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Abstract

Materials are used for manufacturing a wide range of dynamic machine and vehicle
components. Depending on the operating conditions, those materials are subjected to heavy
loading, rolling and sliding. These operating conditions lead to high friction, wear and erosion
depending upon the different material combinations in contact. Thus, there is a requirement of
tribological solutions to put a stop on direct contact between metals for friction control and
protect them against unwanted wear. Lubricants used for Industrial applications to enhance
tribological performances are complex sulphates and phosphates such a zinc
dialkyldithiophosphate (ZDDP). These additives are environmentally harmful and have
damaging effects on the steel components. Hence, to find alternate solutions for enhancing the
tribological performances of the lubricants with sustainability, proper environmentally-friendly
additives are also required. Polymers are visco-elastic/visco-plastic materials which can
provide sufficiently high strength and with lower frictional stress at the interface. Polymeric
coating and bulk present possible tribological solutions which enhance the wear life of
mechanical components in sliding and rolling contacts, decrease the COF (coefficient of
friction), reduce the frictional damage and save the maintenance cost of the component. Among
polymers, thermoset epoxies are widely used for their high strength, stiffness and thermal
stability if they are suitably made into composites. Similarly, epoxy-based composites provide
low friction and low specific wear resistance with high wear life under dry and base oil
lubricated conditions. Thus, the present work is focused on achieving improved mechanical
properties with better tribological properties (friction < 0.1, and Specific wear rate < 107
mm?3/Nm) for epoxy composites for bearing and other tribological applications. The present

work is divided into five parts which also form the five main objectives of the work.



The first part involves tribological studies of epoxy composites as coatings. Here, epoxy with
ultra-high molecular weight polyethylene (UHMWPE) and MoS:; fillers was coated on to a
bearing steel (SAE 52100). Frictional and wear properties of the coated samples in sliding
contact were investigated on a pin-on-disc tribometer under a normal load of 10 N and a linear
sliding speed of 1 m/s against a bearing steel ball. Bearing steel was selected as the counterface
for its wide applications in tribological machine elements. The optimized coating composition
(72 wt% Epoxy+7 wt% hardener+18 wt% UHMWPE+3 wt% MoS) showed highly improved
tribological properties compared to those of pure epoxy and other epoxy-based composites.
There was 75% reduction in the coefficient of friction (COF) in the dry interfacial condition
(COF reduced from 0.2 to 0.05) over pure epoxy and 80% reduction with grease as the
lubricant. The specific wear-rate of the composite was lower by five orders of magnitude over
that of pure epoxy. Other mechanical properties such as hardness, tensile strength, and Young’s
modulus of the composite showed increments of 86%, 121%, and 43%, respectively, with
respect to those of pure epoxy. 3 wt% of MoS; had drastic effects on improving compressive
strength and reducing friction and wear of the composites. For dry sliding, initial abrasive and
adhesive wear mechanisms led to transfer film formation on the steel counterface, and
afterwards, the shearing was mainly within the transfer film reducing steady-state wear. For
the grease-lubricated case, a thin and stable layer of grease helped in easy shearing, and the

polymer transfer film formation was avoided.

The second part includes effects of liquid soaking on the epoxy/UHMWPE/MoS, composite
on mechanical and tribological properties. Liquid absorption and tribological studies of epoxy-
based composite with ultra-high molecular weight polyethylene (UHMWPE) and MoSy,
sliding against steel were conducted. Composites, as coating and as a bulk, were soaked in
water, base oil, ionic liquid and lithium-based grease for different intervals of days or months.

It was found that liquid weight% gain was more in polar liquids when compared to non-polar.



Coated composite soaked in grease for 10 days showed coefficient of friction of 0.08 with
wear-life of more than 1 million cycles and wear rate of 1.7x10® mm3Nm. Bulk polymer
composite soaked in grease for 180 days provided the least coefficient of friction of 0.06 and

specific wear rate of 2.60x107" mm3/Nm.

The third part of this thesis includes the study and comparison of the tribological, thermal and
mechanical properties of epoxy-based composites with solid fillers (ultra-high molecular
weight polyethylene and molybdenum disulphide), and different in-situ liquid lubricants in
different volume proportions. Liquid lubricants used in this thesis are three types of silicon oils
with different viscosities, base oil and polyalphaolefins (PAO). It was observed that the base
oil-epoxy composite showed superior tribological performances among the three. The
coefficient of friction of 0.1 and specific wear rate in the range of 10~ mm*/Nm were obtained
at an apparent contact pressure of 0.611 MPa. Transfer film formation with oil pockets on both

the tribo-pair surfaces was identified as the main friction and wear reduction mechanisms.

The fourth part includes tribological performance studies of polymer bush bearings under
severe contact conditions. Thermal, mechanical and tribological performances of epoxy-based
composites, filled with UHMWPE, MoS; and Kevlar (aramid) fibres or base oil in different
proportions, were investigated. Friction coefficient and wear resistance were examined by a
block-on-cylinder tribotester in dry and wet sliding conditions under variable contact pressures,
sliding velocities and temperatures. It was found that the composite with in-situ base oil
possesses the lowest coefficient of friction (0.056) and highest wear resistance (specific wear
rate of 5.77 x 10° mm®/Nm) at relatively high PV factor (contact pressure x sliding velocity)
of 37 MPa-m/s when compared to other composites. Kevlar-filled composite provided a low

wear rate at a very high PV factor of 52.5 MPa-m/s.
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The last part of this thesis includes the applications of the prepared polymer bearings. For
testing the prepared epoxy composite bearing, it was mounted on the front wheel bearing of a
bicycle wheel and also installed in the DC motor used in a small sized drone. Before mounting
the polymer bearing, conventional bearing was removed from the bicycle wheel and from the
motor of the drone. It was found that with polymer composite bearing the bicycle and the drone

motor were running smoothly.

The results of this study have demonstrated that epoxy-based composites with suitable fillers
can provide sustainable and environmentally friendly tribological solutions to the traditional

metal bearings within the given operating parametric limits.
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g uftarem fRufodl & MR W, 37 uerdl &1 URY AfgT, AferT iR wsfEn & siefq
frar ST 81 377 uRamaq fRUfaat & erRur, f3fys Gl A=) & Mt Tud & SR

IR 3 gYU], feriTa 3R &RU1 BT 81 39 YR W, g907 4801 & oy ergsii & sta e

s R AP TH 3R 37 3MAidd ge-Be F g9 & o8 grRaafea (3ifedfe)
THTYH P IS g1 cRaansed (3ffHesfed) Fure o gm & forg shefis

3IUARTl & T I fobT T aret Weeh Sifed Hebed 3R BIbe Wi ws-g1-31-d

(zDDP) B T ufsfesy mufazur &) 2P T gifReRe & iR Wd gea] W gfNeRS UHd
SITd &1 STfIE, gg-iadl & 2P J Wedh & UGk B 9¢MH P AU 3R dobfcisd THIYM

WM & fore, Ifad vafarur-srea ufsfesy ot ot smaxgemdr gt 81 uffienR fap!-

AR/ !-wifed Irft & S waf 3= Wfad iR §exthg R &H gur g1d UeH
B GHd & | IS HIfCT 3R Tob, JUAD TREIAIIG S THIYM UId HRd 8 ol

WSFET 3R AfRFT YUl & Fifid el & REE & UiRlY &mdl & 97d €, el th

(aUr BT T[UTh) BT HH HRA &, TYUT &fd B HH Hd & 3R Ied PI IWIWG AN Bl

T4 & | IR & S, YHIRIC TUTRTT T 10D TU I 3] 3o Wiad, H3RdT 3R YHd

fRRAT & fo IuaT forar oirar 8, afe 3% Sugad ©9 ¥ Hulfele # S/ ST g1 39T



THR, TAIa-SATRT Haifore JET 3R 99-3Hiad W ara Rufadl & ded = g
aTel SitaH & F1Y S H g1 3R S AR e & ufaRiy UeH #1d 61 39 YR, 9
S ST 3R 3 grEaIalioba U & oy wdiell duifeie & Ry dgerk
CIESIalToIdh e 0T (YT <0.1, 37R fafRry forrd 1 e <107 mm3/N-m) & Iy 98k TifAH

0T 1 YT R R Hid 71 a0 B Y Ut yrT F fauiord fear man & st of &

Ofg g 3534 i €1

Tgd YT & P & ©0 H THia] HUIfTe BT S WA ¢ | Jel, 3iecl-gls SMuIfad

HR Trenefi| (UHMWPE) 3iR MoS, fiherd & 1Y Tuiait &t T 9aiaT W (SAE 52100)

TR Afd foram T o7 | Tmsfen Yud & TuiRf Siféw T1 o gy 3R forara & Tor

S U fU-3fH-f3% Trgaiier TR 10 N & ITHRG HR 3R Udh 3RR dlel ¥ &1 1g &

fIa® 1 m/s @) a® TRl nfa & dgd &t 13 | cReaoed I d@l | 396

AUS ST & fod foaRT Wie &1 Sreethd & =0 § A1 -7 4T 3FdHird i

TRTAT (72 UR % TUTR + 7 YR % BIo-R + 18 YR % UHMWPE + 3 HR % MoS;) 7 &

TOTR 3R 3 TOTeRT-TeTRa wuifole & gam # 3iafiie dgaR crzalaisihd 07

faaTe | g TOTaRl B ga-T H Y Sexthiagd U & 9801 o I[uNid (COF) H 75% &1

HH (COF 0.2 ] 0.05 TP HH) 3R VEPH & FU 7 W & 1Y 80% P 41 | HARTE o

ARy forma-aR Yg TOTeRR St ga1 § aR|mr & uie T &4 | 3= Fifde o o



BRI, TN AThd 3R T & I HIUIH | [ TIT o Faiel H HHRT: 86%, 121% 3R

43% B gl T TR | MoS; & 3 HR % BT FUTe- ad H YR 3R HUlfie & aoor 3R

NI &) HH A IR HER THTE TST| ST3 TR & oy, TR ey 3R SRioidh
firTa 7 A T BBy W R e & Fmfor &1 o fasan, ok a1g o, RrR e
U Y TR e &b HidR RR-3aw1 & fora & o9 A & forg g3 1 - S5 o
A & o, W &1 U yael ok fRR 1Rd A 3 3 RRR 7 #eg 31, 3R Ui

TIHR fthed &1 fmfor =&l ganl

W YT ¥ gifie SR crRadieied o1 IR THa/UHMWPE/MoS, fiifSid R @a

3{IRNYUT & YHTT M & | 3ee]-3 UM HR Tt (UHMWPE) TR MoS, & I1Y

TOTR- TR fAfSd & aRa Sy 3R ergaaioled Seaa-, Wid & [ag Tgfa
SRS fog 7T A1 Shuifore, PIET & F0 H 3R gedb & w4 H, f&1 a1 7gHf & fafve
SiaRTa & fog url, 99-3iiad, Smafie dRa IR fmm-emenia ¥a § Rriie e 9| a5
7T TR o TR-4d1a BT Ja & ¢dTa IRa UaTdl & ava R % &1 gig 31 ot 10 Al
e Ui H e fobd MU pifdrq Suifore 7 1 fafer =i A 3if¥e & forard & sffa
3R 1.7x108 mm3/N-m &1 forTd &1 & & 1Y 0.08 P U7 T[0Tk I feaman| 180 f&i aa
W9 & it fd MU sow ifermR $Haifsie 3 °vfor &1 gAdH Toie 0.06 3R ARy

foITg 2T 2.60x107 mm3/N-m U&TH fahar|



9 MY-Fey F TR YT H Y WG (UHMWPE 3R MoS,) & T1Y TaTeRTT-3enid

FHUIfSe & CIRaIaoed, YHd 3R HPbHdbd 0N &1 3T 3R a-T M g, R

SITT-3{TT AT SFUT & S{eH-3THT 34-Hig dRd Wed 5| 59 MR & 39T g o=
I WA WD A TR ad F veR & Rfden dd, 59 siigd SR
UTcll3emT3Nafthd (PAO) B | U8 AT 141 foh 99-3{Tad-TaTeRf} haifore 3 fiFi & o sgar

TR faaman | asor &7 0Tid 0.1 3R fAfR1y forima &R 107 mm3N-m &t AT H 0.611 MPa

& WY 0o ga1d W UG fobdm 77 ATl GHI CrRal-Sle! ¥dsl IR dd &I Ul & Y

RIFTROT fired 70T &1 gy aur SfR foriTa &3 - aTdl o o =4 8 TgaHT 47 4T

Y YT B 1R Tuds fufadt & ded uiferR g=1 foa g & Siftradfesd ueRH (tribological

performance) T 3 M g | fafda sruTdl § UHMWPE, MoS; 3R $adR (TRIfS)

WISER T 99-HTTd T R THT-STRT HUlfoie & yid, AdbHed iR CrRaiaiied

UeRE @1 offg P TS| gN0r Ui 3R fa & Uikl $t S sdld-3iiH-Ride]

cTEalee GRT URGd-g TUdh qaTd, TR o 3R duHH & ded Jut 3R el

rgfe fufeal & &t 15 A1 a8 g o 37-4ie firRe S9-3ifaa arel fsor & gy

T AqH U (0.056) TR SUETHT I PV HRE (FUP GaTd x WIS A7) WR I=dH

ferema &1 UfaRlY (5.77 x 10° mm¥/N-m &} TRy frama &1 @) S 81 ) 3 Huifeie B



o | 37 MPa-m/s| HaaR-HR HUIRSTE 9 52.5 MPa-m/s & §gd 3@ PV HRH TR HY
TOTd &1 &R UG B |
g y-FeY & Sifad HIT H uTferR foufeg & srguai anfir § | Tufef wifore foafi

& T80T & foTe 39 ATeford & SAT ufed & feafer uR avman et SR BIC $THR & H

H S&IATE g1 aral S I1. Hiex | Hf T | gifem R f9ai @ H ¥ ugd, asied &
ufRd SR SF &I Hiex J URURS Tid faafer ger §f 7 of1 gg uran man i uiferR

FHuifore faaiT & Try Arsfrd 3R SH Hiek Yare w0 9 9d 33 U

3{d:, 3 3{egg o TRUMHT I UdT 77el & fob Iugad fihes & Iy TaTeRdl-3eria duifore

fau Ty SffoRfeT e s dimrsfi & ik urRuRe urg ST & forg fewrss Sik gafaror

& IHA CIIaIhd THIUH TeH &R qdhd & |



Table of Contents

Declaration by student

Certificate

Acknowledge

Abstract

Table of Contents

List of Figures

List of Tables

List of Abbreviations

Chapter 1 Introduction

1.1. Background

1.2. Evolution of Tribology as a field of science and technology
1.3. Applications of Tribology

1.4. Tribological Coatings

1.5. Bearings

1.5.1. Dry Polymer Bearing

1.5.2. Lubricated Polymer Bearing

1.6. Research objective

Chapter 2 Literature Survey

2.1. Tribology and Surface Engineering

2.1.1. Factors affecting the Tribological properties
2.1.2. Two term model of the friction and wear process

2.2. Friction and wear of polymer composites coatings

viii

viii

Xiv

XXii

XXiv

10

10

14

15

15

16

20

22



2.3. Polymer Composites with Solid Lubricants

2.4. Polymer Composites with Liquid Lubricants

2.5. Conclusions of Literature Review

2.6. Research Strategy

Chapter 3 Experimental Setup and Methodology

3.1. Overall Experimental Plan

3.2. Pin-on-Disc Tribometer

3.3. Lubricity Tester (TR 31)

3.4. Characterization

3.4.1. Hardness Test

3.4.2. Scratch Test

3.4.3. Tensile and Compressive Test

3.4.4. Contact Angle Measurement and Surface Energy Measurement
3.4.5. 3D Optical Profilometer Measurement

3.4.6. Thermo-Gravimetric Analyzer (TGA)

3.4.7. Dynamic Mechanical Analyzer (DMA)

3.4.8. Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy
3.4.9. Polishing Machine

3.5. Materials for polymer composite preparation and testing
3.5.1. Epoxy Resin

3.5.2. Ultra High Molecular Weight Polyethylene

3.5.3. Molybdenum Disulphide

3.5.4. Kevlar

3.5.5. Base oil

25

28

30

30

32

32

33

34

35

35

37

37

38

40

41

41

42

43

43

46

46

47

48



3.5.6. Polyalphaolifins 49

3.5.7. Silicon ol 50
3.5.8. Grease 50
3.5.9. Water o1
3.5.10. Disc material bearing steel 52
3.6. Polymer Composite Coatings 53
3.6.1. Preparation of Epoxy and its Composite coatings for dry test 53
3.6.2. Spin Coating 55
3.6.3. Preparation of Epoxy and its Composite coatings soaked in liquid lubricants 55
3.7. Epoxy and its Composites as bulk 57
3.7.1. Preparation of polymer bulk composites soaked in liquid lubricants 57

3.7.2. Preparation of polymer bulk composites with different in-situ liquid lubricants 57

3.7.3. Preparation of Bulk Epoxy Composites as a bearing ring 60
3.8. Tribological tests of the samples 62
3.8.1. Calibration of the Cantilever load cell 62
3.8.2. Methodology of friction and wear tests 62
3.9 Research Methodology 64
Results and Discussion 65
Chapter 4: Tribological studies of epoxy composites as coating 65
4.1. Optimization of the wt% of UHMWPE in epoxy matrix 65
4.2. Optimization of MoS:2 in the epoxy-18wt% of UHMWPE composite 67
4.3. Surface Energy and Water contact angle measurement 68

4.4. Scanning Electron Microscopy (SEM) and Energy- Dispersive spectroscopy (EDS)

studies of sample surfaces 69

4.5. Nanoindentation, Hardness and Scratch test 71

X



4.6. Friction and wear results for composites in dry and grease lubrication 74
4.7. Wear Mechanism 78
4.8. Summary 80

Chapter 5: Effects of liquid soaking on the mechanical and tribological properties of

epoxy/ UHMWPE/MoS2 composite 82
5.1. Liquid absorption during soaking 82
5.2. Compression test 86
5.3. Friction and wear tests of soaked composites 88
5.3.1. Composite coating against EN31 steel ball 88
5.3.2. Composite bulk pin against EN31 steel disc 91
5.4. Summary 94
Chapter 6: In-situ lubrication of polymer composites with base oil 96
6.1. Optimization of bulk UHMWPE 96
6.2. Contact angle and Surface energy analysis 98
6.3. Compression test 100
6.4. Roughness and Density measurement 101
6.5. Friction and wear Results 102
6.5.1. Polymeric pin and steel counterface tribo-pair (TP1) 102
6.5.2. Polymer composite pin on polymer composite disc tribo-pair (TP2) 105
6.6. FESEM and EDX analysis of the pin surface and the wear track 108
6.7. Thermal analysis 113
6.8. Mixed Lubrication 114
6.9. Stribeck curve 116

6.10. Summary 117

Xi



Chapter 7: Tribological and Mechanical analyses of Hybrid Epoxy based polymer

composites with different in-situ liquid lubricants (Silicon oil, PAO and SN150 base oil)

7.1. Roughness, density and viscosity measurement
7.2. Compression test

7.3. Thermal Analysis

7.4. Tribological test

7.4.1. Polymer composite pin and steel counter surface
7.5. Contact angle and Surface energy analysis

7.6. SEM and EDX analysis

7.7. Summary
Chapter 8: Tribological performances of polymer bearings

8.1. Roughness and Density measurement

8.2. Compression and Hardness test

8.3. Thermal Analysis

8.4. Contact angle and Surface energy analysis

8.5. Friction and wear results

8.5.1. Friction and wear results in dry condition at room temperature
8.5.2. Friction and wear results in dry condition at elevated temperature
8.5.3. Friction and Wear test with external lubrication

8.6. SEM and EDX analysis of the pin surface and the wear track

8.7. Applications

8.7.1. Bicycle wheel bearing

8.7.2. Motor bearing in drone

8.8. Summary

Xii

119

119

120

122

123

123

129

131

136
138

138

139

141

143

146

146

149

151

153

156

156

157

158



Chapter 9: Conclusions and Scope for Future Work 160

9.1. Conclusions 160
9.1.1. Coatings 160
9.1.2. Bulk 162
9.2 Scope for Future work 164
References 165

List of Publications 176

xiii



List of Figures:

1.1 Performance parameters of Friction and Wear processes 4
1.2 Applications of Tribology 6
1.3 Rheological curves of fluids 13
1.4 Stribeck Curve 13
2.1 Effect of load and velocity on the interfacial temperature of the two sliding objects 16
2.2 Wear mode map for unlubricated sliding of steel on steel in air on pin on disc 19

2.3 Two-term model of the wear processes. The distinction between interfacial and cohesive
wear processes arises from the extent of deformation in the softer material (usually polymer)
by a rigid, non-dissipative, asperity of the counterface. F or interfacial wear the frictional

energy is dissipated mainly by adhesive interactions while for cohesive wear the energy is

dissipated by adhesive and abrasive (subsurface) interactions 21
4.1 Flow chart of overall Experimental plan 33
3.2 Image of lab fabricated Pin-on-disk Tribometer 34
3.3 CAD model of Lubricity tester machine 35

3.4 Image of projected area for hardness test and image of lab fabricated Hardness tester

machine 36
3.5 Description of sample for tensile test 38
3.5.1 force balance diagram at the interface of solid, liquid and gas 39
3.6 Image of 3D optical Profilometer 40
3.7 Image of polishing machine and Polished Specimen 42
3.8 Synthesis of Bisphenol A 44

Xiv



3.9 Generalized flow chart of Sample preparation 45
3.10 Molecular unit of UHMWPE 46
3.11 Molecular unit of MoS: 47

3.12 Molecular structure of Kevlar: bold represents a monomer unit, dashed lines indicate

hydrogen bonds. 48
3.13 Molecular structure of PAO 50
3.14 Specimen on which coating was coated 53

3.15 Schematic of sample preparation of polymer coating and polymer bulk pin samples 56

3.16 Schematic of the preparation method of Epoxy-UHMWPE-MoS;-liquid lubricant

composites 59
3.17 Microscopic image of composite pin 60
3.18 (a) Teflon mould for sample preparation (b) Kevlar 129 short fibres 61

3.19 Image of prepared polymer composite (a) MS (b) K (c) B. Colour wise they all had the

same black appearance because each contained MoS; particles 61
3.20 schematic of the method of wear volume calculation for the coating 64
3.21 Systematic diagram of Research methodology 64

4.1 Coefficient of friction and wear life cycles for epoxy-UHMWPE composites with different
wt% of UHMWPE in dry sliding at the normal load of 10 N and sliding speed of 1 m/s. 67

4.2. Coefficient of friction and wear life cycles for epoxy-UHMWPE-MoS, composites with
different wt% of MoS: in dry sliding at the normal load of 10 N and sliding speed of 1 m/s. 68

4.3 (a) SEM image of UHMWPE powder, (b) SEM image of MoS; powder, and (c) SEM image

of the composite 70

4.4 Young’s modulus and micro-hardness of pure epoxy and composite specimen 71

XV



4.5 Images of scratches of MS at (a) 10 N load and (b) 40 N load normal loads. Images (c) and
(d) are magnified images of images (a) and (b), respectively, at representative spots as marked

with squares in (a) and (b). Scale bars are given at the lower right corners of each image. 73

4.6 Coefficient of friction for pure epoxy and different composites at 10 N normal load and
sliding speed of 1 m/s. All are for the dry interfacial condition except for MS2 which is the

grease lubricated interface for specimen MS 76

4.7 (a) Image of Coating thickness (b) image of coated sample (c) Failed sample during sliding
test 77

4.8 Wear life of pure epoxy and different composite coatings in wear cycles at 10 N normal
load and sliding speed of 1 m/s. For MS and MS2, experiments were stopped at 100,000 cycles
without the failure of the coatings for all three repeats and hence no error bars are shown for
these two cases. 77

4.9 Specific wear-rate of epoxy and different composite coatings at 10 N normal load and a
sliding speed of 1 m/s. All are for the dry interfacial condition except for MS2 which is with

grease lubrication. 78

4.10 (a) Linear topographical scan across the width of a wear track on the composite coating
MS, and (b) and (c) are the SEM image of the wear track and the 2D topographical view,
respectively, of MS after 100,000 cycles at 10 N load and a speed of 1 m/s 80

4.11 Optical microscope image of the ball surface after wear test cycles of 100,000 cycles on
(&) MS and (b) EU coating at 10 N load and 1 m/s sliding speed 80

5.1 Increase in weight% of bulk polymer composite (MS) pin after soaked in liquid lubricants

base oil, water, ionic liquid and grease at room temperature for different intervals of days 84

5.2 (a) Image of bare ionic liquid (b) MS soaked in ionic liquid for 3 months (c) MS soaked in
ionic liquid for 6 months 84

5.3 Chemical structure of ionic liquid [www.sigmaaldrich.com], water and epoxy resin
[Brydson 1999] 85

Xvi



5.4 Modulus and yield strength (0.2% offset) of MS sample soaked in different liquid lubricants
for multiple days in compression test. (a), (b), (), (d), (e), (f), (g) and (h) present variations of
the modulus and yield strength, respectively, with number of days of soaking 88

5.5 (a) Coefficient of friction of epoxy and epoxy-based coating coated on EN31 steel disc and
soaked in SN150 base oil, water and grease for 10 days. Data presented inside the dotted
rectangular box are for dry cases without soaking in liquid. (b) and (c) Specific wear rate and
wear life in cycles of epoxy and epoxy-based coating coated on EN31 steel disc and soaked in
SN150 base oil, normal water and LGMT grease for 10 days at Hertzian contact pressure of
0.36 GPa. 90

5.6 Images of the MS polymer composite coated sample before and after tribology test 91

5.7 (a) Coefficient of friction of MS composite pin after soaked in liquid lubricants base oil,
water, ionic liquid and grease at room temperature for different interval of days; Normal force
=12 N, linear sliding speed = 1 m/s. (b) Specific wear rate of MS pin slid against EN31 steel

disc. Total number of wear sliding cycles = 1 million with sliding distance = 95 km 94

6.1 Elastic modulus and 0.2% offset yield strength of polymer composites in compression test
at constant cross head speed of 2.0 mm/min. (a) and (b), variation of the modulus and yield
strength, respectively, with a change in the wt% of UHMWPE in epoxy and (c) Average
Coefficient of friction of epoxy-UHMWPE composites with different weight % of UHMWPE
tested on Pin-on-disc tribometer having counterface of EN31 steel at 12N load, speed 1m/s at
nominal pressure of 0.611 MPa. The frictional tests were conducted for a sliding distance of
3.6 Km 98

6.2: Contact angles (a) and surface energy (b) of pure epoxy and the composites (The
nomenclatures of the samples are provided in Table 6.1) 100

6.3: Elastic modulus and 0.2% offset yield strength of polymer composites in compression test
at constant cross head speed of 2.0 mm/min. (a) and (b), variation in the elastic modulus and
yield strength with a variation in wt% of base oil. Nomenclatures of the samples are provided
in Table 6.1 100

6.4 (a) Average Coefficient of friction of different bulk polymer composites fabricated in this

work (b) Specific wear rate of different bulk polymer composites tested on pin-on-disc

Xvii



tribometer having counterface of EN31 steel at 12N load, speed 1m/s at the nominal pressure
of 0.611 MPa. The wear tests were conducted for 1 million cycles which corresponded to a
sliding distance of 95 Km 102

6.5: Wear track images on steel surface after polymer composites pin tribological test at 12 N
load, speed 1 m/s, at nominal pressure of 0.611 MPa for 1 million cycle, stable transfer film
was formed in each case but EU slid wear track showed more wear debris unattached to the
transfer film 105

6.6 (a) Average coefficient of friction of different polymer composites tested at the normal load
of 12 N and sliding speed 1 m/s (b) Specific wear rate of different bulk polymer composite pins
tested against the same (TP 2) polymer composite at 12 N load, speed 1m/s (nominal pressure
0.611 MPa) 105

6.7: Specific wear rate with progressive sliding cycles for M13 polymer composites with
counterface EN31 steel (cross symbol) and for M5 polymer compoistes (triangle symbol) with
counterface of M5 polymer composites disk at normal load of 12N, speed 1m/s till 1 million

cycles 108

6.8 FESEM Image of (a) Epoxy pin (b) EU pin (c) MS pin and (d) M13 pin (e) steel disc before
wear test (f) steel disc within wear track, and EDX Image of (g) Epoxy (h) EU (i) MS and (j)
M13 (k) steel disc before wear test (I) steel disc within wear track. The arrow marks on (a), (b),
(c) and (d) indicate the sliding direction 111

6.9 EDX image showing elemental distribution of polymer M13 transfer layer deposited on
steel EN31 disk 112

6.10 TGA data of pure epoxy and the composites heated from 50 °C to 800 °C at a heating rate
of 10 °C/minute in air. The inset graph shows the dotted area of the plots in magnified version

113

6.11 (a) Average coefficient of friction at different pressure of M13 composite against steel
(EN31) disk at speed 1m/s (b) average coefficient of friction at different speed of M13 sample
against steel (EN31) for a fixed no of running cycles, 35000 (c) shear strength vs speed on
logarithmic scale for M 13 polymer composite (d) Average coefficient of friction vs (n N/P) on

logarithmic scale for M13 polymer composite (Stribeck curve) 114

Xviii



7.1 Elastic modulus and yield strength of polymer composites in compression test at the platen
speed of 2.0 mm/min. (a) and (b) are the variations in the yield strength and elastic modulus,

respectively, with variations of vol% of the liquid lubricants 122

7.2 Thermal analysis of polymer composites with a variation in volume% of in-situ different
liquid lubricants. T4 was measured through DMA under single cantilever mode with heating

ramp 5°C/min and Temperature range 30°C to 200°C, frequency 1 Hz in nitrogen environment
123

7.3 (a) Average coefficient of friction and (b) Specific wear rate of bulk polymer composites
with a variation in vol% of in-situ liquid lubricants tested on pin-on-disc machine having
counter surface of steel at 12 N load, speed 1 m/s at the apparent pressure of 0.611 MPa and
sliding distance 21.6 km. 127

7.4 Photographic images of the wear tracks on steel surfaces after tribological tests at 12 N load
and speed 1 m/s, for a sliding distance 21.6 km, adhering transfer film was formed in each case.
S1, S2, S3, S4 and B contain 18 vol% of the respective liquid lubricant 128

7.5. Contact angles (a), (b) and surface energy (c) of different polymer composites with 18
vol% of in situ liquid lubricants; Contact angle (d), (e) and surface energy (f) after polymer

composites transfer layers on steel surface inside and outside of the wear tracks 130

7.6 SEM and EDX Image of (a), (b) steel disc outside wear track (c), (d) transfer layer of MS
(), (f) transfer layer of S1 (g), (h) transfer layer of S2 (i), (j) transfer layer of S3 (Kk), (I) transfer
layer of S4 (m), (n) transfer layer of B. All the transfer layers are on the EN31 steel disc after
tribology test 134

7.7 SEM and EDX Image of (a), (b) MS pin (c), (d) S1 pin (e), (f) S2 pin (g), (h) S3 pin (i), (j)
S4 pin (K), (1) B pin. All the SEM and EDX of sample are after tribology tests 136

8.1 Typical Force — Displacement graphs of polymer composite ‘MS’, ‘K’ and ‘B’ in
compression test at the cross head speed of 2.0 mm/min. Nomenclatures of the samples are
provided in Table 8.1 140

8.2 Polymer composites indented by a square pyramidal indenter for micro-hardness test 140

Xix



8.3 Micro-hardness of polymer composites at normal indentation of 10.28 N at room

temperature and elevated temperature 141

8.4 (@) Thermal analysis of polymer composites measured through DMA under single
cantilever mode with heating ramp of 5°C/min and temperature range of 30°C to 200°C,
frequency 1 Hz in nitrogen environment (b) TGA data of polymer composites heated from 50
°C to 800 °C at a heating rate of 10 “C/min in air 143

8.5. Contact angle and Surface energy of polymer composites after tribology test 144

8.6 (a) coefficient of friction and (b) specific wear rate of ‘MS’ composite at different load (20
N, 50 N, 70 N) and variable speed (0.5 m/s — 2.5 m/s). (c) coefficient of friction and (d) specific
wear rate of different polymer composite (‘MS’, ‘K’, ‘B”) at different load (20 N, 50 N, 70 N),
speed 2 m/s and sliding distance 10 km. (e) coefficient of friction and (f) specific wear rate of
different composites at variable PV (19.8 MPa-m/s to 52.5 MPa-m/s) for sliding distance 10
km. (g) coefficient of friction and (h) specific wear rate of polymer composites at wide range
of PV (9.9 MPa-m/s - 52.5 MPa-m/s). (i) Change in interfacial temperature of different polymer
composites with respect to PV (9.9 MPa-m/s - 52.5 MPa-m/s) (j) failure map of composites (k)
failed ‘MS’ composite at 50 N load and 2.5 m/s (1) Scuffing of ‘MS’ composite due to frictional
heating and high adhesive wear at 50 N load 146

8.7 Coefficient of friction and specific wear rate of different composites (a), (b) MS composite
(¢), (d) ‘K’ composite (e), (f) ‘B’ composite at variable PV (19.8 MPa-m/s to 52.5 MPa-m/s)
and variable temperature (25 °C, 50 °C, 90 °C) for a total sliding distance of 10 km for each
test 151

8.8 (a) coefficient of friction and (b) specific wear rate of B composites at room temperature at
variable speed (1 m/s, 1.5 m/s and 2 m/s). The total sliding distance was 15 Km at 50 N load
for each test 153

8.9 (a), (b) shows the SEM image and the corresponding EDX of steel block on which transfer
layer of ‘MS’ composite was present on the wear track. (c), (d) SEM image and the
corresponding EDX of steel block on which transfer layer of ‘K’ composite was present on the
wear track. (e), (f) SEM image and the corresponding EDX of steel block on which transfer
layer of ‘B’ composite was present on the wear track. (g), (h) SEM and EDX of ‘MS’

XX



composite. (i), (j) SEM and EDX of ‘K’ composite. (k), (1) SEM and EDX of ‘B’ composite.

All the SEM and EDX of sample are after tribology tests 155
8.10 Polymer bearing installed in the front wheel of a cycle 156
8.11 Systematic image of wheel for free drop test 157

8.12 (a) Image of conventional bearing in motor (b) image of installed polymer bearing in
motor 157

XXi



List of Tables:

3.1 Specifications of Epoxy and Hardener 44
3.2 Mechanical and physical properties of cured pure epoxy coating and bulk 45
3.3 Grades of Kevlar and its properties 48

3.4 Properties of base oil SN150 at ambient temperature [Indian Oil], PAO and Silicon oil

[Sigma Aldrich] 49
3.5 Specifications of LGMT grease [SKF] 51
3.6 Chemical Composition of EN 31 steel 53
3.7 Physical and mechanical properties of EN 31 steel 53
3.8 Sample names and their compositions 56

3.9 Nomenclature of Composites with in situ liquid lubricants. The base composite for each

case was epoxy with hardener, UHMWPE (21.30 vol%) and MoS: (0.66 vol%) 59
4.1 Coating sample Nomenclature 65
4.2 Contact angle and the calculated surface energy of pure epoxy and the composites 69
4.3 Elemental composition of prepared coating 71
4.4 Parameters of Scratch test 73

5.1 Diffusivity (D), activation energy (Q) and maximum liquid weight% gain (Wm) of bulk
polymer composite (MS) pin after soaked in liquid lubricants base oil, water, ionic liquid and

grease at room temperature for different interval of days 86
6.1 Nomenclature of specimen 96

6.2 Density and Roughness of pure epoxy and the composites fabricated by the moulding
method 101

6.3 Difference in the room temperature and interfacial temperature between the epoxy-
UHMWPE composites with different percentages of UHMWPE (left table), tribo-pair

XXii



TP1(middle table) and TP2 (right table) after tribology test at 0.611 MPa pressure and 1m/s
speed 107

7.1 Nomenclature of Composites with in situ liquid lubricants. The base composite for each
case was epoxy with hardener, UHMWPE (21.30 vol%) and MoS> (0.66 vol%) 119

7.2 Density of epoxy composites fabricated by the molding at 23°C 120

7.3 Interfacial temperature rise above the room temperature between the tribo-pair steel disk
and hybrid epoxy-based polymer composites with different in-situ liquid lubricants (Silicone
oil 1, Silicone oil 2, Silicone oil 3, PAO and base oil) after tribology test (21.6 km of sliding
distance) at 0.611 MPa pressure and sliding speed of 1 m/s 128

8.1 Nomenclature of polymer composites 138

XXiii



List of Abbreviations:

u — Coefficient of friction

tan6 - Tangential angle of interlocking asperities

F- Frictional force

Fa- Interfacial component

Fp - Ploughing component of friction

T - shear stress

To - Initial shear stress

o - constant

P - contact pressure

DLC - Diamond like carbon

TiAIN- Titanium aluminium nitride

CrAIN- Chromium aluminium nitride

ZrC- Zirconium carbide

ZrN- Zirconium nitride

PTFE - Polytetrafluroethylene

PEEK - Polyetheretherketone

PAEK- Polyaryletherketone

PAO- Polyalphaolefins

XXiv


https://en.wikipedia.org/wiki/Titanium_aluminium_nitride
https://en.wikipedia.org/wiki/Titanium_aluminium_nitride

UHMWPE - Ultra high molecular weight polyethylene

MoS: — Molybdenum disulphide

SU-8 - Epoxy

Ti - Titanium

Cr — Chromium

Sho03— Antimony oxide

HMW-HDPE — High density Polyethylene

LixMoS: - Lithium intercalated molybdenum di-sulphide

WPU - Waterborne polyurethane

PA - Polyamide

MoO3 - Molybdenum trioxide

SiO, — Silicon dioxide

ODA - Octadecylamine

PPS - Polyphenylene sulfide

POM - Polyoxymethylene

WS: - Tungsten disulphide

Rpm — Revolution per minute

PDMS - Polydimethylsiloxane

PIB - Porous thermosetting benzimidazole-containing aromatic polyimide

SEM - Scanning Electron Microscopy

XXV


https://www.sciencedirect.com/topics/engineering/polyurethan

EDX - Energy Dispersive Spectroscopy

TGA - Thermo-Gravimetric analysis

DMA- Dynamic Mechanical analyser

HSS - High Speed Steel

RF - Radio frequency

W1t% - Weight percentage

Vol% - Volume percentage

XXVi





