thickness, mm.
Modulus of Elasticity (Tangent Modulus of Elasticity): It is defined as the ratio, within the
elastic limit, of stress to corresponding strain. It is calculated by drawing a tangent to the
steepest initial straight-line portion of the load-deflection curve and using Equation (3.12)
E, = L*m
4bd?3
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(3.12)
where,
Es = modulus of elasticity in bending, MPa,
L = support span, mm,
b = width of specimen tested, mm,
d = depth of specimen tested, mm, and
m = slope of the tangent to the initial straight-line portion of the load-deflection curve, N/mm
3.7.4 Vickers’s Micro-hardness test (ASTM E384)
Hardness, although empirical in nature, can be correlated to tensile strength for many materials,
and is also an indicator of wear resistance, toughness and ductility. In this test method, a
hardness number is determined based on the formation of a very small indentation by
application of a relatively low force. The size of the indentation is measured using a light
microscope equipped with a filar type eyepiece. It is assumed that elastic recovery does not
occur when the indenter is removed after the loading cycle, that is, it is assumed that the
indentation retains the shape of the indenter after the force is removed. The indenter shall

contact the specimen at a velocity between 15 and 70 pm/s.

Figure 3.19 Vickers’s Micro-hardness tester (SHIMADZU make)
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Specifications:
e Model : HMV-G20S (E,230V)
e Test modes: Vicker’s, Knoop, Brinell, and Triangular Pyramid Indentation Tests
o Test input controls: the test force and indentation duration time
o Pre-set forces range: 98.1 mN to 19.6 N (9 values)
o A 40x objective lens for indentation size measurement
« Electromagnetic force control
o Multi turret
« Indenter type: Dual Indenters and lens

o Load resolution:9.81 mN

Apparatus Description
The micro-hardness test was conducted on all PTFE/HNT nanocomposite samples by using
Vickers microhardness tester as shown in Fig. 3.19. The indenter of the tester is of square based
pyramidal shaped diamond type and the face of the diamond makes an angle of 136° with
horizontal. In the Vickers micro-hardness test, a force of about 100 g is applied gradually,
without impact, and held in position for 10 to 15 seconds. After removing the force, both
diagonals were measured (see Fig. 3.20) and the average is used to calculate the Vicker’s
Hardness (HV) number (equation (3.13)).
HV/= force applied/ surface area of the permanent impression
And simplified as
V= 1854; X P

(3.13)
where, P= applied load, gf
D= mean diagonal length of the indentation, micrometres
From the above equation, it is understood that the hardness value depends up on the size of

diagonal.

Length of diagonals of

Diamond indenter indentation

Test load =100 of (quadrangular pyramid) d1

T - .

.

specimen

Figure 3.20 Indentation shape on the surface after release of load
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3.8 Wear characterization

The eventual utilization of PTFE/HNT nanocomposites are intended for dry lubrication
applications. The wear chapter of the present work was divided into three phases. First phase
deals with multi response optimization of input parameters using a sandwich method based on
Graph Theory Matrix Approach (GTMA). Second phase deals with optimization of input
factors for multi-response optimization corresponding to various counter surface roughness
values. In this case the counter face is covered with different grades of SiC abrasive papers.
Third phase deals with erosion wear. The erosion wear properties of the nanocomposites are
studied when the material is struck by a jet of air filled with abrasive particles like sand at
different pressures. In all the three phases, design of experiments concept is utilized in
estimating optimum input parameters for minimum wear rate, minimum friction, and minimum
erosion wear loss. To enhance the wear resistance of pristine PTFE filler addition is must.
Since it was observed from literature, the inclusion of fillers boosts the wear resistance of PTFE.
Selection of filler material should be such that it should have less influence on the coefficient
of friction while improving its wear resistance or reducing wear rate. Operating parameters like
applied load, speed, distance of travel are highly affected by the filler wt. % addition. While,
the input factors for erosion wear are different than abrasive wear and are discussed in the third
phase. The wear analysis of PTFE/HNT nanocomposites were discussed in Chapter 5.
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CHAPTER -4
RESULTS AND DISCUSSION
4.1 Morphology characterization

Morphology characterization of PTFE/HNT nanocomposite samples were conducted in order
to know the morphological structure, inter laminar spacing, degree of crystallinity, and the level
of dispersion of HNTs in the PTFE matrix. The properties were studied by conducting XRD,
and SEM on the samples.

4.1.1 X-Ray Diffraction

X-ray diffraction curves of the studied samples were characterized by diffraction peaks of
crystalline structures of PTFE matrix and nanofillers as well as regions of amorphous halo
(Fig.3.11 (a) & (b)). Table 4.1 shows the estimated parameters like d-spacing and degree of
crystallinity for PTFE Nanocomposite with wt.% of HNT ranging from 0-10%, in which d-
spacing was estimated by using Bragg’s equation (4.1) and degree of crystallinity was

estimated from Fig. 4.1.

nil=2 dhkl sin @
4.1)

where, n = order of diffraction =1,
A = wave length of the characteristic X-ray = 1.24 A
dnw = interplanar spacing of crystal planes = d-spacing

6 = X-ray incidence angle (Bragg angle)

Table. 4.1 XRD results of PTFE/HNT nanocomposites

PTFE nano- peak Intensity d- Degree of Density
composite position (counts) spacing crystallinity, gm/cc
[2Theta]
A- 0% - - - 51.55% 2.210
B-2% 12.38 1826 7.14 70.37% 2.243
C-4% 12.31 1979 7.18 76.34% 2.257
D -6% 12.31 2182 7.18 70.98% 2.259
E-8% 12.27 2451 7.21 75.77% 2.262
F—10% 12.31 2487 7.18 76.16% 2.265
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Figure 4.2 XRD spectra of PTFE/HNT nanocomposite samples: a) crystalline peaks;
b) Increase in peak intensity due to wt. % HNT addition in the PTFE matrix, at 20 =
12.2°

From the XRD plots shown in Fig. 4.1, an in increase in the crystalline intensity was observed
with the addition of wt.% HNT in the PTFE matrix. Also, from Fig. 4.2, a new peak was
generated due to the presence of wt. % of HNT in the PTFE matrix at 2 0 of 12.2°,

4.1.2 SEM microstructure of PTFE/HNT Nanocomposites

The uniform dispersion of HNT nanofiller in PTFE matrix can be seen from SEM
microstructures (see Figure 4.3 (a)). The type of dispersion in the PTFE matrix material resulted
was an intercalation type whereas, the SEM plot (Fig. 4.3 (b)) depicts different lengths of HNTSs.
Further, the data generated by EDX analysis consist of spectra showing peaks corresponding to
the elements making up the true composition of the sample being analysed. In Fig. 4.4, the
spectrum shows a PTFE/HNT nanocomposites sample at 4 wt. % of HNT. The elements
presented in the spectra were carbon (C) and fluorine (F) associated with PTFE matrix material,
Aluminium (Al) and Silicon (Si), elements of Halloysite nanotubes and gold (Au) refers to gold

sputtering coating on the sample.
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Figure 4.3 SEM images of PTFE/HNT nanocomposites with 4 wt. % HNT: (a) Intercalation
distribution of HNTSs in the matrix; (b) Shows structure of nanocomposite
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Figure 4.4 EDX spectrum of PTFE/HNT nanocomposite specimen with 4 wt. % of HNT
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4.2 Thermal properties Characterization

The characterization is highly essential as the improvement in the properties of
nanocomposites were directly related to the changes in thermal and dynamic mechanical
properties as well. Thermal related properties like glass transition temperature, melting
temperature, crystallization temperature, degree of crystallinity and dynamic mechanical
properties like storage modulus, loss modulus, and tan delta were studied. For thermal
properties, Differential Scanning Calorimetry (DSC) test and for dynamic mechanical
properties, dynamic mechanical analysis (DMA) test were performed. In the chapter the tests
procedure, about operating conditions in experimentation part, and the addition of wt. % HNT

addition in the PTFE matrix were also discussed under results and discussion.
4.2.1 Differential Scanning Calorimetry (DSC)

Thermal properties like heating and cooling crystallization temperatures, degree of
crystallinity for PTFE/HNT nanocomposite samples were shown in table 4.2 The degree of
crystallinity of samples (‘A’ — ‘F”) with different wt.% of HNT was calculated by considering
AHzio0r equal to 83 J/g [57]. From the Table 4.2, neat PTFE depicted degree of crystallinity of
57.83% and PTFE with 10 wt. % HNT loading manifested in maximum degree of crystallinity
of 74.7%. The increase in degree of crystallinity, which was a function of heat absorption
capacity, leads to enhanced functional properties. Enhanced degree of crystallinity could be
attributed to concentration of wt. % HNT and promotes nucleation process simultaneously at
several locations of PTFE/HNT interfaces during cooling of the PTFE/HNT nanocomposites.

Table 4.2 DSC results of PTFE/HNT nanocomposites

Enthalpy (J/g) | Cooling Heating crystallization
PTFE/HNT and degree of | crystallization temperatures, °C
Nanocomposite Crystallinity temperatures, °C

AHf % Xc Tcl, Tc Tc2 Tml Tm Tm2
A- Owt. % HNT -31.0 | 57.83 | 319 310 | 295 322 333 342
B- 2wt. % HNT -33.1 | 63.85 | 318 308 | 296 324 336 349
C- 4wt. % HNT -346 | 735 318 | 307 | 292 322 337 350
D- 6 wt. % HNT -35.1 | 65.06 | 319 | 311 | 298 322 332 344
E- 8wt. % HNT -36.3 | 7228 | 319 | 308 | 292 322 337 357
F- 10wt. %HNT | -42.2 | 74.7 319 312 | 297 322 334 346
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Figure 4.5 DSC scans of PTFE/HNT nanocomposite samples: (a) DSC heating curve and (b)
cooling curve

Heating and cooling thermo-grams were shown in Fig. 4.5 (a) & (b) whereas Fig. 4.5 (c)
portrayed the effect of wt. % HNT addition on the heat capacity of the PTFE/HNT

nanocomposites. PTFE nanocomposites showed no indication of any additional reaction
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between the HNT filler and the PTFE matrix in the given temperature range and some apparent
variation in the position of transition melting peak. From Fig. 4.5 (a), a shift of melting peak is
observed. A similar trend was reported by Prashantha et. al. [73]. From the heating thermo-
grams (Fig. 4.5 (a)) of PTFE/HNT nanocomposites, it was observed that the melting point
temperatures of specimens (B, C, E, F) are slightly affected compared to the neat PTFE. In
these specimens, a new crystal structure might be promoted at the surface of HNT. However,
in case of specimen D, the melting temperature was unaffected by the incorporation of HNT.
From cooling thermograms of PTFE nanocomposites (Fig. 4.5 (b)), in case of specimen B, C,
and E, the hindering type of crystallization and for specimens D and F heterogeneous
crystallization was observed. In case of heterogeneous crystallization, the nucleation will be
initiated by the HNT filler, whereas in hindering type of crystallization the nucleation would be
initiated by the PTFE matrix region. In addition, the reduced size of PTFE/HNT nanocomposite

crystallites were observed for nanocomposite as compared to neat PTFE. [109].

4.2.2 Dynamic Mechanical Analysis

DMA test was carried out on all the PTFE/HNT nanocomposite samples and the thermo
mechanical behaviour of the samples were studied. The variation in the storage modulus (E’,
which is the measure of elastically stored energy) and the tangent of the phase angle were
analyzed as a function of temperature. The variation in tan delta is an indicative to the molecular
movement and phase transitions of the PTFE/HNT nanocomposite.
The variation of storage modulus and loss modulus as a function of temperature (Figure 4.6 (a)
—Figure 4.6 (b)) shows that the moduli of the PTFE/HNT nanocomposite increases as a function
of %HNT loading. The tan 6 plot (Figure 4.6 (c)) suggests the possibility of a relaxation present
around the room temperature which corresponds to the § relaxation of the PTFE polymer. This
phenomenon was due to the change from the 13-CF> unit helical conformation to 15-CF; unit
helical conformation. The storage modulus shown a steady decrease with the temperature
whereas the tan & plot shown a peak maxima at around 120° C correspond to a-glass transition.
The tan delta value corresponds to the loss factor of the PTFE polymer and was related to the
energy dissipated by the sample. The shape and intensity of the tan & peak was an indication on
the crystallinity of PTFE. The DSC results were also shown an increase in the crystallinity of
the PTFE/HNT nanocomposite samples. The decrease in tan & associated with the glass

transition corresponds to the increase in the storage modulus and decrease in loss modulus of

67



the material. This behaviour was due to the addition of HNTs improved the capability of the
material to dissipate energy with an enhanced loss modulus.
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Figure 4.6 DMA plots of PTFE/HNT nanocomposites: a) storage modulus and temperature;
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Figure 4.7 Plots of storage modulus, loss modulus, and loss tangent for (a) neat PTFE; (b) 2
wt. % HNTS; (c) 4 wt. % HNTSs; (d) 6 wt. % HNTSs; (e) 8 wt. % HNTSs

As the specimens were heated gradually from room temperature through its glass transition
temperature, the modulus values were increased whereas the loss tangent peaks were reduced
(Figs. 4.7 (b) — (e)) compared to neat PTFE samples. The increase in loss tangent or loss
modulus after glass transition temperature for the PTFE/HNT nanocomposite samples were
attributed as the ductile to brittle transition of the nanocomposite samples took place. This was
due to reduced PTFE chain movement with increased wt. % HNT addition as well as higher
viscosities of PTFE material at elevated temperatures [110]. The wt. % HNTs addition at 2%
to 10 % indicated the reduced second order transition temperatures when compared to neat

PTFE sample and shifting of glass transition temperatures was also shown in Fig. 4.7 (b) — (e).

4.3 Mechanical property characterization

Mechanical properties were estimated from tensile test, flexural test, impact test, and
hardness test. UTM was utilized and test data was extracted for all samples. Tensile properties
such as, yield tensile strength, ultimate tensile strength, Young’s modulus, were estimated from
the tension test data. A Tensometer was utilized and properties flexural modulus, bending
strength were calculated from three point bending flexural test. Instron make impact tester was
used and amount of energy absorbed by each sample and thus impact strength was determined
from lzod impact test. Notches were cut on the impact test specimens as per ASTM standard
by using Instron make notch cutter. Vickers-micro hardness tester was used and hardness of

each nanocomposite was estimated in terms of hardness number and converted to MPa.
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4.3.1 Study of tensile properties

During tension test, the structural changes in the PTFE nanocomposite material, in particular
at 2 wt. % HNT addition in the PTFE matrix was shown in Fig.4.8. As the applied load was
increased the specimen elongates. The elongation was observed to be low compared to neat
PTFE, as the HNTs addition increased the resistance and restricted the elongation. The
increased resistance can be attributed to increased yield tensile strength. The different stages of
the failure of PTFE/HNT nanocomposite during tensile test were shown on the Fig. 4.8. Hence,
for proper dispersion of HNTSs in the PTFE matrix, at the interfaces of HNTs and PTFE, some
crazes would be formed due to applied load and the size of the craze further increase with the

increased applied load, resulted early cracks and failure of the sample occurred.

Figure 4.9 shows the stress-strain diagrams of PTFE/HNT nanocomposites with wt. % of
0%, 2%,4%, 6%, 8%, and 10 % HNT (specimens ‘A’ to‘ F’). The values of yield tensile strength
and Young’s modulus are calculated for each curve and are presented in Table 4.3. The increase
in wt% of HNT addition resulted in an increase in yield tensile strength and a decrease in
ultimate tensile strength was observed. The yield tensile strength and Young’s modulus were
improved by 135% and 250% respectively. A similar trend was observed by Yan et. al. [111],
from the tensile properties of PTFE/nano-EG composites reinforced with nanoparticles. During
the test it was noticed that, specimen ‘A’ (neat PTFE) deforms steadily and reaches yield point
and later due to strain hardening, an increase in the applied load was observed and breaks at
about 400% strain. For Specimen ‘B’ &’D’ shows some initial resistance, reaches yield point
and was elongated uniformly through the gauge length till fracture. A flat plateau indicates
constant elongation and no substantial strain hardening which was observed from the (see Fig.
4.9
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Figure 4.8 Draw stress Behaviour of PTFE/HNT Nanocomposite at 2 wt. % HNTSs addition

Table 4.3 Effect of wt. % HNT addition on Tensile strength and Young’s modulus

Composition Tensile std Young’s st
%HNT by strength deviat}on modulus deviafion
weight (MPa) (MPa)
A- 0% 8.82 +0.4 245.54 +14.19
B-2% 10.45 +0.39 415.59 +6.67
C-4% 10.43 +0.32 521.06 +26.92
D - 6% 10.65 +0.26 477.11 +19.62
E-8% 10.35 +0.51 566.36 +23.62
F-10% 11.52 +0.54 607.80 +30.94
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Figure 4.9 Engineering stress-Engineering strain diagrams of PTFE/HNT nanocomposites

For sample C, a drop in stress after yield point was observed, which may be due to the
formation of gaps in crazes of PTFE around HNT particles. For samples E and F, an appreciable
decrease in the applied load was observed after the yield point which is mainly due to poor
dispersion of HNTs in the PTFE matrix. The ultimate tensile strength and percentage elongation
for all wt% of HNT were significantly reduced in comparison to neat PTFE. The ultimate tensile
strength was decreased from 16.48 MPa for neat PTFE to 9.72 MPa at 10 wt. % of HNT, and
percentage elongation was decreased from 392% for net PTFE to 48% at 10 wt. % of HNT.
Further, from Fig. 4.10, the increase in the Young’s modulus and yield tensile strength occurs
as a function of HNT filler content in the PTFE matrix. The addition of hard filler in soft matrix
can increase the Young’s modulus as well as bulk hardness of the PTFE nanocomposites.
Quasi-brittle behaviour was observed in the specimens ‘E> & ‘F’, i.e. after 6 wt. % of HNTs
addition. A similar behaviour in the tensile properties of polypropylene/halloysite composites
was observed from the work of Ning et. al. [112] This behaviour is due to development of more
interfaces in the PTFE nanocomposites with increasing HNT filler content. Further, it was
observed that, due to poor dispersion and agglomerates in specimens E & F causes less interface

or bonding strength which initiates early cracks. Evidently, which contribute less elongation
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near break point as clearly seen in Fig. 4.9. The optimum values of tensile strength and Young’s
modulus could be taken at 4 wt. % HNT since the increase in the wt. % addition was also tend
to increase the agglomerate density in the nanocomposites and thus increase in brittleness of

the nanocomposites which was undesirable in the view of tribological aspect.
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Figure 4.10 Effect of wt. % HNT addition on tensile strength and Young’s modulus

4.3.2 Impact properties
Impact strength is the ability of the material to resist the fracture under stress applied at high
speed. The specimens are deformed within a short time and therefore exposed to high strain
rates. The effect of wt% HNTSs addition on impact strength of PTFE nanocomposite are shown
in Table 4.4. Figure 4.11 shows the increase in of impact strength corresponding to 4wt% of
HNT loading causes an increase in the energy absorbing capacity. The increase in the energy
absorption of the PTFE nanocomposites can be attributed as a function of dispersion of HNTs
filler in the PTFE matrix material and % crystallinity of the nanocomposites. The observed
impact properties were in well correlation with % crystallinity (see Table 4.5). When small
quantities of HNTs were added to the PTFE matrix material the impact resistance to fracture
was increased and found a maximum value of 13.47 kJ/m? at 4 wt. % of HNT addition. The
decrease in impact strength was observed after 4% might be due to mixing time of powders,
less resistance near the interfaces due to agglomerates, and slight decrease in the % crystallinity

of the PTFE nanocomposites.
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Table. 4.4 Effect of HNT reinforcement on impact strength of PTFE nanocomposites

HNT addition | Impact strength N
(by weight) (J/m?) Std. Deviation
0% 10.97 +1.03
2% 11.88 +0.97
4% 13.47 +0.65
6% 11.38 +0.65
8% 11.89 £0.72
10% 12.98 +0.31
18
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Figure 4.11 Effect of wt. % HNT addition on impact energy of PTFE/HNT nanocomposites

4.3.3 Flexural properties

Flexural strength is the ability of the material to withstand bending forces applied perpendicular
to its longitudinal axis. The stresses induced due to the flexural load are a combination of
compressive and tensile stresses. Flexural properties were calculated in terms of the maximum
stress and strain that occur at the outside surface of the PTFE/HNT nanocomposite test
specimens. Many polymers do not break under flexural even after a large deflection that makes
determination of the ultimate flexural strength [113] and same behaviour was observed with the
present PTFE/HNT nanocomposites specimens. In such cases, to report flexural yield strength,
when the maximum strain in the outer fibre of the specimen has reached five percent. Flexural
properties of all wt. % HNT addition in the PTFE matrix were reported in Table 4.5.
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Table. 4.5 Effect of wt. % HNT reinforcement on Flexural and micro-hardness properties of the

nanocomposites

PTFE nanocomposite | gy ral strength | Flexural Modulus
A- 0% 26.35 0.0875
B- 2% 33.91 0.1320
C-4% 47.44 0.1567
D- 6% 46.98 0.1875
E- 8% 49.70 0.2112
F- 10% 48.83 0.2250

The effect of wt. % HNT on the flexural properties of PTFE/HNT Nanocomposites was shown
in Fig. 4.12. As the wt. % of HNT addition in the PTFE matrix material was increased from 0
wt. % to 4 wt. % an appreciable increase in the flexural strength PTFE/HNT nanocomposites
was observed due to the good interfacial bonding between the matrix and reinforcement
materials. A similar kind of response was reported by Yong X. Gan. [114], from flexure tests
on CNTs/epoxy advanced material. And, beyond 4 wt.% the increase in the flexural strength
was quite minimum due to the formation of agglomerates of HNT and subsequent reduction in
interfacial bonding due to the formation of micro-cracks between the PTFE matrix and HNT
reinforcement. It seems that adding HNTSs leads to an improvement in the flexural properties
i.e., bending strength and flexural Young’s modulus of PTFE as shown in Fig. 4.13, the
percentage increase is about 44.45% for bending strength and 44% for bending modulus at 4
wt. % addition. Reinforcement by HNTs at 4 wt.% seem to be an optimal value as flexural
properties tend to reach a flatland above this value. At 6 wt.% a small reduction in the flexural
strength which may be due to the fact that overfilling of HNTS tips to clustering of nanotubes.
These micron sized clustered masses in the PTFE matrix are in micron-sizes and forming as
weak zones and failure starter points. Similar remarks were reported by Liu et al.[115], for
Halloysite filled epoxy nanocomposites and Prashantha et al. [64] for HNTs filled in
masterbatch Polypropylene.

77



10 wt.% HNT

Stress (MPa)

20 -
0 wt.% HNT

mMmooOmw>

ARRRE

T T T T T T T T T
0 100 200 300 400 500

Strain (mm/mm)

Figure 4.12 Flexural stress vs flexural strain diagram
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Figure 4.13 Effect of wt. % HNTSs addition in the PTFE matrix on flexural strength and flexural
modulus.

4.3.4 Vicker’s micro-hardness
Vickers micro-hardness values of the PTFE/HNT nanocomposite specimens were presented in
Table 4.6 and were average of three readings, for each nanocomposite sample. The increase in

the hardness was observed due to increase in the wt% of HNTs addition in the PTFE matrix.
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The increase in these values is due to the dispersion of hard HNT filler in the soft PTFE matrix.
The micro-hardness value for neat PTFE, was 23.07 MPa, increased to 37.61 MPa for sample
‘F’. The increase in micro hardness values indicated that the wt. % HNT addition above 4 %,
introduced quasi-brittle nature of PTFE/HNT nanocomposites. As discussed, in section 4.3.1,
the brittle nature was also revealed by the increase in micro hardness values. Also, the increased
hardness can be attributed to the high surface energy of HNT agglomerates formation and high

aspect ratio as well.

Table.4.6 Effect of wt. % HNT addition on micro-hardness values of PTFE/HNT
nanocomposites

PTFE nanocomposite | Average Vickers
(wt. %. HNT) micro-hardness value
(MPa)
A- 0% 23.07
B- 2% 25.72
C- 4% 29.20
D- 6% 25.63
E- 8% 35.90
F- 10% 37.61

40
30
25 7J/\/

20

15

Hardnessvalue, HY (Mpa)

10 T T T T T 1

wt.% of HNT

Figure 4.14 Effect of wt. % HNT addition on micro-hardness values of PTFE/HNT
nanocomposites

4.4 SEM microstructures of fracture surfaces

Figure 4.15 (a) — (b) shows the tensile fracture surfaces of PTFE/HNT nanocomposites at 10

wt. % of HNTs addition. Fig. 4.16 (a) — (e) shows the fracture surfaces of PTFE nanocomposites

under impact failure at different wt. % of HNTs addition. The addition of HNTSs into the PTFE

matrix material produces heterogeneous type of structure. The addition of HNTs with low wt.
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% seems better dispersion from the impact fracture surfaces (see Fig. 4.16 (a) & (b)). The
smaller pull out regions from these images indicated the intercalation type of structure. As the
wt. % addition increased beyond 6 wt. %, due to increased cluster formation the dispersion of
reinforcement in the PTFE matrix material was affected. It was revealed from the SEM

microstructures that the larger pull out regions on the fracture surfaces.

Crystalline.region

Amorphous region
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Figure 4.15 (a) & (b) SEM image of fractured tensile specimen: at 10% HNT filled tensile
specimen
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In Table 4.4, it was observed that, increased impact strength of the PTFE/HNT
nanocomposite samples due to wt. % HNT addition. The impact test specimens were deformed
within a short time and therefore exposed to high strain rates during the test. The increase in
impact strength can be attributed to the fact that, the HNT filler related energy dissipation
mechanisms, such as Halloysite nanotubes debonding, pull out, bridging and fracture, induced
plastic deformation of the PTFE matrix before failure. The pull out regions were also shown on
SEM micrographs (Figure 4.16 (a) — (e)). Bridging and fibre fracture were likely to occur as a
consequence of HNTs with lengths longer than the critical value for effective reinforcement,
while debonding and Halloysite nanotubes pull out were expected to occur as the result of a set
of HNT with length shorter than the critical value. The ‘pulled out” effect was displayed in the
form of arbitrary shaped gaps on the SEM microstructures. The gap density and its size were
different and revealed the quality of dispersion of HNT in the matrix material. The increase in
the energy absorption of the nanocomposites can also be attributed as the function of dispersion

of HNTs filler in the PTFE matrix material and degree of crystallinity of the nanocomposites.

The improved dispersion of HNTs in PTFE matrix was revealed by the fact that silicon

content on the surface of Halloysite decreases their surface free energy and hinders
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nanotube/nanotube interaction, thereby separating the aggregates during the mixing process and
produces better interfaces between the matrix and reinforcement materials.

The increase in tensile and impact properties of the PTFE/HNT nanocomposites were
explained as follows: The increase in the toughness of PTFE/HNT nanocomposites compared
to pure PTFE could be attributed that bridging/pull-out/breaking of nanotubes in the matrix
material. At low wt. % loading of HNTs with better dispersion offers good resistance to impact
loads. On the contrary, more wt. % loading largely affected the ductile nature of neat PTFE
matrix material. The reinforcement material acts as a barrier for the mobility of the PTFE matrix
chains, thus limiting the ductile deformation (Fig. 4.12 (c)). A similar behaviour was also
reported by Naffakh et. al. [116], for thermoplastic polymer nanocomposites filled with

inorganic fullerene-like nanoparticles and inorganic nanotubes.

84



CHAPTER -5
Abrasive and erosion wear study
PHASE I

5.1 Abrasive Wear Characterization using Design of experiments (DOE) concept

Design of experiments is a powerful tool for analysing the influence of control variables on
responses. Experiments were designed according to Taguchi method so that effect of the
parameters could be studied with minimum possible number of experiments [117]. In the
present work, Taguchi L27orthogonal experimental plan for four factors with three levels was
used as shown in Table 1. Multi-Response optimization of tribological parameters of PTFE
/HNT filled nanocomposites were performed by using a novel hybrid technique based on Graph
Theory Matrix Approach. The technique consists of usage of Taguchi method, utility approach
[118] and response surface methodology. The procedure was described as follows:

Design of experiments by using Taguchi L27 orthogonal array
Conducting the experimental runs on POD apparatus.
Calculation of response variables

Calculation of utility index

o B~ WD e

Optimization of utility index by using response surface methodology

Table. 5.1 Design variables (factors) and levels

. Levels
Factors Units 1 5 3
Composition: Comp | (%HNT by wt.) 4 6 8
Load: L (N) 5 10 15
Distance: D (km) 2 3.5 5
Velocity: S (ms-1) 1 2 3

A pin-on-disc wear tester was used to investigate the dry sliding wear and friction
characteristics of the PTFE/HNT nanocomposites as per ASTMG 99-95 standard. Figure 5.1
(@) shows the setup of the POD apparatus and Figure 5.1 (b) shows a typical arrangement of
POD specimen holder. The sample pin was fixed in a holder and was set to run on a counter
disc made of hardened EN31 steel (58-62 HRC and 1.6 Ra) counter surface at different
operating conditions. All runs were conducted at a track radius of 50 mm on counter disc surface
of POD apparatus. The samples were cleaned by using acetone to remove debris adhered on
sample before and after the test and were weighed on a precise balance to measure the mass of

worn material.
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Figure 5.1 (a) Pin on Disc test set up; (b) close up view of counter face disc and PTFE/HNT
composite test pin

a) b)
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Figure 5.2 PTFE/HNT nanocomposite test specimens

5.1.1 Specific Wear Rate (SWR)

The dry sliding wear tests were performed on PTFE-HNT nanocomposites with 4%, 6%, and
8% HNT additions by POD apparatus. Each experiment was performed as per the DOE plan.
A total of 27 runs were conducted on 27 specimens. The responses for all experimental runs
were shown in Table 3. The coefficient of friction was taken from the display at the end of

each test. The specific wear rate was calculated by using the relation (5.1).

Loss in volume due to wear
Load X Distance

Specific Wear Rate (SWR) =

mass dislodged (Am)

R =
SW Density (p)X Load (W)X Distance(D)

(5.1)
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Where, Am =mass dislodged, g; p =density, gm/mm?; W=Load, N; D=distance, m

5.1.2 Specific Wear Energy (EW)

Specific wear Energy was defined as the ratio of frictional energy consumed at the interface
and mass dislodged due to wear. In a tribo system the active surface and counter surface form
a closed contact under the application of normal load. The hypothesis taken in the wear process
is that, the active surface was composed of different parallel layers (friction stack theory [119]
) represent the possible locations of frictional energy dissipation zones. The frictional contact
under the application of load results molecular motion, deformation and loosening of layer from
the active surface and forms an oil less film. The new layer will then be exposed to the counter
surface and the process repeats. Each layer consists of matrix and nanofiller. The nanofiller
adds strength to the matrix material and hence to the transfer film. Specific wear energy explains
an important concept about the tribological characteristics and considers both coefficient of
friction and wear rate. In the work of Conte at al. [120] time dependant friction coefficient for
PTFE composites [120], the specific wear energy was estimated for non-conservative frictional
variable loading by equation (5.2). Composites with high EW are said to have high wear
resistance, since the amount of frictional work spent to remove per ‘g’ of mass loss is more
hence for materials to be more wear resistant the higher EW values are preferred.

EW — Amount of frictional work spent, |

mass dislodged, g

v W fttlz u(t)dt

EW
Am

J/9
(5.2)

Where, v=mean velocity, m/s; W= applied load, N; p(t)= time dependant friction coefficient
due to variable loading; Am= mass loss, g. In the present work, the coefficient of friction was
assumed to be constant throughout the test span and the specific wear energy for PTFE/HNT
nanocomposites was estimated by equation (3).

_qut
~ Am

EW J/g

(5.3)
Where, v=mean velocity, m/s; W= applied load, N; p= friction coefficient due to constant

loading; Am= mass loss, g.
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5.1.3 Coefficient of friction

The values of coefficient of friction for the samples during the test were taken from the data
controller. These values would be calculated based on normal load applied, since the coefficient
of friction is defined as the ratio of frictional force and applied load.

Table. 5.2 Experimental runs and responses

Input Factors Specific Specifi

Compo \I/QV:,[ae " | c Wear

Run | -sition, | Load, | Distance, | Velocity, | Mass COF X10_5’ energy,
wt. N km m/s loss, g s | MJlg

%HNT mm
/INm

1 4 S 2.0 1 0.00400 | 0.132 17.7 0.28
2 4 5 35 1 0.00924 | 0.143 23.4 0.27
3 4 S 5.0 1 0.01054 | 0.221 18.7 0.52
4 4 10 2.0 3 0.00700 | 0.178 15.5 0.51
5 4 10 3.5 3 0.01060 | 0.202 13.4 0.67
6 4 10 5.0 3 0.01125 | 0.202 9.97 0.90
7 4 15 2.0 2 0.00539 | 0.162 7.96 0.90
8 4 15 3.5 2 0.01157 | 0.193 9.76 0.88
9 4 15 5.0 2 0.01325 | 0.218 7.83 1.23
10 6 S 2.0 2 0.00198 | 0.136 8.76 0.69
11 6 S 3.5 2 0.00304 | 0.186 7.69 1.07
12 6 S 5.0 2 0.00635 | 0.186 11.2 0.73
13 6 10 2.0 1 0.01692 | 0.146 37.5 0.17
14 6 10 3.5 1 0.01735 | 0.166 21.9 0.33
15 6 10 5.0 1 0.04910 | 0.184 43.5 0.19
16 6 15 2.0 3 0.01860 | 0.195 27.4 0.31
17 6 15 3.5 3 0.05046 | 0.203 42.5 0.21
18 6 15 5.0 3 0.06430 | 0.221 38.0 0.26
19 8 S 2.0 3 0.00312 | 0.152 13.8 0.49
20 8 S 3.5 3 0.00583 | 0.173 14.7 0.52
21 8 5 5.0 3 0.00712 | 0.205 12.6 0.72
22 8 10 2.0 2 0.01800 | 0.188 39.8 0.21
23 8 10 3.5 2 0.02010 | 0.191 25.4 0.33
24 8 10 5.0 2 0.05140 | 0.196 45.4 0.19
25 8 15 2.0 1 0.02109 | 0.170 31.1 0.24
26 8 15 3.5 1 0.03047 | 0.189 25.7 0.33
27 8 15 5.0 1 0.05460 | 0.193 32.2 0.27
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Figure 5.3 Flow chart for calculation of weights

Calculation of utility index (U)

Calculation of weights

The sequence of steps followed for calculating the weights of utility method as shown in Figure
5.3. A mathematical model is constructed from the preference graphs is discussed in the flow
chart [118].

Preference graphs (PG)

The opinions of three different users are considered for the present study. The responses
namely: coefficient of friction (COF), specific wear rate (SWR), and wear specific energy (EW)
are represented. The opinion of first designer suggests COF is more important requirement
followed by SWR and EW. The second designer suggests COF in comparison to SWR and EW.
The third designer emphasizes that COF and SWR are more important than EW. The key
consideration is that, the relationship of EW with the other two responses is not clearly known.
The preference graphs are constructed using these individual suggestions and are shown in
Figure 5.4 (a)-(c).
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COF: Coefficient of Friction
SWR: Specific Wear Rate
EW: Specific Wear Energy

\/
Low
)

(@)

High

Preference
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Figure 5.4 Preference graphs showing the suggestions of (a) Designer 1; (b) Designer 2;
(c) Designer 3

Adjacency matrix

The adjacency matrix is constructed according to preference graph as shown below:
PGn=[pgilmm (i,j =12, ..., m,.., M) (5.4)

Where n is the number of individuals, M is the number of characteristics and pgij gives the

dominances of i over j in an MxM.

COF SWR EW

01 1 0 0 1
PG, = g (1) (1) SCV(\)IFR PGZ—[O 0 0] PG3=[0 0 1]
00 0 00 0

0 0 0 1 EwW

Dominance matrix

The dominance matrix identifies more preferred performance characteristic among the

characteristics. The dominance matrix is calculated as follows:

D™ = PG} + PG2 + PG2 + ......... + PGM-1 (5.5)

The dominance matrix is calculated using the equation (2), where m value is taken as 3 then:
D! = PG} + PG} + PG} (5.6)
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Also

M
dm = z PYij
j=1
(5.7)
0 1 1 0 1 1 0 0 1
D1=001] D2=OOO] D3001]
0 0 O 0 0 O 0 0 O
Relative degree of performance (RDP):
The RDP and RIR are calculated using equation 6 and 7 as follows:
1+dy
rdpm = Maxmzl_"_M? +d,
(5.8)
RDP for the four dominance matrices are calculated in the form vector as follows:
RDP; =[1.0 0.66 0.33]
RDP2=[1.0 0.33 0.33]
RDP3;=[1.0 1.0 0.5]
Relative importance rating (RIR):
RIR,, = n=17dph,
Maxm=1. m Xn=17dpp,
(5.9

Max,,—1 _y XN_, rdpl=1+1+1=3. Itis the sum of individual relative degrees of performance.
RIR values of COF, SWR, and EW are given in the vector form as follows:
3 199 1.16

RIR=|- — —[=[1.0 0.663 0.387]
3 3 3
Weights
Weights of performance characteristics are calculated as follows:
Tity,
W, =
oYM ring,

(5.10)
Hence, Wcor, Wswr, and Wew are the weights for COF, SWR, and EW respectively and they
are calculated as 0.487, 0.323, and 0.189 respectively. That means 48.7% weightage is given
for COF, 32.3% weightage is given for SWR, and 18.9% weightage is given for EW i.e., weight
factors are not distributed equally as in case of RSM or Grey based Taguchi methods (i.e.,
0.33,0.33, 0.33). Hence the distributed weights are calculated as per the preference of the

designer’s choice.
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Preference scale construction
Taguchi method is used to predict optimal value of the three responses separately. The
experimental data of the performance characteristics shown in the Tables 3 are analyzed with
smaller-the-best characteristic using equation (11) and larger the best (12) process parameters
are optimized individually. Using the optimum input parameters, the responses are predicted.
The Table 5.3 shows optimum process parameters, their corresponding predicted responses and
maximum acceptable levels.

Smaller the best

n

1 2
S/N = —10log ;2 Vic

k=1
(5.11)
Larger the best
n
S/N 101 [12 !
nis Yk
(5.12)

Preference scale is required to be determined for all the responses in order to calculate
utility factor of the four responses. Equation (12) is used to determine the preference scale using
predicted optimal value and minimum acceptable level of the responses. The P value is chosen
as 9 based on the acceptable levels [118].

X'
P=AX log)Ti,
(5.13)
where X;is the value of attribute response, X; is the minimum acceptable value of response and

A is the constant, y = experiment data, k=k™ experiment, and n is the number of experiments.
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Main Effects Plot for SN ratios of Specific wear Rate
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Figure 5.5 Main effects plot for SN ratios of (a) COF (C2L1D1S1); (b) SWR (C1L1D2S2);
(c) EW (C1L1D3S2)
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The Xi values in table 3 are estimated corresponding to the input parameter shown in main

effects plot Fig.3 by using design of experiments package.

Table. 5.3 Calculation of factors A;

Optimal ReSDONSE Maximum 4 = 9
Response input vallfe X, acceptable value L lo (&
settings | of response, X'i 9 X;
COF C2L1D1S1 0.124926 0.3 -44.09
SWR C1L1D2S2 0.507407 9.95 5.885
EW C1L1D3S2 1.00407 1.8 -35.5

Utility values

Utility values of three responses for the four reading or passes are calculated using the following

equation:

Un,Y) = Peor(m,Y) X Weop + Psyr(,Y) X Weyg + Ppy(n,Y) X Wgy,

Where,
Preference scale for the coefficient of friction (COF):

Xcor
0.3

PCOF = —4‘4‘09 log

Preference scale for specific wear rate (SWR):

XSWR

9.95

PSWR = +5885 log

Preference scale for amplitude of specific wear energy (EW):

X
Py = —35.5 109%
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Table. 5.4 Input factors and utility index values (U) for each run

Run | Compositon, | Load, | Distance, | Speed, | i ey,
1 4 2.0 1 13.57
2 4 5 3.5 1 13.16
3 4 5 5.0 1 07.00
4 4 10 2.0 3 08.92
5 4 10 3.5 3 06.83
6 4 10 5.0 3 05.72
7 4 15 2.0 2 07.60
8 4 15 3.5 2 06.20
9 4 15 5.0 2 03.90
10 6 5 2.0 2 10.09
11 6 5 3.5 2 05.78
12 6 5 5.0 2 07.20
13 6 10 2.0 1 14.71
14 6 10 3.5 1 11.13
15 6 10 5.0 1 12.34
16 6 15 2.0 3 09.99
17 6 15 3.5 3 11.11
18 6 15 5.0 3 09.61
19 8 5 2.0 3 10.42
20 8 5 3.5 3 09.09
21 8 5 5.0 3 06.43
22 8 10 2.0 2 11.78
23 8 10 3.5 2 09.94
24 8 10 5.0 2 11.79
25 8 15 2.0 1 12.12
26 8 15 3.5 1 10.05
27 8 15 5.0 1 10.62

5.2 Response Surface Methodology (RSM)

RSM is a statistical and mathematical modelling technique used to establish relation between
input and output variables. This process is used to predict output variables and optimize input
variables [121], [122]. In RSM, the quantitative relationship between input and output variables

[122] is presented in equation (5.18):
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Y = f(x1,%X2,X3, e e, Xp) T €f

(5.18)

where ‘y’ is desired response and ‘f” is the response function, dependent variable and x1, X2, X3,
......Xn independent variables and ‘e’ is the fitting error. The RSM is used to identify the
significant process variables on coefficient of friction and specific wear rate. Two factor
interactions on the coefficient of friction and specific wear rate is investigated with the RSM.

Optimization of utility index by using response surface methodology

Table. 5.5 Analysis of Variance (ANOVA) of utility values

Source Degrees of | b \/aue
Freedom
Model 13 0.001
Linear 4 0.001
wt.% HNT 1 0.005
Load 1 0.036
Distance 1 0.001
Velocity 1 0.222
Square 4 0.008
wt.% HNT x wt.% HNT 1 0.083
Load x Load 1 0.003
Distance x Distance 1 0.481
Velocity x Velocity 1 0.139
2-Way Interaction 5 0.020
wt.% HNT x Load 1 0.015
wt.% HNT xDistance 1 0.113
wt.% HNT x Velocity 1 0.003
Load x Distance 1 0.118
Distance x Velocity 1 0.554

5.2.1 Regression Equation in Uncoded Units
Equation (5.19), provides the effect of main effects and its interactions on the utility index ‘U’
value. For any other combination of input factors by using equation (5.19), the value of utility
index can be calculated.
Utility Value = 30.48 - 1.19 wt.% HNT + 0.742 Load - 4.69 Velocity - 12.04 Distance

- 0.261 wt.% HNT x wt.% HNT - 0.0956 Load x Load + 0.179 Velocity x Velocity

+ 1.007 Distance xDistance + 0.1792 wt.% HNT x Load + 0.222 wt.% HNT x

Velocity + 1.146 wt.% HNT x Distance + 0.0874 Load x Velocity
+ 0.159 Velocity x Distance

(5.19)
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5.2.2 Surface plots
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Figure 5.6 Effect of interaction of factors on the value of utility index; (a) Distance and

velocity; (b) Distance and load

The effect of interaction of input factors on utility index values at the respective hold values
were shown in Fig. 5.6 (a) & (b). From Fig. 5.6 (a), the utilization of the product for maximum
utility was found at 2 m/s velocity and at moderate sliding distance corresponding to hold values
of 6 wt. % HNT and 10 N Load. Similarly, from Fig. 5.6 (b) at 2 km distance and 11.8 N load
higher values of utility index were seen corresponding to hold values of 6 wt. % HNT and at
velocity of 3.5 m/s.
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Figure 5.7 Effect of interaction of factors on the value of utility index; (a) wt. % HNT and
load; (b) wt. % HNT and distance

The effect of interaction of input factors on utility index values at the respective hold values
were shown in Fig. 5.7 (a) & (b). From Fig. 5.7 (a), at about 7 wt. % HNT and 12 N normal
load the utility has shown maximum value. From Fig. 5.7 (b), at > 7 wt. % and 3 m/s sliding

velocity the utility value was found to be maximum
5.2.3 Optimization study

Desirability value corresponding to maximum utilization, the optimum values were found: At

D=1: 4% composition, 8.5354 N load, 2.0 km distance and at a velocity of 1.0 m/s as shown
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in Fig. 5.8; The value of utility index observed to be 15.5066 and was within 95% confidence
interval (13.01 to 17.99).

Optimal wt.% HNT Load Velocity Distance

D: 1.000 High 8.0 15.0 5.0 3.0
S Cur [4.0] [8.5354] [2.0] [1.0]

Predict  Low 40 5.0 20 1.0

Utility
Maximum
y = 15.5066
d = 1.0000

Figure 5.8 Optimum values of input parameters of PTFE/HNT nanocomposites at desirability,
D=1

5.3 Multi-optimization of wear input parameters by Response Surface Methodology

In this study, the multi responses COF, SWR, and EW were optimized by using RSM. In the
analysis, the experimental runs and the corresponding estimated responses were already
tabulated in Table 5.2. During the analysis, quadratic models were developed among responses
and process parameters using design of experiments software. The quadratic models were used
to predict these responses. RSM is a statistical and mathematical modelling technique used to
establish relation between input and output variables and is used to identify the significant

process variables on tribological parameters.

The process was used to predict output variables and optimize input variables [121], [122]. In
RSM, the quantitative relationship between input and output variables was presented in
equation (5.20):

Y = f(X1,X2,X3, e eenr, Xp) T €5

(5.20)

where ‘y’ is desired response and ‘f” is the response function, dependent variable and x1, X2, X3,

......Xn independent variables and ‘er’ is the fitting error.
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5.3.1 Analysis of Variance (ANOVA)

The model should be responsive enough to the selected input parameters. The insignificant
input parameters are screened out, and those are not considered in the model formation. A
quantitative evaluation of each parameter’s effect on the total model variance can be carried out
using analysis of variance (ANOVA) method. The equation (5.21) is used to find F- test value.

B SSg/k
CSSe/(n—k—1)

Ey

(5.21)
Where Fa denotes F test value of a particular input parameter ‘A’. SSg and SSr are the sum of
squares due to the model and residual error respectively, n is the number of samples used in the
design procedure. If Fa exceeds a selected value, the input parameter ‘A’ is said to be significant
with respect to the responses [123].

Table. 5.6 ANOVA of the input factors and their interactions for quadratic model of the
responses COF, SWR, and EW

Source DF | COF SWR EW
P-Value P-Value | P-
Value

Model 13 0.001 0.001 0.000
Linear 4 0.000 0.000 0.000
wt.% HNT 1 0.916 0.001 0.000
Load, N 1 0.006 0.000 0.001
Distance, km 1 0.000 0.490 0.043
Speed, m/s 1 0.004 0.277 0.281
Square 4 0.735 0.002 0.001
wt.% HNT x wt.% HNT 1 0.534 0.038 0.124
Load x Load 1 0.510 0.000 0.000
Distance x Distance 1 0.944 0.321 0.669
Speed x Speed 1 0.274 0.955 0.043
2-Way Interaction 5 0.123 0.011 0.001
wt.% HNT x Load 1 0.128 0.002 0.000
wt.% HNT x Distance 1 0.086 0.664 0.127
wt.% HNT X Speed 1 0.407 0.001 0.000
Load x Distance 1 0.080 0.690 0.658
Distance x Speed 1 0.323 0.856 0.537

In this study, the experimental results were analysed with ANOVA and it performed at

confidence level of 95%. The ANOVA calculates F value, the Probability > F (p-value) and the

values indicate statistical significance of the model. The terms which are having p-value less

than 0.05 indicate that they are significant [124]. Table 5.6 shows the ANOVA values of the

three responses and whose p-values of model were less than 0.05 and the model was significant.
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Also for the factors load, speed, & distance and interactions of composition and distance & load
and distance are having p-value of <0.05 and highlighted as shown in Table 5.6. For response
variable COF, the interactions exist but were found to be less significant. Whereas, for response
variables SWR and EW, the wt. % HNT addition ensured interactions with load and speed.
Based on the p-value, the developed model was considered to be significant on the responses.

5.3.2 Regression analysis

The correlation between the tribological parameters was obtained as follows by using regression
technique. Empirical or regression equations (5.22) - (5.24) for the responses COF, SWR, and
EW of the PTFE/HNT nanocomposites were presented.

COF =0.0545 - 0.0173 wt.% HNT + 0.00356 Load + 0.0439 Distance
+ 0.0370 Speed + 0.00086 wt.% HNT x wt.% HNT — 0.000169 Load = Load
—0.00017 Distance x Distance - 0.00711 Speed x Speed + 0.001011 wt.
% HNT x Load - 0.00236 wt.% HNT x Distance + 0.00267 wt.% HNT x Speed
—0.000967 Load = Distance - 0.00261 Distancex Speed
(5.22)

SWR, (x10® mm3/N-m) = 44.4 - 4.81 wt.% HNT + 7.08 Load - 10.17 Distance —
38.3 Speed — 1.555 wt.% HNT x wt.% HNT - 0.614 Load x Load + 1.24 Distance x
Distance + 0.18 Speed x Speed + 1.208 wt. % HNT x Load + 0.282 wt.% HNTx
Distance + 6.82 wt.% HNTx Speed + 0.104 Load x Distance - 0.24 Distance x Speed

(5.23)
EW, MJ/g = -1.655 + 0.365 wt.% HNT - 0.0966 Load + 0.227 Distance
+ 1.379 Speed + 0.0214 wt.% HNT x wt.% HNT + 0.01278 Load x Load
—0.0101 Distance x Distance —0.1344 Speed x Speed - 0.03167 wt.
% HNT x Load - 0.0200 wt.% HNT x Distance — 0.1572 wt.% HNT x Speed
—0.00222 Load x Distance + 0.0156 Distance x Speed
(5.24)

The interaction between the factors were found in equations (5.22) — (5.24). The positive value
of the coefficients suggests that the response variable (COF or SWR or EW) of material

increases with their associated variables. Whereas the negative value of the coefficients
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suggests that the response variable (COF or SWR or EW) of the material will decrease with the
increase in associated variables.

5.3.3 Surface plots

a) Contour Plot of COF vs Distance, wt.% HNT
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c) Contour Plot of SWR vs Load, wt.% HNT
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e) Contour Plot of EW vs Load, wt.% HNT
15.0 e
EW
< 0.2
02 - 04
04 - 06
0.6 - 08
125 0.8 - 10
[ ] > 1.0
Hold Values
ko] Distance 3.5
@© Speed 2
o 100 °
—
7.5
50 ° ‘
4 5 6 7 8
wt.% HNT

Figure 5.9 (a)-(e) Response surface contour plots: (a) interaction of wt. % HNT and distance
on COF; (b) interaction of wt. % HNT and speed on SWR; (c) interaction of wt. % HNT
and load on SWR,; (d) interaction of wt. % HNT and speed on EW; (e) interaction of wit.
% HNT and load on EW

5.3.4 Multi objective optimization of Tribological Parameters: composite desirability
Optimization using desirability function is introduced in 1980 by Derringer and Suich [125]
for optimization of cutting parameters. This method works based on the reduced gradient
algorithm, which starts with multiple solutions and finally obtains the maximum value of the
desirability to determine the optimal solution. It uses desirability (d value) scale which ranges
from 0 to 1, if d value is O or close to 0 then the response is completely unaccepted and if the d
value is 1 or close to 1 then the response is accepted. In the present work, by using response
surface methodology the responses optimized were specific wear energy (EW), specific wear
rate (SWR), and coefficient of friction (COF). The composite desirability for multi-objective
optimization of the responses was found to be 0.9272 as shown in Fig. 5.10. The composite
desirability was found by using response optimizer tool in RSM. The corresponding optimum
input parameters were found for minimum COF (0.144) and SWR (22.053x10°® mm?3/N-m)
while for maximum EW (0.503 MJ/g) as 6.67 wt. % of composition, 7.4242 N of load, 2.0 km
of distance and 1.5051 m/sec of velocity. Since the composite desirability was close to 1, which

indicates that the responses were reasonably optimized.
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Figure 5.10 Optimization of parameters for minimum COF and SWR & for maximum EW
The optimum input parameters from the hybrid method and RSM were shown in Table 5.6
(@). From hybrid method, the optimum input parameters were found to be, 4.0 wt.% HNT,
8.5354 N load, 2.0 km sliding distance, and at a sliding velocity of 1.0 m/s, an utility index
value of 15.5066 was obtained corresponding to maximum utilization of the product. Whereas
from RSM, the optimum input parameters found to be 6.67 wt. % HNT, a normal load of 7.4242
N, a sliding distance of 2.0 km, and sliding velocity of 1.5051 m/s. The multi responses COF,
SWR, and EW were found to be 0.144, 22.053x10mm3/N-m, and 0.5030 MJ/g respectively.
This means that, from hybrid method as per designer based requirement the value of wt. %
HNT was about 4% and from RSM based on same weightage to all factors, the wt. % HNT was
about 6.67%. Hence, the hybrid method suggested optimum wt. % HNT addition to be 4 % and
minimum COF, minimum SWR, and maximum EW might be obtained. Also, at 4 wt. % HNT

addition in the PTFE matrix, better mechanical and thermal properties were found.

Table 5.6 (a) Comparison of optimum input parameters for Hybrid method and RSM

Input parameter

Designer based
Hybrid method:
at desirability = 1.0

Response Surface
Methodology:
at Desirability = 0.9272

Wt % HNT

4.0

6.67

Load, N

8.5354

7.4242
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Distance, km 2.0 2.0
Speed/ Velocity, 1.0 1.5051
m/s

Utility index = 15.5066 COF=0.144;
SWR=22.053x10"°mm3/N-m:
EW= 0.5030 MJ/g

Output
parameter

PHASE - |1
5.4 Effect of surface roughness on wear properties of PTFE/HNT nanocomposites

The specimens for POD test are cut from the sheets. The cross-section of the specimen was
rectangular (3 mm x 3.5mm) and length of the pin was 20 mm. All experiments are conducted
on pin on disc apparatus as per the ASTM G99 standard. A typical Pin on Disc set up used for
the experimentation is shown in Figure 5.11. In this study, five parameters are selected as
control factors, and each parameter was designed to have three levels, denoted 1, 2, and 3 (Table
5.7). The experimental design was according to an L27 array based on Taguchi method to
investigate the relation between the process parameters and response factor. Minitab 16

software was used for optimization and graphical analysis of obtained data.

Track diameter Wear track
Load cell
Steel disc \
(counterface) Test pin \
" 4
Weights
ln 1] ;r'
Motor

Figure 5.11 Line sketch of POD apparatus (a) Isometric view (b) Rear view
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Table 5.7 Factors and Levels

Levels
Input factor 1 5 3
A: Filler, % HNT 4 6 8
B: Normal Load, N 5 10 20
C: Sliding Velocity, m/s 3 4 5
D: Sliding distance, m 1000 | 2000 | 3000
E: SiC abrasive paper roughness, microns | 18.3 25.8 9.5

Emery papers of different grades P600, P1000, P2000 are used. P600 offers an average
roughness of 25.8 micrometres while P1000 and P2000 offer 18.3 and 9.5 micrometres

respectively. The values of surface roughness are obtained from the standard ISO charts.
5.4.1 Specific wear rate

The experiments are done and the results of the responses are tabulated and given Table 5.8.
The coefficient of friction is calculated by taking the ratio of frictional force and applied load.

The specific wear rate is calculated by using Archard’s equation (5.25).

Specific Wear Rate = mm3/N —m

plfn
(5.25)

where, Am is mass loss in gm;

p is density of the nanocomposite material in gm/mm?3;

| is the distance travel in m;

fn is the normal load applied in N.

The density values of 4%, 6%, and 8% HNT by weight are experimentally estimated as: 2.257

gm/cc; 2.259 gm/cc; and 2.262 gm/cc as discussed in chapter 3

Table 5.8 Taguchi L27 orthogonal array of experimental runs

A B C D E SWR (mm3/N-m) COF
Experimenta
I'run (%HNT) | (N) | (m/s) | (m) | (um) | Experimental | Predicted | Experimental | Predicted
1 4 5 3 | 1000 | 18.3 0.00327 0.00309 0.4 0.403
2 4 5 4 | 2000 | 25.8 | 0.003514 | 0.00348 0.4 0.384
3 4 5 5 13000 95 0.003096 | 0.00326 0.2 0.246
4 4 10 3 2000 95 0.001491 | 0.00159 0.3 0.280
5 4 10 4 | 3000 |18.3 0.00173 0.00158 0.3 0.262
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6 4 10| 5 | 1000 | 25.8 | 0.002349 | 0.00237 0.3 0.283
7 4 20 | 3 | 3000 |25.8| 0.000961 | 0.00109 0.125 0.138
8 4 20| 4 |1000| 9.5 | 0.001095 | 0.00105 0.15 0.165
9 4 20| 5 |2000|18.3| 0.001218 | 0.00116 0.15 0.163
10 6 5 3 | 1000 | 18.3 | 0.002813 | 0.00295 0.5 0.528
11 6 5 4 | 2000 | 25.8 | 0.003073 | 0.00329 0.4 0.495
12 6 5 5 |3000| 9.5 | 0.003289 | 0.00315 0.4 0.362
13 6 10| 3 |2000| 95 0.001555 | 0.00151 0.4 0.395
14 6 10| 4 | 3000/ 18.3 | 0.001639 | 0.00143 0.4 0.362
15 6 10| 5 | 1000 | 25.8| 0.002148 | 0.00218 0.4 0.362
16 6 20 | 3 | 3000 |25.8| 0.001003 | 0.00092 0.2 0.204
17 6 20| 4 |1000| 9.5 | 0.000865 | 0.00097 0.25 0.228
18 6 20| 5 |2000|18.3| 0.001078 | 0.00103 0.2 0.212
19 8 5 3 | 1000 | 18.3 | 0.002812 | 0.00285 0.6 0.568
20 8 5 4 | 2000 | 25.8| 0.003338 | 0.00314 0.6 0.521
21 8 5 5 |3000| 9.5 | 0.003127 | 0.00309 0.4 0.391
22 8 10| 3 |2000| 9.5 | 0.001547 | 0.00147 0.4 0.424
23 8 10| 4 | 3000 |18.3 | 0.000977 | 0.00133 0.3 0.375
24 8 10| 5 | 1000 |25.8 | 0.002104 | 0.00203 0.3 0.355
25 8 20 | 3 | 3000 |25.8| 0.000855 | 0.00079 0.2 0.183
26 8 20| 4 |1000| 9.5 0.00101 | 0.00094 0.2 0.206
27 8 20| 5 | 2000 |18.3 | 0.000836 | 0.00093 0.2 0.174

5.4.2 Response surface methodology

The main effect plots for responses COF and SWR were shown in Fig. 5.12 (a) & (b). The
model summary for the developed model was shown in Table 5.9. The P-value of the model for
both the responses was < 0.05, which indicates a valid model. The R-squared values of the

model for the optimization process were shown in Table 5.10.

Main Effects Plot for COF
Fitted Means
A B C D E
0.50
L
S o04s
S 0.40
[
g 0.35 /\ \\ —'\ /—\
=
0.30
0.25
4 6 8 6 12 18 3 4 5 1000 2000 3000 8 16 24
All displayed terms are in the model.
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Figure 5.12 Main effects plot for (a) COF; (b) SWR

Table.5.9 ANOVA and model

summary for COF and SWR

Source COF SWR
P-Value P-Value

Model 0.000 0.000
Linear 0.000 0.000
A 0.005 0.030
B 0.000 0.000
C 0.033 0.004
D 0.033 0.053
E 0.363 0.019
Square 0.306 0.000
A*A 0.085 0.784
B*B 0.786 0.000
C*C 0.446 0.473
D*D 0.272 0.915
E*E 0.290 0.021

Table.5.10 R-squared values of the model Summary for COF and SWR

Response | R-Squared | R-Squared | R-Squared
(adjusted) | (predicted)

COF 91.34% 81.24% 56.65%

SWR 98.04% 95.75% 89.45%
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5.4.3 Contour plots of the responses COF & SWR

wt. % HNT
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Figure 5.13 Contour plots showing effect of the interaction of the input factors on COF:
(@) wt. % HNT vs Load; (b) wt. % HNT vs Velocity; (c) wt. % HNT vs Distance; (d) wt. %
HNT vs Surface roughness

The contour plots from the RSM analysis for the coefficient of friction were shown from
Fig. 5.13 (a)-(d). The plots show the effect of interaction of input parameters on the response
coefficient of friction. From Fig. 5.13 (a), the inverse relationship between the factors was found
i.e. at high loads and with low wt. % HNT addition the COF decreases and at low loads and
with high wt. % HNT addition the COF increases. A gradual variation of the COF under these
conditions can be observed from the plot Fig. 5.13 (a). From Fig. 5.13 (b), at lower sliding
velocities and with increase in the wt. % addition, a sudden change in the COF was observed
and with increase in sliding velocities at different wt. % addition the change in COF was found
to be sensitive. From Fig. 5.13 (c), at lower sliding distance the value of COF was high and was
found low at low wt. % addition. Finally, from Fig 5.13 (d), it can be seen that the increase of
wt. % HNT and courter surface roughness caused the non-proportional increase of COF of
PTFE/HNT nanocomposites.
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d) Contour Plot of SWR vs E, A

SWR
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Figure 5.14 contour plots showing effect of the interaction of the input factors on SWR:
(@) wt. % HNT vs Load; (b) wt. % HNT vs Velocity; (c) wt. % HNT vs Distance; (d) wt. %
HNT vs Surface roughness

The contour plots from the RSM analysis for the specific wear rate were shown from Fig.
5.14 (a)-(d), while maintaining their relevant other input parameters as constant. The plots
shown the effect of interaction of input parameters on the response specific wear rate. From
Fig. 5.14 (a), the wear rate was predicted to be constant and independent of wt. % HNT addition
in the PTFE matrix. Higher wear rates were seen from the Fig. 5.14 (a) at low load conditions,
since at low load the PTFE nanocomposite sample surface was directly exposed to the counter
face surface roughness but after establishment and deposition of transfer film the wear rate was
reduced [126]-[128]. At this stage of running the COF also shown less value as the slider was
now running on the transfer film. The aspect was also revealed at moderate addition of HNTs
maintained the film strength, as shown in the SEM microstructure (see Figure 5.17 (a)). It can
be seen from Fig 5.14 (b) that, at low sliding velocities and with increase of wt. % HNT caused
decreased wear rate of PTFE/HNT nanocomposites. On the other hand sliding distance shown
an inverse effect on specific wear rate of PTFE/HNT nanocomposites as shown in Fig. 5.14 (c).
The surface plot was plotted at holding values of other three parameters, i.e., at 12.5 N load, 4
m/s sliding velocity, and 2000 m sliding distance. From Fig. 5.14 (d), the effect on wt. %
addition and counter surface roughness on SWR shown an increase in it. As the wt. % HNT
addition increases from 4 % to 8 % and increase in the surface roughness from 9.5 microns to
25.8 microns, the SWR was first reduced at 9.5 microns counter surface roughness and then

increased SWR was noticed at 25.8 microns counter surface roughness.
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5.4.4 Regression analysis

COF =-0.570 +0.2019 A - 0.0081 B + 0.144 C + 0.000067 D + 0.0175 E - 0.01076 A*A
+0.000130 B*B - 0.0181 C*C - 0.000000 D*D - 0.000385 E*E - 0.00193 A*B -
0.00521 A*C + 0.000001 A*D - 0.000400 A*E
(5.25)

SWR = 0.00644 - 0.000060 A - 0.000498 B - 0.000290 C - 0.000000 D - 0.000081 E
+0.000006 A*A  +0.000014 B*B + 0.000059 C*C - 0.000000 D*D
+ 0.000003 E*E + 0.000001 A*B - 0.000004 A*C - 0.000000 A*D - 0.000003 A*E

(5.26)
The positive coefficients of the input factors increases the response variable whereas the

negative coefficients of the factors influence the reduction in the response variables COF and
SWR.

5.4.5 Composite desirability of the multi-responses: COF & SWR

The composite desirability for multi-objective optimization of the responses was found to
be 1 as shown in Fig. 5.15. From the Fig. 5.15, the optimum input parameters and responses of

PTFE/HNT nanocomposites for the abrasive wear study were predicted to be 4 wt. % of HNT

Optimal A B < L £
D: 1.000 High 8.0 20.0 50 3000.0 25.80
FIHLEY iy [4.0] [20.0] (3.0 (3000.0] 9.50]
Predict  Low 4.0 5.0 3.0 1000.0 9.50
e ——— ——— e |

Composite

Desirability

D: 1.000

COF
Minimum

y = 0.1001
d=10000 ||/ _ _ _ _ _ | _ _ o N _C.

SWR
Minimum
y = 0.0007
d = 1.0000

T

Figure 5.15 Composite desirability plot for multi-objective optimization of COF and SWR

addition, 20 N of load, 3.0 km of distance, 3 m/sec of sliding velocity when running against a

counter surface roughness of 9.5 microns were 0.1001 and 700x10°® mm®/N-m for COF and

114



SWR respectively. Since the composite desirability was close to 1, which indicated the

responses were reasonably optimized.
5.4.6 SEM analysis of PTFE/HNT nanocomposite pin surface and wear tracks

SEM microstructure had shown in Fig. 5.16 (a) — (d), the regions of localized wear along the
sliding direction. High magnification observations indicated the presence of sharp, irregularly
shaped particles on the wear tracks. Examinations also revealed a slight percentage of silica on
the wear track surface owing its presence to the use of SiC abrasive paper.

The depth of cut is more for pin made of 4% HNT than for pin made of 8 %. The wear
surface of pure PTFE is characterized by loose crystalline bands .This strongly suggests that
the crystalline bands of PTFE are easily pulled out during the process of tearing. The worn
surface of PTFE is very rough, displaying plucked and ploughed marks indicative of adhesive
wear and ploughing as shown in Fig. 5.16 (a). The size of the plucked marks seen were increase
with the increase in applied normal load and surface roughness of the SiC abrasive papers. The
worn surface of PTFE sample made of 4 wt. % HNT addition, indicates the ploughed marks
without plucked marks and therefore the addition of nanofiller increased the wear resistance of
the PTFE nanocomposites. This indicates under the specified operating conditions the HNTSs
surrounded by the PTFE matrix material presents the strong interfacial adhesion between them.
The debonded HNTs from the matrix were ruptured during the wear process due the cutting
edges of the SiC abrasive paper. The deposition of these particles along the track can be seen
in the Fig. 5.16 (b). The effect of surface roughness on this group had much influence on the

wear loss and coefficient of friction.

The worn surface of PTFE sample made of 6 wt. % HNT addition, as illustrated in Fig. 5.16
(c) when abraded against 9.5 um SiC abrasive paper to a sliding distance of 2 km. The abrasive
cutting edges contacts in the wear process and removes the matrix material in the form of debris.
Few of this debris deposits the space between SiC abrasives and rest are merged to the abrasive
cutting edges. The grooves formed and their geometric intensities are much lesser than the
grooves formed at 4 wt. % HNTSs addition. The high volume wear debris adhered to the SiC
abrasive particles. This is due to the reduction in the asperities height of the abrasive paper.
When it comes to sample 8% for operating conditions (see Fig. 5.16 (d)), the fibrils formed due
to the ploughing and cutting action of the abrasive particles and are fractured at the HNTs and

PTFE matrix interface. This causes the thickness of layer surrounded by the matrix and finally
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results in reduction of cross section proceeding to separation from the matrix material. At the
same time the sharp asperities of SiC abrasives wears out and eventually reduces the wear rate
from the material [129].

Figure 5.17 (a) and (b) depicts the transfer film deposition on the SiC abrasive paper. During
the specified period of test trail, in the PTFE soft matrix the hard HNT filler is deposited
uniformly and there by maintained the film thickness. The accumulation further reduced due to
the reduced efficiency of the abrasive cutting edges as well as the adhesive strength gained by
the HNTs addition. The increase in the coefficient of friction with increase in wt. % HNT
content indicates the rubbing action between the PTFE nanocomposite sample surface and the
counter face was initially more but after the formation transfer film it is predicted a slight
decrement in the value of the friction. For longer sliding distances a reduction in the wear rate
was observed. From the DOE analysis the responses corresponding to the optimum values of

input parameters had shown these effects.
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Figure 5.16 Scanning Electron Microscope images of test pin surfaces using operating
conditions: abraded against 25.8 um SiC paper, to an abrading distance of 2 km against
anormal load of 20 N at 3 m/s sliding velocity: a) Pure PTFE; b) 4 wt. % HNT addition;
c) 6 wt. % HNT addition; d) 8 wt. % addition
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Figure 5.17 Scanning Electron Microscope images of transfer film deposited on the counter
face, at operating conditions: abraded against 25.8 um SiC paper, to an abrading
distance of 2 km against a normal load of 20 N and at 3 m/s sliding velocity: (a) for 4
wt. % HNT addition in the PTFE matrix; (b) for 6 wt. % HNT addition in the PTFE
matrix
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PHASE — 111
5.5 Erosion wear optimization of input parameters

In the erosion field the design of experiments technique was adopted by many researchers to
find the optimum operating conditions to give minimum erosion wear rate [130]. Response
Surface Methodology (RSM) approach was employed to find the optimum input parameters for
minimization of the erosion wear rate. The experiments were planned by using customized
response surface method option. The control factors with the corresponding levels were selected
as shown in Table 5.11. A full factorial design consists of total 36 experimental runs were

planned.

Table 5.11 Control factors and levels

Levels
1 2 3 4

Control parameter

Filler, wt. % HNT 4 6 8
Pressure, bar 0.5 1 1.5
Impingement angle, degrees 30 | 45 | 60 | 90

5.5.1 Experiment Procedure

The erosive wear tests (ASTM G76-83 standards) were conducted on a standard air jet
erosion test rig as shown in Fig.5.18. The erodent particles selected as silica sand (40-100
microns size) and were accelerated by compressed air, exiting from a tungsten carbide nozzle
(length 63 mm, diameter 1.5 mm). The accelerated particles finally hit the target surface which
was away from nozzle centre by 10 mm. The measurements were done according to procedure
described by Smith et. al. [131]. The velocity of the particles was determined as 86 m/s, 101
m/s, and 119 m/s at 0.5 bar, 1bar, and 1.5 bar respectively, by using the double disc method

[132]. All the specimens were tested in the chamber at room temperature.

5.6 Results and Discussion

The mass loss of the samples after erosion test (4Am) was measured through a precision
balance with 0.0001 g accuracy. Finally, the erosion wear rate was estimated by using the

equation (5.26). The results were presented in Table 5.12.
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Erosion wear rate, E,,,, =

(5.26)

Figure 5.18 Aiir jet erosion test set up (MAGNUM make): 1. Hopper section; 2. Conveyor belt

section; 3. Mixing chamber section; 4. Specimen holder section; 5. Collecting chamber;
6. Reciprocation air compressor

Specifications of Magnum make air jet erosion tester

Fluid — Air
Temperature — ambient
Pressure — 6 bar max.
Velocity — up to 300 m/s
Flow rate — up to 100 Ipm
Nozzle — Tungsten Carbide
Particle:
Temperature — ambient
Velocity — up to 100 m/s
Feed rate — 0.5 to 10 gm/min
Specimen:
Size — 25 mmx25 mm max. & thickness 3 —5 mm max.
Temperature 400 °C

Nozzle size — 1.5 mm diameter
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Adjustment in X, Y, Z and tilt of specimen from 0 — 90 ° (continuously variable)

Double disc arrangement for particle velocity measurement

Erodent collection after testing in fully enclosed removable enclosure

Table 5.12 Erosion wear rate for the experimental runs

Run (l;(') :_I|e|\r|’.|_ Pressure, bar ;r:g';’l':’gﬁme”t miy, g | mag EwrXx 107 (g/0)
1 4 0.5 30 4.5329 | 45320 | 4.3689
2 4 0.5 45 4.2850 | 4.2842 | 3.8835
3 4 0.5 60 45318 | 45312 | 2.9126
4 4 0.5 90 4.2858 | 4.2850 | 3.8835
5 4 1.0 30 4.2742 | 4.2704 | 18.4466
6 4 1.0 45 4.4386 | 4.4343 | 20.8738
7 4 1.0 60 4.2704 | 4.2677 | 13.1068
8 4 1.0 90 4.4388 | 4.4386 | 0.9708
9 4 1.5 30 41422 | 4.1332 | 43.6893
10 4 1.5 45 4.3882 | 4.3792 | 43.6893
11 4 15 60 41332 | 4.1272 | 29.1262
12 4 15 90 44719 | 4.4706 | 6.3107
13 6 0.5 30 4.2863 | 4.2853 | 4.8544
14 6 0.5 45 4.2590 | 4.2577 | 6.3107
15 6 0.5 60 4.2853 | 4.2846 | 3.3981
16 6 0.5 90 4.2591 | 4.2590 | 0.4854
17 6 1.0 30 4.2948 | 4.2905 | 20.8738
18 6 1.0 45 4.4143 | 4.4100 | 20.8738
19 6 1.0 60 4.2905 | 4.2873 | 15.5340
20 6 1.0 90 4.4393 | 4.4389 | 1.9417
21 6 15 30 45017 | 4.4917 | 48.5437
22 6 15 45 4.3248 | 4.3151 | 47.0874
23 6 15 60 4.4917 | 4.4845 | 34.9515
24 6 1.5 90 4.3264 | 4.3248 | 7.7670
25 8 0.5 30 4.3599 | 4.3588 | 5.3398
26 8 0.5 45 4.4288 | 4.4273 | 7.2815
27 8 0.5 60 4.3588 | 4.3581 | 3.3981
28 8 0.5 90 4.4286 | 4.4285 | 0.4854
29 8 1.0 30 4.3236 | 4.3180 | 27.1845
30 8 1.0 45 4.4175 | 4.4128 | 22.8155
31 8 1.0 60 4.3180 | 4.3148 | 15.5340
32 8 1.0 90 4.4179 | 4.4177 | 0.9710
33 8 15 30 4.3605 | 4.3468 | 66.5049
34 8 15 45 4.4120 | 4.4003 | 56.7961
35 8 15 60 4.3468 | 4.3390 | 37.8641
36 8 15 90 44131 | 4.4121 | 4.8544
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5.6.1 Response surface methodology (RSM)

Table 5.13, shows a valid model obtained from ANOVA. Factors A, B, C, and their
interactions AB, BC, CA, and self-interactions B? and C? are found to be significant. The
residual values plotted in normal plot of residuals followed the normality assumption, since all
the residual points were scattered almost along the straight line as shown in Fig. 5.19. Hence,
the experimental values and predicted values of erosion wear rates followed close to each other.
A regression equation (5.27) in the form of mathematical model is obtained from the software
and can be used to calculate any intermediate values of input factors. R-Squared value indicates
the possible usage and validity of the model. R-squared and adjusted R-Squared values
generated by the model were 98.06 and 97.39 respectively.

Erosion wear rate = -32.10567 - 0.47386 < wt.% HNT +19.71217 x Pressure + 1.11139 x
Angle + 2.60923 x wt.% HNT x Pressure -0.050008 x wt.% HNT x
Angle -0.74958 x Pressure x Angle +0.15675 x wt.% HNT2+19.25565
x Pressure? -3.90638E-003 x Angle?
(5.27)

Table 5.13 ANOVA for Response Surface Quadratic model of response erosion wear rate

Sum of Mean -value
Source Squares dof Square FValue Erob> F
Model 1.14E-06 9 1.27E-07 145.98 <0.0001
A 9.63E-09 1 9.63E-09 11.11 0.0026
B 4.87E-07 1 4.87E-07 561.98 0.0001
C 2.89E-07 1 2.89E-07 333.71 0.0001
AB 1.09E-08 1 1.09E-08 12.56 0.0015
AC 1.18E-08 1 1.18E-08 13.63 0.001
BC 1.66E-07 1 1.66E-07 191.33 0.0001
A? 3.15E-10 1 3.15E-10 0.36 0.5522
B? 1.85E-08 1 1.85E-08 21.38 0.0001
C? 8.74E-09 1 8.74E-09 10.08 0.0038
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Figure 5.19 Plot of externally studentized residuals and normal probability
5.6.2 Surface plots

Significant interaction factors have considerable effect on the erosion rate is shown in Fig.5.20
in terms of surface representation. From the plots Fig. 5.20 (a) with increasing filler %o HNT (A)

and pressure (B), slightly low variation in the wear rate is found.
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Figure 5.20 Surface plots depicts the interaction of the input factors on erosion wear rate: (a)
wt.% HNT Vs Impingement angle; (b) Pressure Vs Impingement angle

The optimum input factors found from the analysis were 5.14 wt. % HNT addition, pressure,
0.83 bar, and an impingement angle 88.42°. The Desirability was found to be | and hence the

input factors were believed to be optimized. Erosion wear rate corresponding to the optimum
input parameters was predicted as 0.349455x107° g/g, as shown in Fig. 5.21.
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Figure 5.21 Response optimizer plot of the PTFE/HNT nanocomposites, depicts the optimum

input factors at Desirability =1
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The impingement angles on the target surface were displayed in Fig. 5.22. Figure 5.23 shows
the crater shape on the erosion samples at a stand-off distance 0f10 mm with gradual transition

of circular shape to elliptical shape with increase in the impingement angle.

Figure 5.22 Specimen holder orientations: (a) 6 = 90° (b) 6 = 60° (c) 6 =45° (d) 6 = 30°

O 0O 0 0

(a) (b) (c) (d)

Figure 5.23 Crater shape of wear at different angle of impingements: (a) 6 = 90° (b) 6 = 60°
(c) 8 =45° (d) 6 =30°, for nano-filler addition of 8% by weight of HNT addition and at 1.5
bar pressure.
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Figure 5.24 Crater shape on the nanocomposites after test for angle of impingement, @ = 90°:
(a) at pressure, p =0.5 bar; (b) at pressure, p =1 bar; (c) at pressure, p =1.5 bar

5.7 Effect of individual input parameters (pressure and impingement angle) on erosion
wear rate

Figure 5.25 — Figure 5.28 shows the effect of pressure of air that accelerates the solid erodent
particles on the erosion rate at different impingement angles. Since the PTFE matrix material
is highly ductile in nature, relatively high erosion wear rates are found corresponding to low
impingement angles (30° - 45°). And gradual decrease in the wear rate was also found when
impingement angle reaches 90°. From the Figure 5.29 — Figure 5.31, at high pressure and low
impact angles an increase in the wear rate was found due to micro cutting of erodent particles

on the surface revealing the ductile nature of the nanocomposites for all wt. %HNT inclusions.
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wt. % HNT | 0.5 bar 1 bar 1.5 bar
4% 4.36893E-05 0.000184 | 0.000437
6% 4.85437E-05 0.000209 | 0.000485
8% 5.33981E-05 0.000272 | 0.000665
0.0007
2 0.0006 —
o
& 0.0005 —
o
+ 0.0004 |
o 4%
= 0.0003 —
c H6%
.g 0.0002 —
2 0.0001 . | m8%
O __- T T 1
0.5 bar 1 bar 1.5 bar
Pressure, bar
1

Figure 5.25 Effect of increase in pressure on erosion wear rate for different wt.% addition in
the PTFE matrix, at an impingement angle, 30°

0.5 bar 1 bar 1.5 bar
4% | 2.91262E-05 | 0.000131 | 0.000291
6% | 3.39806E-05 | 0.000155 | 0.00035
8% | 3.39806E-05 | 0.000155 | 0.000379

0.0004

w 0.00035 —
@ 0.0003 —
% 0.00025 —
& 0.0002 — m4%
g 0.00015 — Mm6%
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* 0.00005 ' -
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Figure 5.26 Effect of increase in pressure on erosion wear rate for different wt.% addition in
the PTFE matrix, at an impingement angle, 60°
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0.5 bar 1 bar 1.5 bar

4% 3.8835E-05 0.000209 | 0.000437
6% 6.31068E-05 0.000209 | 0.000471
8% 7.28155E-05 0.000228 | 0.000568
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Figure 5.27 Effect of increase in pressure on erosion wear rate for different wt.% addition in
the PTFE matrix, at an impingement angle, 45°

0.5 bar 1 bar 1.5 bar

4% 3.8835E-06 9.71E-06 6.31E-05
6% 4.85437E-06 1.94E-05 7.77E-05
8% 4.85437E-06 9.71E-06 4.85E-05
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Figure 5.28 Effect of increase in pressure on erosion wear rate for different wt.% addition in
the PTFE matrix, at an impingement angle, 90°
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Pressure
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4% | 4.37E-05 | 3.88E-05 2.91E-05| 3.88E-06
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Figure 5.29 Effect of increase in pressure on erosion wear rate of PTFE/HNT nanocomposites

for different impingement angles and at a pressure of 0.5 bar

Pressure | 45 45 60 90
=1 bar
4% | 0.000184 | 0.000209 | 0.000131 9.71E-06
6% | 0.000209 | 0.000209 | 0.000155 1.94E-05
8% | 0.000272 | 0.000228 | 0.000155 9.71E-06
0.0003
< 0.00025
£ 0.0002 4?.\
8 0.00015 A —4
c 0.0001 \\\ ~=-6
£ 0.00005 \\‘ 8
0 T T T T 1
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Figure 5.30 Effect of increase in pressure on erosion wear rate of PTFE/HNT nanocomposites
for different impingement angles and at a pressure of 1 bar
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3:1.5 30 45 60 90
ar
4% 0.000437 | 0.000437 | 0.000291 6.31E-05
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Figure 5.31 Effect of increase in pressure on erosion wear rate of PTFE/HNT nanocomposites

for different impingement angles and at a pressure of 1.5 bar
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Chapter - 6

CONCLUSIONS & SCOPE OF FUTURE WORK

Morphology, Thermal, and Mechanical Characterization

The neat PTFE was strengthened with natural mineral Halloysite nanotubes. The PTFE

nanocomposite sheets of 2%—-10% with an increment of 2 wt% HNT loading were fabricated.

Subsequently, thermal and mechanical tests were conducted and the following conclusions

were drawn:

The peaks in XRD plots indicated the presence of HNT in the nanocomposites. With
the wt.% of HNT increase in the nanocomposites, an increase in the peak size was
observed around a 2 theta of 12.3°. A maximum increase in the intensity count was
observed for 8 wt.% HNT addition which corresponds to a basal spacing of 7.18.

From XRD study, degree of crystallinity of PTFE/HNT nanocomposites were estimated
from the relative area of intensity of crystalline and halo peaks. The degree of
crystallinity of neat PTFE was found to be 51.55 % and a maximum value of 76.34%
was found at 4 wt.% HNT addition in the PTFE matrix. The reasons for variation of
degree of crystallinity for the PTFE nanocomposites can be stated from the degree of
dispersion of HNTs in the PTFE matrix. At low wt.% HNT addition, maximum value
of degree of crystallinity was found. i.e., at 4 wt.%

DSC results has shown that HNT act as hetero nucleating agent. The HNT content in
nanocomposites has helped in increasing the degree of crystallinity. The degree of
crystallinity of PTFE increased from 57.83% for neat PTFE to 73.5% at 4 wt. % HNT
addition.

DMA results shown increase in storage modulus, loss modulus and tan delta values. The
variation in the results indicates that the addition of HNTs has improved the capability
of the material to dissipate energy as it indicates an enhanced loss modulus.

Improved mechanical properties of PTFE/HNT nanocomposites showed an increase in
yield tensile strength by 135% and tensile modulus by 250% at 6 wt. % HNT addition
in comparison with neat PTFE. Also, an increase in the impact strength by 130% at 4
wt% loading is observed. The maximum Vickers micro-hardness value is observed for
sample ‘F’ (10 wt. %), which is increased by 163% compared to neat PTFE. From the

mechanical analysis, at higher HNT loading (i.e. >8 wit%), poor dispersion HNT is
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realized. Moreover, change in PTFE structure is also observed. The enhancement in
mechanical properties can be attributed to increase in degree of crystallinity.

e SEM micrographs are shown for impact as well as tensile fracture surfaces. From SEM
micrographs, pull out regions are observed suggesting resistance offered by the HNT in
the matrix attributed to good interfacial strength. This is mainly evident at smaller
fraction of HNT (4 wt. % to 6 wt. %) where, the dispersion of HNT in PTFE matrix is
proper.

Hence, HNTSs (4 wt. % to 6 wt. %) can be suggested as a reinforcement material for improving

both mechanical and thermal properties of PTFE matrix.

Wear Characterization
Phase I: Abrasive Wear optimization by Designer requisite based hybrid method
Experimental runs are planned as per Taguchi L27 orthogonal array and conducted on pin
on disc apparatus. The values of COF, and mass loss are measured and the responses SWR, and
EW were estimated. Single response optimization was carried out corresponding to C2L1D1S;,
C1L1D2S;, and C1L1DsS». Later utility approach was used to find the utility index (U) values
for all runs. The U values were calculated after calculating the weight factors based on
designer’s choice of response parameters. RSM was utilized and optimum values of process

parameters were found corresponding to maximization of utilization of the sample.

The following conclusions were made from the dry sliding wear behaviour of PTFE/HNT

nanocomposites.

e Addition of HNT particles as fillers increases the wear resistance of the material.
However, significant improvement in wear resistance is observed at nearly 4 wt%
of HNT loading.

e Appreciable increase in wear resistance was found at the cost of slight increase in
friction coefficient compared to unfilled PTFE.

e Desirability value corresponding to maximum utilization, the optimum values were
found: At Desirability =1: 4 wt. % HNT, 8.5354 N load, 2.0 km distance and at a
velocity of 1.0 m/s. The value of utility index observed to be 15.5066 and was within
95% confidence interval (13.01 to 17.99).

From hybrid method as per designer based requirement the value of wt. % HNT was about
4% and from RSM based on same weightage to all factors, the wt. % HNT was about 6.67%.
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Hence, the hybrid method suggested optimum wt. % HNT addition to be 4 % and minimum

COF, minimum SWR, and maximum EW might be obtained.

Phase I1: Abrasive Wear optimization by changing counterface roughness

The tribological parameters of PTFE/HNT nanocomposites when running against
counter surface fitted with several SiC abrasive grade papers were examined by using
RSM.

The optimum input parameters and responses of PTFE/HNT nanocomposites for the
abrasive wear study were predicted to be 4 wt. % of HNT addition, 20 N of load, 3.0
km of distance, 3 m/sec of sliding velocity when running against a counter surface
roughness of 9.5 microns were 0.1001 and 700x10® mm?3/N-m for COF and SWR
respectively. Since the composite desirability was close to 1, which indicated the
responses were reasonably optimized.

SEM analysis revealed the reduction in coefficient of friction of PTFE/HNT
nanocomposites due to the deposition of transfer film. It was also observed the strength
of transfer film was found to be optimum at a surface roughness of 9.5 microns under

optimum operating conditions of input parameters.

Phase I11: Erosion wear

The experiments on air jet erosion test rig were performed by using Design of
Experiments technique and total 36 runs were designed for various controlling factors
and levels. The velocity of particles is determined by using double disc method.

The experimental results were then analyzed by using design of experiments software
and a valid model was obtained with an R-squared value of 98.06%.

The effect of interaction of input parameters on the erosion rate was also studied with
the help of surface plots. The erosion wear rate of PTFE/HNT nanocomposites would
increase at the high wt. % HNT addition as well as low impingement angles.
Conforming to the minimization of erosive wear at desirability equal to 1: wt. % HNT
addition of 5.14 %, pressure of 0.83 bar, and an impingement angle of 88.42° were
found. Erosion wear rate corresponding to the optimum input parameters was
predicted as 0.349455x107° g/g

The effect of individual input parameters such as, pressure and impingement angle for
all compositions of HNT on erosion rate was also studied from the plots. It was observed

from the plots that maximum wear occurs corresponding to low impingement angles
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and higher operating pressures. Minimum wear rate was observed for compositions
between 4-6% HNT additions in the PTFE matrix material.

From the present research work, it can be concluded that, a novel ‘green’ and cost effective
PTFE/HNT nanocomposites were fabricated and tested. From the characterization study, it was
concluded that about 4 wt. % HNT to 6 wt. % HNT addition, the material had shown multi-
functional properties such as improved mechanical , thermal, and tribological properties due to
better dispersion in the PTFE matrix material. Also, from Fig. 6.1, the PTFE/HNT
nanocomposite can be compared with the work done by previous authors. Though, the
PTFE/HNT nanocomposite wear performance is moderate compared to the wear performance
of other fillers as shown in Fig. 6.1, the coefficient of friction was less affected by the wt. %
addition of HNT in the PTFE matrix. These characteristics help in increasing the fatigue life of
PTFE/HNT nanocomposite components. Hence, for self-lubrication applications the

components can be fabricated with PTFE filled with Halloysite nanotubes.
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Scope of future work

e The effect of surface modification of HNTs can be explored

e Determination of best processing temperatures for sintering cycle ramp

e Explore the properties of PTFE/HNT nanocomposites over a range of compression
pressures (cold compression)

e Cross linking structure with the use of blends

e More natural fillers can be reinforced to reach the tribological target of PTFE /HNT
nanocomposites for wide range of applications as well as environment friendly.

e The developments in nanocomposites lead to the development of tribo-set ups for
testing by using unsymmetrical wear paths

e Study of transfer film characteristics of PTFE/HNT nanocomposites

e Numerical simulation of abrasive wear and erosion wear can be explored
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