5

eIl kil il el Jel el el el el el Jel el el el sl sl

%’ k

;}?‘U

———ch

% DEVELOPMENT AND CHARACTERIZATION OF ULTRAHIGH

T MOLECULAR WEIGHT POLYETHYLENE (UHMWPE)

_._\4 ANOCOMPOSITES FOR BEARING APPLICATIONS UNDER WATER

’%U N B

¥ T LUBRICATION g
—--—Li e
5

% BY %
< ANNAS BIN ALI %
Mo -
—% A Thesis Presented to the

f}ﬁ DEANSHIP OF GRADUATE STUDIES

JTH)

@ KING FAHD UNIVERSITY OF PETROLEUM & MINERALS B
:%; DHAHRAN, SAUDI ARABIA &

% o
:%i In Partial Fulfillment of the

R, Requirements for the Degree of

K0

as MASTER OF SCIENCE

(s

’z}’g In %

i MATERIAL SCIENCE AND ENGINEERING %
.-..,_(_f ——
3 APRIL 2016 %
M (o) 5

5 %
e e S R e e e R R R




KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN- 31261, SAUDI ARABIA
DEANSHIP OF GRADUATE STUDIES

This thesis, written by ANNAS BIN ALI under the direction his thesis advisor and
approved by his thesis committee, has been presented and accepted by the Dean of
Graduate Studies, in partial fulfillment of the requirements for the degree of MASTER OF

SCIENCE IN MATERIALS SCIENCE AND ENGINEERING.

oo Mol

Dr. Nesar Merah
(Advisor)

S\

Dr. Zuhair M. A. Gasem

Dr. Abdul Samad, Mohammed
Department Chairman (Member)

Vi

/
Dr. Salam A. Zummo
Dean of Graduate Studies

=

i

Dr. Amro Al-Qutub
(Member)

=5 ls” \ lo
Date




© ANNASBIN ALI
2016



Dedicated to those who fight till the very end



ACKNOWLEDGMENTS
All thanks to Almighty ALLAH for giving me the strength, knowledge and courage to

undertake this research and for making things easy when they appeared difficult. | am
grateful to my father for keeping me strong and my mother for her relentless prayers and a

never ending faith in me.

| would like to thank my advisor Dr. Nesar Merah whose guidance, support and
encouragement led to timely completion of thiswork. | would also like to thank Dr. Abdul
Samad whose constant technical guidance was always there and helped in discussion. |
would like to thank my other committee member, Dr. Amro Al-Qutub for his input and

guidance in this research work.

| would like extend special thanks to my friends Junaid Ahmad, Irfan Somrow and Arif
Ibrahim who supported me in all matters throughout my stay at KFUPM. Dr. Anwar Ul
Hamid at Research Institute deserves a special mention for allowing me out using the hot

pressing facility which otherwise would seem difficult.

Finaly, I would like to acknowledge the support provided by Mr. Lateef and Mr. Sadagat
for various laboratory tasks and KFUPM as awhole for providing the facilities and means

to carry out this research.



TABLE OF CONTENTS

ACKNOWLEDGMENT Sttt s e e nnnee e \Y
TABLE OF CONTENTS ...t VI
I S I T e I = T S IX
LIST OF FIGURES ... .ot X
LIST OF ABBREVIATIONS ...ttt X1
ABST RA CT e e e re e X1V
B g UBRLA ot XVI
CHAPTER 1: INTRODUCTION. ...t e 1
00 A = - T o [ o TS 1
D2 VP Vo To oo 0] Lo 1S ] =SSR 2
T O o T = o /=TSRSS 4
1.4 Research Phases (EXPerimeEntal) ...t st 4

LAAL PRESE-L .ttt ettt ettt b e b e s b e bk £ £ R R bRt eE et E b e bt ne bR e b b ettt s b s 5

LA.2 PRESE-2 .ttt b b £ e b b £ A bR ARt e e Rt eE b e bt ne bR e b bt et et bene s 5

143 PRESE-3 ... ittt b b bbb £ A h R A bt E et E bRt e bRt e b b et et et b ne s 5
1.5 Motivation and JUSEIFICAION........cciiiiiie et et e s s se e b e 5
1.6 ReSear Ch MethOAOIOQY .......cceiiiiiiiiiiierie ettt sb e bttt e et b e et ene e e e e aeeseans 6
1.7 Organization Of TNESIS......cciciieeee e et e e e b e ene e e e enaenrens 7
CHAPTER 2: LITERATRURE REVIEW ...t 8
2% R I 1 o o o |V PRSP 8
2.2 POlYMErSiN TriBOIOGY ...ccooueiiiuieeiiee ettt et b et e e s ae b e et e e e nee e eneas 9
2.3 Ultrahigh Molecular Weight Polyethylene (UHMWPE) ........cccooi i 10
24 Polymer Nanocompositesin tribological AppliCatioNS.........ccooeiiiirieienenieree e 12
25 UHMWPE NANOCOMPOSITES. .....cciueieriereisiestestesreessesteseessessessessesssessesssssessessssssesssssessessessessssssessessessens 13

25.1  Carbon Nanotubes (CNTSs) as Filler for Tribological applications..........ccccceevvevvivrieveseeniennnnens 14

Vi



25.2 NanoclaysasFiller in Tribological Properti€S.........coereierenesesecreeseseseesesee e se e see e e 17

2.6 UHMWPE compositestribology under lubricated sliding conditions..........ccccocvvivvivneeninnnnnnnns 22
CHAPTER 3: MATERIALSAND MEHTODS.......cc e 28
3.1 Ultrahigh Molecular Weight polyethylene (UHMWPE) ........cccooiiiiiiiiiiinee e 28
G 0 1\ =T T o - S OSRSS 29
3.3 Carbon NaNOtUBES (CNTS) .ecieicieieieseisese st steeseste st st sre s e esee e s sresseese e e eeeseeseessesaesaeeneeneenseseens 29
3.4  Experimental MethodOIOgy ........cccoviieririeneiiserese s e e e e e eaeseeseesnesneeneeseneennens 30
34.1 Mechanical Dry Mixing using Planetary Ball Mill .........ccccoooveiinininies e 31
34.2 L T = == T o 1Y, o o R 31
3.5 Characterization of NanOCOMPOSITES ......ccviuirieerierierieriesteeeeseeseesesees e e e sreseeseesresresseesesseeseessenenns 32
351  X-Ray DiffraCtion (XRD) ......cicicirereeieieeieree sttt sttt e e re s e et e b b sbesbessbesee e 32
3.5.2  Field Emission-Scanning Electron Microscopy (FE-SEM) ... 33
3.5.3  RAMAN SPECITOSCOPY ....eeeveeeieueirseastieteeseesseesseseesuessseaasesssssessseassesseesseassesasesseessessnsssneesseensesnns 33
354 Water UPLaKe TESHING. .. ccueieietereeiterieeie ettt sttt ettt st b e e e e e s e besaesbesbe s mse e e naenbeseans 34
355 SNOTED HArONESS..... oottt bbbt b et e e e e b e s e s be et e se e e e e e beneans 36
I ST W g1 oo oo o I = oo SRR 36
3.5.7 Wear Morphology and Counterface SUrface ANalYSIS.......cccvveierirenieeeeiee s seeeeneens 40
TRt T = (o 1] ]33 Y PSR 40
CHAPTER 4: RESULTSAND DISCUSSIONS .....ooooiiecieecee e siee e 41
v R 1 o1 oo [H ox (o o FOU PP RURPRRN 41
4.2 Morphology and Dispersion of UHMWPE NanOCOMPOSITES .......cccurerereririeeiiesiesieseeeeeeseesie e 41
421  UHWMPE NanoClay COMPOSITES. .....ccueiiiieriirierieriestesieseeseesieseestesiessessessessbessessesaessessesesssesssneas 42
4.2.2  Dispersion and Morphology of UHMWRPE/C15A clay COMPOSItES.......cccevevererererereeseeseenens 46
423  UHMWPE/CNT COMPOSITES ...ccueiuiitireeeeeseeeeieseesseseeseesaesseseseessessesssssssssesssssessessessessessessensenses 47
424  Hybrid UHMWPE NaNOCOMPOSITES .....cveieriiriereesiesiessesseeseesieseessessessessessessesssssessessessesssessesssnees 51
4.3 Effect of Clay loading on the water absor ption of UHMWPE ..........cccoeoeieveieveseeeeeeeseenie e 56
4.4 Effect of nanofiller loading on hardness of UHMWPE ... 61
4.4.1  Effect of Nanoclay [0adiNg ........cccoeeeriiiceice e ns 61
442  Effect Of CNTSI0BOING .....oiiieiieiiiieieeee ettt bbbt ee e e 62
45 Effect of water absorption on the hardness of nanoclay COMPOSILES........cccoverevererereniierenenene 64
4.6 Dry didingtribologial testing for UHMWPE NanOCOMPOSITES ......ccccooererierieiieiienie e seenie e 65
4.6.1  Effect of nanoclay type on the tribological properties of UHMWPE.............cccooieinieninnenn. 66
4.6.2  Effect of C15A Clay loading on the tribological properties..........coeeereeieieneniceeeeeee e, 70
4.6.3  Effect of water uptake on the tribological properties of UHMWPE nanocomposites............... 75
4.6.4 Tribological testing of UHMWRPE/CNTS COMPOSITES .....cevveriereirierieseeseeseeseeseesiessesresseseeseeseenes 80
4.6.5 Tribological performance of UHMWPE hybrid nanoCOMPOSItES.......ccccocvvevvriereresieerieseeneeens 83

4.7 Tribological testing for UHM WPE nanocomposites under water lubricated

£ Lo (g T [T T L1 o] o T 89



4.8 Accderated lifetesting (ALT) for Hybrid UHM WPE NanOCOMPOSItES .......ccvvvvvvereerereeenneens 93

CHAPTER 5: CONCLUSIONS AND RECOMMENDATION ..o 98
LT R O] T [ =] 1R 98
5.2 Recommendation fOr FULUIEWOTK .......coiiueieieiie ettt st ae e s st e e s s e ta e e s sarneas 102
o o e o AN s TR 104
RV B I TR 114

viii



LIST OF TABLES

Table 2.1 Genera Propertiesof UHMWPE in Bulk Form [24]........ccovvviiiiii e, 10
Table 3.1 Types and chemical structure of Organic modifier clays with MMT............. 29
Table 3. 2 Sample matrix with description............ccooviiiiiiiiiiii 232
Table 3.3 Detailed Experimental Matrix for Tribological Characterization.................. 38

Table 4.1 Diffraction angles and d-spacing for clays and their respective

NANOCOMPOSITES. .. .ttt e e et e e e e e e e e e eaeeae e ee e ea e ens 45



LIST OF FIGURES

Figure 1.1 General classes of composites and NAaNOCOMPOSITES ........coereererriereerierieneenn 3
Figure 2.1 Structure of Polyethylene [24].........coveoeeeieeie e 10
Figure 2.2 Wear rates of various POIlYMErS[25] ........ccoerieriinenienee e 11
Figure 2.3 Impact resistance of various polymers [25]......cccccevveveeeereeresnesieeseeseeseeeens 12
Figure 2.4 Effect of variation of CNTs on wear [0SS[33] ......cocevvriiininieniereeseeie e 15
Figure 2.5 Coefficient of friction of UHMWPE with varied CNTs content .................... 16
Figure 2.6 Wear rate with variation of CNTS[35]......ccccceeiiriiieniinieie e 17
Figure 2.7 Structure of SMECHIC Clay [39] ...cvveveiierireere e 18

Figure 2.8 Schematics of possible morphologies for Clay composites,
A) phase separated micro composite, B) intercal ated nanocomposite

and C) exfoliated NANOCOMPOSITE.........cceriererriirieree e e 19
Figure 2.9 Effect of load on wear rates of PVDF composites with
different clay CONENt [43].....cceoiiriireee e 21
Figure 2.10 Specific wear rate of PP and clay compositesS[43] ......ccccoevvrieerveierseenenne 22
Figure 2.11 Specific wear rate of UHMWPE and GO/UHMWPE
(0r0] 100 1= (== 227 | SRR 23
Figure 2.12 Variation of COF with sliding distance [9] .......cccocvivnininii e, 24
Figure 2.13 Wear volume as function of Carbon fiber |oading under
dry and lubrication Sliding [9] ......covereriireeere e 24
Figure 2.14 Wear rates for PA and UHMWPE/MMT compositeS [47] ....ccovevvevveceereennnn. 25
Figure 3.1 SEM image of UHMWPE POWES .........cccoiieiiriirienie e 28
Figure 3.2 SEM Image of CNTs showing average diameter ...........ccoovevevceeveeciecrinseenen 30
Figure 3.3 Water uptake testing (2) Room Temperature testing, b) Elevated
Temperature teStiNg (70°C) ..o e e 36
Figure 3.4 Schematic illustrating Ball on disc configuration ............cccceceeveeneniesinnenee. 39
Figure 3.5 Tribometer setup used in CUrrent StUAY .........ccoveeereeiesieene e 39
Figure 3.6 Lubricant holder cup aSsembly ... 39
Figure 4. 1 XRD pattern for pristine UHMWRPE ... 43
Figure 4.2 XRD showing characteristic peaks positions for 128E, 130E
aNd CL5A OrgaNOCIQYS......ccoveireerieeiesieeieeeeeeeseeaesee e eeesseesseesseeseesreessesseens 44
Figure 4.3 XRD for 1.28E, 1.30E and C15A organoclay UHMWPE
NANOCOMPOSITES.....c.veeieseeeieeeesteerie e ste e e teeeesreeeesseesseeseeereesreesseeseesseensensennees 44
Figure 4.4 XRD graph of UHMWPE and its C15A nanOCOMPOSILES.........ccoveereereeruennn 47
Figure 4.5 XRD graph of UHMWPE and its CNTYUHMWPE composites ................... 48

Figure 4.6 FESEM images of 0.5wt%, 1.5wt% and 3 wt% CNTS'UHMWPE
composites, low magnification images (a), (b), (c) and high

magnification (d), (€) and (f) .....ccooereeririiriee s 49
Figure 4.7 Raman Spectrafor pristine UHMWPE, CNTs and their

respective weight percentage COMPOSITES .........coveieeriereeneeiie e 50
Figure 4.8 XRD graph of UHMWPE and its CNTSC15A/ UHMWPE

composites with varying CNTs content (5wt%, 1.5wt% and 3wt %) ............ 52

Figure 4.9 FESEM images of Hybrid Nanocomposites[(a), (b) and (c)]
low resolution images and [(d), (e) and (f)] high resolution images.
[(g) and (h)] imagesof 1.5wt% hybrid nanocomposites at



140,000 and 150,000 MagnifiCalion..........c.ccerereererienseeniesiesee e see e seesieens 54
Figure 4.10 Raman Spectrum for pristine UHMWPE, CNTs and their

respective hybrid NANOCOMPOSITES.........ccvriererieree e 56
Figure 4.11 Variation of water uptake with immersion time at room temperature........... 58
Figure 4.12 Tota water uptake after 7 days of immersion in water at room

(S 10101 = (U1 PRSP 59
Figure 4.13 Variation of water uptake with immersion time at temperature

(0] (0 o OSSPSR 59
Figure 4.14 Total percentage water content (% TWC) after 48 hrsfor

samples tested at ROOM temMpPerature Water ..........cccooveveveeveeseesieeseeseeseennens 60
Figure 4.15 Graph showing comparison of total percentage water content at

room and elevated tEMPEratUre. ..........ccceeveeieereeie e 60
Figure 4.16 Shore D hardness values for three nanoclay composite..........cccocevvvceenienen. 61
Figure 4.17 Shore D hardness of UHMWPE and C15A

(0.5wt%, 1.5wt%, 3wt %) reinforced UHMWPE composites............cccc...... 62
Figure 4.18 Shore D hardness for UHMWPE and its CNTS COMPOSItES........ccccvevereennee. 63
Figure 4.19 Shore D hardness for UHMWPE and its hybrid nanocomposites................. 64
Figure 4.20 Shore D hardness for UHMWPE and C15A organoclay

composites before and after water absorption ..........c.ccocevvneeniniienieneenene 65
Figure 4.21 Specific wear rate of UHMWPE and three different

UHMWNPE clay COMPOSITES.......coiireerieeie e 67
Figure 4.22 Variation of COF for UHMWPE and Three different Clay

(000] 010100 1S L= RSP RR 68
Figure 4.23 SEM images showing wear morphology of UHMWPE and

clay COMPOSITE SAMPIES........coiuiriirieeie ettt e 69

Figure 4.24 Optical 3D (a-d) and 2D (e-h) profiles of the wear track for
pristine UHMWPE organoclay composites, 128E/UHMWPE,

IS0E/UHMWPE and C15A/UHMWRPE.........cccooiiinininenee e 69
Figure 4.25 Optical images of counterface for different nanoclay composites................ 69
Figure 4.26 Variation of COF and specific wear rate with clay loadingsin

UHMWPE MELTIX ettt st ssee e ste st snessesnens 70

Figure 4.27 (a-d) SEM images of the wear tracks at lower magnification
(e - h) higher magnification (I —I) Optical micrographs of the counterface
balls after the wear tests for the pristine UHMWRPE............cccoovevvveecieennene 72
Figure 4.28 Optical 3D (a-d) and 2D (e - h) profiles of the wear tracks.
Optical contour images of the wear tracks for the pristine UHMWPE and

nanoclay COMPOSITES (I-1) ..cvereiiieeiereee e 73
Figure 4.29 Effect of Load on UHMWPE and 1.5wt% C15A COMPOSItES.........ccvrveee. 75
Figure 4.30 Effect of water absorption on (WR) of UHMWPE and its

NANOClAY COMPOSITES.......eeiieieerieeieseesie et e e te e re e sreesre e e e sneenneas 77
Figure 4.31 Effect of water absorption on (COF) for UHMWPE and

ItS NANOCIAY COMPOSITES .....c.veeeeeeieeie et ee st ae e e 78
Figure 4.32 (a) — (d) SEM micrograph images of wear tracks before water

absorption and (€) — (h) after water absorption...........cccoceevveveerveieecceseennns 79
Figure 4.33 Counterface optical images for wear tested samples (a)-(d)

before water uptake and (€)-(h) after water uptake............cceveevvriereerieennne 79

Xi



Figure 4.34 Specific wear rate for UHMWPE and UHMWPE/CNTs

(000] 10100 1S ] == 81
Figure 4-35 Average COF for UHWMPE and UHMWPE/CNTs composites................. 81
Figure 4.36 SEM images of the wear tracks for UHMWPE and its

CNTs composites at lower magnification (a— h) higher

MAGNITICATON (I —1) c.veeeeeeeee e 82
Figure 4.37 3D/2D Optical profile images of the wear tracks along

with counterface for UHMWPE and its CNTS COMPOSIte. ........ccceevvevvernenne. 83
Figure 4.38 Specific wear rate of UHMWPE hybrid composites with

Varying CNTS CONLENE ......ccueieerieeieeieeieseeetesteee e steeee e sre e e eae e e neeenee e 84
Figure 4.39 COF of UHMWPE hybrid nanocomposites with varying

CINTS CONENT ... e n e nn e nnneeas 85
Figure 4.40 SEM morphology of wear tracks of UHMWPE and its hybrid

(000] 0100 1S ] = SSSSR 87
Figure 4.41 3D/2D Optical profile images of the wear tracks along with

counterface for UHMWPE and its hybrid CNT composites ..........c.cccevenee 87
Figure 4.42 Specific wear rate for pristine UHMWPE and three different

optimized UHMWPE NanOCOMPOSITES.......cccvieerieeeenieeiesieeeeesteeeesseeseesneenns 88
Figure 4.43 COF for pristine UHMWPE and three different optimized

UHMWPE NaNOCOMPOSITES........ccvreerieeieeeesieesieeseesseesseeseesseeessseessesssesseeses 88
Figure 4.44 Schematic description of optimized UHMWPE nanocomposites

for water lubricated Sliding tESHING ......cccvvveereeeceee e 90

Figure 4.45 Effect of nanofiller on specific WR of pristine UHMWPE

and three different optimized UHMWPE nanocomposites under

water lubricated CONAITIONS........ccuieerierie e e 90
Figure 4.46 Effect of nanofiller on COF for pristine UHMWPE and three

different optimized UHMWPE nanocomposites under water [ubricated

(000 Te ] 10 S SOOI 91
Figure 4.47 (a)-(h) 3D/ 2D profiler images for and counterface optical

images (i-1) UHWMPE and its optimized nanocomposites under water

18] oTgTor= 1= o [ T 1 0o OSSPSR 92
Figure 4.48 SEM wear morphology of Wear tracks for UHMPWE and hybrid

UHMWPE nanocomposites for water lubricated ALT dliding conditions. .. 95
Figure 4.49 3D/ 2D optical profiler images for UHWMPE and Hybrid

nanocomposites under ALT water lubricated sliding conditions. ................ 96
Figure 4.50 Optical images of counterface ball under water lubricated
SHAING ALT CONTITIONS.....ccueiiieiisiieie ettt e 97

Xii



UHMWPE

HDPE

CNT

COF

SEM

XRD

FESEM

TWC

DI

wC

WR

GO

HA

L1ST OF ABBREVIATIONS

Ultrahigh Molecular Weight Polyethylene

High Density Polyethylene

Carbon Nanotube

Coefficient of Friction

Scanning Electron Microscopy

X-ray Diffraction

Field Emission-Scanning Electron Microscopy

Total Water Content

De-ionized

Water Content

Wear Rate

Graphene Oxide

hydroxyapatite

Xiii



ABSTRACT

Full Name : Annas Bin Ali

ThesisTitle  : Development and characterization of Ultrahigh Molecular Weight
Polyethylene (UHM W PE) Nanocompositesfor Bearing applications
under water lubrication

Major Field . [Materials Science and Engineering]
Date of Degree : April, 2016

Ultrahigh Molecular weight Polyethylene (UHMWPE) has amazing tribological properties
that has paved ways in applications where high wear resistance is required. It is employed
in variety of applications such as gears, pump housings, impellers, biomedical transplants
and almost in every industrial sector both in the form of coatings and bulk. The addition of
nano fillers like carbon nanotubes and nanoclay contribute significantly in improving the
mechanical and wear resistance properties of UHMWPE. Even though lot of work has been
done on UHMWPE composites in terms of their mechanical and tribological
characterization, its potential to be used under water lubrication has not been tapped

completely.

Hence, the objective of the present study is to explore the feasibility of using UHMWPE
hybrid nanocomposites under water lubrication using nano clay and carbon nanotubes as
reinforcements. The unique idea to use nanoclay along with CNTs in the development of
hybrid nanocomposites stems from the fact that nano clay is widely used in reducing the
water uptake of polymers and enhancing the mechanical properties. In the first part of the
present work, 1.5 wt% of three different organo-modified clays 1.30E, 1.28E and C-15A

were used as reinforcements in UHMWPE. XRD, micro-hardness tests, water uptake tests

Xiv



and most importantly tribological tests have been conducted to evaluate the structural,
mechanical and tribological properties of the developed nanoclay reinforced composites.
It was observed from the water uptake tests that the addition of al the three types of
nanoclays to UHMWPE resulted in reducing the water absorption. However, the addition
of C15A and I30E nanoclays to UHMWPE aso resulted in improving the tribological
properties in terms of lowering the coefficient of friction and increasing the wear
resistance. In the second stage, the C15A content was optimized based on its tribol ogical
performance using three different clay loadings (0.5, 1.5 and 3wt %). In the last part hybrid
nanocomposite were developed with fixed clay content of 1.5 wt% while varying CNTs
loading from 0.5 wt% to 3 wt %. Structural and morphological characterization using
FESEM, XRD and Raman Spectroscopy for hybrid nanocomposites was done along with
tribological testing. Optimized hybrid nanocomposite was tested under water lubricated
condition along with pristine UHMWPE, C15A/UHMWPE and CNTSYUHMWPE. Hybrid
nanocomposites showed highest reduction in wear rate by reducing wear rate by 63% as
compared to pristine UHMWPE. Finaly hybrid UHMWPE nanocomposites were tested
under accelerated life testing (ALT) conditions under water lubrication with pristine
UHMWAPE and areduction of about 45% was observed in specific wear rate with slightly

increased coefficient of friction due to superior mechanical properties of CNTSs.
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CHAPTER 1

INTRODUCTION

1.1 Background

Polymers and their composites have been used extensively in mechanical and tribological
applications. Polymers are one such class of materials which have found their way in many
mechanical dliding applications because of their ease of fabrication, low cost, low
coefficient of friction and light weight. However, limitations such as low strength and low
thermal stability have hindered the use of these materials to their full potential [1]. With
the advent of materials such as carbon nanotubes (CNTSs), graphene, carbon fibers etc.
which can be used as reinforcements, a new class of materials called the polymer
nanocomposites are being developed with enhanced mechanical, thermal and tribol ogical
properties. Hence, polymer composites are being extensively used in numerous
applications such as bearings, cams, valves, vacuum pumps, seals and most significantly

in the medical applications as implants and prosthesis [2, 3].

Polymer based composites incorporated with different fillers such as carbonaceous filler,
metal oxides and as well as nanofillers have demonstrated a substantial improvement in
not only in mechanical properties but also in tribological propertiesin terms of friction and
wear. Polymers and their composites have demonstrated excellent properties under dry
diding conditions. Especially high wear resistant polymers such as UHMWPE, PEEK,

PVDF and Polyimides and their composites have shown even drastic improvement in the



tribological properties even under dry and lubricated dliding conditions. However, for
effective improvement in the tribological properties especially under water lubricated
conditions where polymers are used as bearing material in bulk or coating there is much
room to use different combination of nanofillers for enhancing the tribological properties.
It should be mentioned that long exposures of polymersto water results in deterioration of

mechanical or tribological properties and hence failure for intended applications [4, 5].

1.2 Nanocomposites

Nanocomposite materials are a novel class of materials encompassing different materials
such as (ceramics, polymers, and metals) to produce a material with entirely new and
desired properties. These engineering materials are paving ways for inter-connection
between different classes of materials. The term ‘nanocomposite’ is used for the
compositesin which any one of the constituent materials has at |east one of the dimensions
less than 100 nm. Polymer nanocomposites have the advantage of exhibiting superior
properties due to the very high surface to volume ratio and very high aspect ratio but their
uniform dispersion is an issue which remains to date. Due to this high aspect ratio, the
interfacial area between the matrix and reinforcement is many times greater in
nanocomposites than in conventional composites which means that the matrix properties
are substantially affected in areas in close vicinity of the reinforcement. Another
implication of nano-size is that only a minute amount of nano reinforcement is enough to

have a noticeabl e effect on the final composite [4, 5].

There are awide variety of reinforcements available which can be added to these matrices
to get desired properties. The current work deas with UHMWPE polymer matrix

composites reinforced with nanoclay and carbon nanotubes (CNTs) for load bearing
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applications. The expressions ‘hybrid composite” and ‘hybrid nanocomposite’ will be used
to describe the materials throughout this thesis, when two different nanofillers are used as

reinforcements.

COMPOSITE

MATERIALS

CERAMIC (MATRIX) POLYMER (M ATRIX) METAL (MATRIX)
COMPSOITES COMPSOITES COMPSOITES

Figure 1.1 General classes of composites and nanocomposites

Ultrahigh Molecular Weight Polyethylene (UHWMPE) is often used to improve the
tribological properties under contact loading applications. Carbon nanotubes are the
potential nanofillersthat are used for improvement of mechanical, tribological, thermal and
other related physical propertiesin most of the polymer matrices including UHMWPE [6-
8]. Carbon nanotubes have been shown to improve tribological properties of UHMWPE
matrix in both dry sliding and lubricated conditions [9]. However, for more pronounced
improvement in water lubrication nanoclay can be added to reduce the water uptake.
Nanoclay has shown not only better tribological properties in different matrices [10] [11,
12], but itsinherent advantage isinitsbarrier properties reducing the water absorption [ 13-
15] hence resisting the plasticization of polymer surfaces and eventualy avoiding

deterioration of mechanical propertiesfor polymers.



1.3

Objectives

The main objective of the present work is to develop and characterize UHMWPE Based

Nano composites for mechanical bearing applications under water lubrication. Theaim s

to explore the concept of using UHMWPE as base material for water lubricated load

bearing by further enhancing its tribological properties. The unique idea to use nano clay

with CNTs as reinforcement in UHMWRPE mainly to reduce water absorption aswell asto

improve tribological properties, if any. CNTs have been extensively studied with different

polymer matrices for enhancing mechanical properties while nanoclay along with

improvement in mechanical properties has al'so been shown to reduce the water uptake.

The specific objectives of the proposed work are:

1-

14

Development of UHMWPE clay nanocomposites with tribological (dry sliding and

water lubricated) and structural characterization.

Determination of the effect of clay on the water uptake property of UHMWPE at

low and high temperatures.

Development of CNTs UHMWPE nanocomposites with tribological and structural

characterization.

Development and Tribological characterization of hybrid UHMWAPE,
nanocomposites under dry and water lubricated sliding under different loads and

Speed.

Resear ch Phases (Experimental)

The overal project has been divided into three main phases covering three different

composite systems, UHMWPE/Nanoclay composites; Selection of best clay and

4



optimization of clay content (Phase 1), Water uptake testing for best selected clay
composites (Phase 2) and UHMWPE/CNTs and UHMWPE/Hybrid nanocomposites

development, and tribological characterization (Phase 3).

1.4.1 Phase-1 is focused on selection of best clay in terms of tribological properties
among C15A, 1.28E and 1.30E by developing their UHWMPE nanocomposites and
perform structural characterization. The second step of this phase is to optimize the clay

loading for the selected clay based on tribological properties.

1.4.2 Phase-2 dealswith water uptake experiment for UHMWEPE and clay composites

with different loadings. Water uptake is performed at both low and high temperatures.

1.4.3 Phase-3 includes development of UHMWPE/CNTs nanocomposites and
UHMWPE/hybrid nanocomposites. Tribological characterization was done for
optimization of CNTs content under dry sliding for both composites systems. Structural
characterization was a so done using FESEM, XRD and Raman Spectroscopy. Tribological
characterization under water [ubricated conditions was done for al optimized composites.
Finally optimized hybrid nanocomposite was tested with pristine UHMWPE under extreme
conditionsi-e at higher load and higher speed in water lubrication for overall performance

evaluation.

1.5 Motivation and Justification

There is constant need to develop materials light weight with excellent mechanical
properties for load bearing applications. Number of applications are specific in a sense,

where bearing materias are used either submerged in water or they are constant aqueous



media contact such as motors and pipelines. Moreover the working temperatures in such
applications doesn’t exceed beyond 80°C. Polymers acquire prominence in such cases, as
they are easy to fabricate, light weight, have no corrosion related problems and are cheaper
than the conventionally used metallic and ceramic bearing. Hence thereis constant need to
use polymer with high load bearing ability and wear resistance to perform efficiently under
constant loadings. UHMWPE has been mostly used for applications demanding high wear

resistance because of its higher abrasion resistance and impact strength.

To make use of UHMWPE up to its full potential in the indicated applications there is a
need to make bulk modifications to UHMWPE by incorporating different reinforcements.
CNTs are the most widely used reinforcements in polymer matrices for the purpose of
increasing mechanical and tribological properties. Along with CNTSs, clay is added to
account mainly for reducing the water uptake for polymers constantly working under water
and aqueous lubricated contacts. Moreover, nanoclay itself is a pronounced filler for
improving tribological and mechanical properties. The motivation behind the objective is
to use the dual advantage of nanoclay and CNTsto develop load bearing materia that will
enhance the tribological properties of UHMWPE under dry sliding and water lubrication

conditions.

16 Research Methodology

The previously stated objectives will be achieved by performing following the tasks. (1)
Synthesis of nano and hybrid nanocomposite (2) Morphology and structural
characterization of developed nanocomposites (3) Testing for mechanical properties and

water uptake (5) Tribological characterization of pristine UHMWPE and developed



nanocomposites under (dry dliding and water lubricated testing for hybrid

nanocomposites).

1.7 Organization of thesis

In thiswork chapter 2 deals with relevant literature review. Studies done using UHMWPE
polymer and related composites is reported and reviewed in context of current work.
Chapter 3 deals with classification of materials used UHMWPE, CNTs and nanoclay.
Description about the processes used to devel op nanocompositesis delineated. Ball milling
followed by hot pressing was used for preparation. In this chapters the details about the
characterization techniques used to reveal structure/morphology and tribological testing
parameters are also described. Chapter 4 presents all the experimental results with
subheadings entitled to each nanocomposites morphology and Tribological testing results,
nanoclay UHMWPE composites, CNTs UHMWPE composites and hybrid UHMWPE
composites. Chapter 5 summarizes and concludes the discussion regarding comparison of
performance of hybrid UHMWPE with its peers and bare UHMWPE. Finally conclusions

and possible future research is proposed.



CHAPTER 2

LITERATURE REVIEW

2.1 Tribology

Tribology is termed as “Science of interacting surfaces that are in comparative motion”.
Main tasks in the tribology is to reduce friction and wear so to lessen the energy
consumption, eventually lessening the maintenance risks and increasing productivity of
mechanical system. Bearing and Tribology have evolved from old times and they will
remain important whenever surfaces come in contact in relative motion. The word
“Tribology” is derived from Greek word “tribous” which means rubbing. Hence though it
appearsthat, tribology is something new yet it actually findsits root deep in the past world
also. Egyptianslong ago (1880 BC) used sledgesto transport big statues and lubricate them
as well with the help of water, however in late fifteenth century Leonardo da Vinci (1452-
1519) was first to state the coefficient of friction in terms of ratio of frictiona force to
normal force [16]. For century’s wood, iron and copper were being used as traditiona
bearing materials. With continued research in this area and with the development of new
materias, Tool steels and alloys caught importance in early 1900s. AlSI 52100 steel and
its derivatives were much used in the roller bearing industry. Tribology has caught much
importance with the development of high precision and accuracy machinery, as the need
for improvement in bearing materials and lubricated environment hasincreased Now days
plastics and composite bearing compounded with a variety of novice fillers are being

widely used that are showing excellent properties in terms of friction and wear. [17, 18].



2.2 Polymersin Tribology

Polymers and polymers-based nano composites show good tribological performances
because of their corrosion resistance properties and the capability of entrenching extrinsic
matter such as wear particles. Polymer materias are increasingly used in dry sliding
applications especially in machinery and in equipment requiring high precision and
accuracy. Moreover their importance becomes more prominent in the areaswherethe fluids
cannot be endured because of their contamination with the product like corrosive
environments. Rapid increase in applications of polymers is mainly due to low cost of
materials and manufacturing of large amount of components [10, 19, 20]. Tribology of
Polymer materials is different from other materials like metals and ceramics as polymers
mostly have low surface energy and properties like viscoelasticity changes the course of
frictional force. The low processing costs and effectively low coefficient of friction makes
polymers a competitive choice and need isthere to need to further improve their coefficient
of friction and wear [21]. Among polymers, the most used ones in tribological applications
are Polyetheretherketone (PEEK), Polytetrafluoroethylene (PTFE) and Ultra high
molecular weight polyethylene (UHMWPE). PEEK and UHMWPE have got excellent
tribological properties, having high resistance to wear coupled with low coefficient of
friction. Similarly PTFE is widely used in tribological related components, however one
main drawback of this polymer is its low abrasion resistance that leads to failing of
machinery parts for desired tribological applications, hence resulting in larger wear rate

limiting its use as solid lubricant [22].



2.3 Ultrahigh Molecular Weight Polyethylene (UHM W PE)

UHMWEPE is a linear photopolymer consisting of hydrogen and carbon. Monomer is
ethylene that converts to polyethylene by polymerization of ethylene (CoHs) gas. It is
represented in terms of chemical formulaas (C2Has) n. The chemical structuresfor ethylene

and polyethylene are shown in Fig. 2.1.

Monnmer Hryymer
H2C=CHz {(HeC=CHz)
Ethylans Polysthyiena

Figure 2.1 Structure of Polyethylene [24]

For ultra-high molecular weight polyethylene, a sole molecular chain can comprise
millions of ethylene repeat entities with the molecular weight ranging also in millions.

Some of the genera properties of UHMWPE areillustrated in table 2.1.

Table 2.1 General Propertiesof UHMWPE in Bulk Form [24].

Property Value
Elastic Modulus (GPa) 69
Poisson’s Ratio 46

Yield Strength (MPa) 21.4-27.6
Tensile Strength (MPa) 38.6-43.8
Coefficient of Thermal Expansion 10°°C | 234-360
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Figure 2.2 Wear rates of various Polymers[25]

Ultra-High Molecular Weight Polyethylene (UHMWPE) is an exceptiona polymer which
has specia tribological properties. Among the known thermoplastics UHMWPE has the
maximum abrasion resi stance and notched impact strength. Figure 2.2 and figure 2.3, show
respectively, the volume loss relative to UHMWPE and the impact strength among the
various contemporary polymers. In comparison to UHMWPE, the most used polymersin
such applications such as nylon and PTFE show high volumeloss. Along with the excellent
abrasion resistance, the property that outclasses this polymer even further is its impact
strength. Till to the date, UHMWPE is reported to have highest impact strength for any
known thermoplastic. Moreover it is abrasion resistant with self-lubricating non-stick
surface asits coefficient of friction is much lower. As compared to other polymersin bulk

form such as polyetheretherketone (PEEK), polyethylene (PE), polystyrene (PS),

11



UHMWRPE is highly wear resistant. The normal working temperature range of UHMWPE
is between -269°C and 90°C. UHMWPE can also perform at higher temperatures for short
time period, its melting point is around 138°C to 142°C. This polymer materia retain

excellent dimensional stability u to 80°C [23, 24].

—
o
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Impact Resistance (kJim?)
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Figure 2.3 Impact resistance of various polymers[25]

2.4 Polymer Nanocompositesin tribological Applications

In polymer materias there are very limited materials having good tribological properties
in terms of wear and friction asindicated above and among these very few of the polymeric
materials are seen to because in pristine form simply to fulfill and optimize the application
requirements. Therefore, there is in fact a continuous need to modify polymers using
appropriate fillers that can help reduce wear rate and decrease or increase in coefficient of
friction contingent on intended use. A |ot of work has aready been done using micron sized

particles (conventiona polymer composites) and are reported to enhance propertiesaswell.
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Polymer composites are famous for offering such physical properties that are manipulated
to apply them in desired functional areas[18]. By using different classes and sizes of fillers

enhanced tribological properties are gained.

Nanocomposites are gaining importance regarding their employment in tribological
applications. Like polymers, their composite‘s tribology is very complex. The structure in
terms of chain entanglements are one of most influential factor in tribological performance.
Though previous studies have reported improvement in the tribological properties of
polymer based composites (PBC) using hard micrometer size particlesand fillers, there are
some problems. One of them isthat the hard micron sized particles abrade the counter face
which leads to avert the formation of protective transfer film which leads to increase COF.
Polymer based Nano-composites offers solution to such problems that as they have
particles of characteristic size less than 100nm resulting in the reduced abrasion.
Nanoparticles are of same size as of the counter face material asperities and sometime this
lead to polishing the highest asperities eventually aiding in formation of promising transfer
film. Therefore the transfer film safeguards composite surface of direct asperity interaction
and damage|[2, 8]. Moreover polymer nanocomposites (PNCs) have shown much increased
mechanica and tribological properties. Polymer Nano-composites are especially being
used where fluids and lubricants like grease miss the mark and superior tribological

properties are necessary [25].

25 UHMWPE Nanocomposites

UHMWPE nanocomposites using nano sized fillers have shown excellent improvement in
the tribological properties compared to bare UHMWRPE. The choice of nanofillers can be

based on the type of nanofillers in terms of dimension and structure. Nanowires, CNTS,

13



metal oxide nanoparticles such as zirconium dioxide, Aluminium oxide and Zinc oxide are

among the most recent nanofillers with UHMWPE.

2.5.1 Carbon Nanotubes (CNTs) asFiller for Tribological applications

Carbon nanotubes are so far the most reliable nanofillers employed as reinforcement in
polymer matrices. CNTs are excellent nanofillers with higher thermal conductivity,
mechanical strength and modulus. CNTs are actually one of the allotropic form of carbon,
one of most abundant element present on earth. They are in fact sheets of one atom thick
layers of graphene being folded at different angles “Chirality”, giving them different
properties metallic, nonmetallic and semiconductor [6]. Nanotube diameter is of the order
of afew nanometers, with length range can be of the order of several millimeters. They are
reported to be up to one hundred times as strong as steel [26].They are light, flexible,

thermally stable and inert chemically [27].

The incorporation of carbon nanotubes in polymers for enhanced properties is very
promising. Carbon nanotubes are among the most employed potentia reinforcements for
improving the tribological properties. Carbon nanotubes UHMWPE composites have
enhanced tribological traits of UHMWPE pristine polymer [28-31]. Ajayan et a. [32]
reported the pioneering polymer nanocomposite back in 1994 using carbon nanotube as
filler. CNTsowe great flexibility and large aspect ratio (typically >1000), with enormously
high tensile strength and moduli. Discrete single-walled carbon nanotubes (SWCNTSs) are
classified as metallic or semiconducting materials depending on chirality. Hence Carbon
nanotubes have an excellent combination of electrical and properties with extra-ordinary

thermal and mechanical properties[33].
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Zoo et a. [34] studied the influence of CNT addition on the tribological properties of
UHMWRPE. Fromfigure 2.4 and figure 2.5, it can be seen that with anincreaseinthe CNT
content from 0 to 5 wt. %, the wear |oss decreased significantly from 35 mg to 025 mg and
thefriction coefficient increased from 07 to 12. The reduced wear |oss of UHMWPE/CNTs
composites is attributed to inherent excellent properties of CNTs. However the slight
increase in coefficient of friction is due to increased hardness of UHMWPE as CNTs are

added to it.
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Figure 2.4 Effect of variation of CNTson wear loss [33]

Ruan et a. [35], reported radically enhanced toughness in the ultrahigh molecular weight
polyethylene (UHMWPE) films with 1 wt.% addition of multiwall carbon nanotubes
(MWCNTSs). Xue et al. [36]varied the concentration of CNTs from 2 to 2 wt.% in
UHMWPE/HDPE blends and studied the tribological behavior of the composites using a
pin-on-disk configuration. They found that decreased wear rate of the composites as CNT

content was increased.
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Figure 2.5 Coefficient of friction of UHMWPE with varied CNTs content

Johnson et al. [37] investigated the Tribological trend for the High density Polyethylene
based Carbon nanotube Composites. From 2.6 illustrates the logarithmic wear rate of
HDPE a polymer from same polyethylene family with addition of CNTs to it. By the
incorporation of 5 % by weight the Stiffness increased by 8% and 13% increase in
maximum to load to failure. Like other, the tribological properties were also greatly
improved, up to 5 wt. % addition of CNTs resulted in amost 50% decline in the wear rate
and 12 % in the coefficient of friction. The coefficient of friction decreased of UHMPWE

decreased from 0.050 to 0.043.
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Figure 2.6 Wear rate with variation of CNTs[35]

From the above literature it is evident that CNTs improve the tribological properties of
UHMWPE in terms of friction and wear. The wear rate reduction is significant for CNTs
addition which most of the authors has attributed to excellent mechanical properties of
CNTs. The behavior of COF is complex as compared to wear rate. It is seen that Zoo et al.
[32] reported increase in COF with CNTs addition whereas studies done by Johnson et al.
[35] reported decrease COF with addition of CNTs, however both studies show reduced
wear rate. CNTsisexpected to increase the COF dightly because of its hardness however
decreasein COF isattributed to because of removal of CNTsfrom the surface of composite
because of plastic deformation and these CNTs may have acted as lubricant just like solid
graphite particles. Overall, CNTYUHMWRPE composites irrespective of the wear

mechanism taking place have shown to improve the tribological properties.

2.5.2 NanoclaysasFiller in Tribological Properties

The montmorillonite clays are naturally occurring inorganic materials. They belong to the

phyllosicilate category. Chemically they are composed of Aluminium silicate as a primary

17



constituent with addition of rare earth metals. The montmorillonite clays are naturally
occurring inorganic materials. The chemical composition of 1/2 crystalline unit cell is
[Alie7 Mgss (Na 33)] SisO10 (OH)2 [38]. Thickness of clay is around 1nm with other
dimensions being between 100-1000 nm, giving the clay an aspect ratio in the range of
100-100 Smectic clays are composed of one layer of octahedra (AlOes) sandwiched
between two sheets of tetrahedral (SiO4) forming 2:1, T-O-T (tetrahedral-octahedral-
tetrahedral) [5], asshown in Figure 3.2. Gap of approximately 1nm isthere present between
each layer forming gallery where rare earth metal cations such as sodium, magnesium and

calcium reside.

() B, Fe Mg Li

® o+

8o
B L, Na, Rb, Cs

Figure 2.7 Structure of Smectic clay [39]

Modulus of an individual layer isin the range 170-180 GPa [38]. Based on composition,
clay particles (ionic and polar in nature) it is hydrophilic, making the interaction of organic
substance with clay problematic. However, the inorganic cationsin the interlayer space are

amenable to be exchanged by organic cationic mol ecules which change the clay from being
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hydrophilic to organophilic. Classification of different commercial clays are based on
different organic modifier that is replaced with the inorganic cations [40]. Three different
types of structures can be formed depending on the degree of dispersion of clay platelets
in the polymer matrix namely: phase separated, intercal ated and exfoliated. Phase separated
morphology is indicated by no change in the diffraction angle of the clay characteristic
peak, pointing out the fact that polymer chains are unable to enter the gallery gap of the
clay layers and d-spacing is unchanged. Intercalated and exfoliated morphology specifies
good dispersion of clay platelets. XRD for intercalated structure is change in the clay peak
position to lower diffraction angles hence increase in d-spacing of the clay. However the
Exfoliated or disordered intercalation shows no peak for clay, meaning the d-spacing has
increased much and amorphous structure is formed with clay individual platelets being

randomly dispersed with a d-spacing greater than 8nm [5, 14].
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Figure 2.8 Schematics of possible mor phologiesfor Clay composites, A) phase separ ated micro composite, B)

inter calated nanocomposite and C) exfoliated nanocomposite
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Polymeric materias reinforced with clay minerals and silicate layers are getting great
attention due to their exclusive properties, such as enhanced thermal stability, improved
gas and moisture barrier characteristics as well as reduction in flammability. The
improvement of mechanical properties depend on the dispersion and compatibility of clay
nano-filler with the polymer matrix. Kaloshkin et al. [41] studied the mechanically and
Tribological properties of Clay reinforced (UHMWRPE) composite. They found that the
modulus of elasticity of nanocomposites increased as the clay percentage is increased,
while the Percentage ductility showed decrease. Owing to tribological properties, the
Coefficient of friction decreased from 19 to 16 as the percentage of Clay isincreased from
0 to 30wt%. The wear rate also declined from 120* 10°° mm®/Nm to 70* 10° mm%N.m as

the Clay addition increased from O to 30wt %.

Peng et a. [42] reported consequence of Clay filler on the wear properties of Poly
vinylidene fluoride (PVDF). The Clay was added up to 1, 2 and 5 wt. %. During the initial
stages of dliding up to about 20 minutes the Coefficient of Friction increased at same rate
for the Pure PVDF and the composite samples, but as the Distance/Time increased the
Coefficient of Friction decreased for all the three percentages (1, 2 and 5 wt. %) as related
to pristine PVDF. From figure 2.6, it can be seen that for each different loads 100N, 150N
and 200N, lowest wear rate was observed at 1wt%, however asthe clay loading isincreased
in PVDF matrix the wear rate increases with almost same wear rate as seen for PVDF. Clay
particles reduced the large scale material removal hence reduces the wear rate however the
COF was reported to stabilize rather increase. This was ascribed to the transfer layer that
is formed on counterface and its good adhesive strength with the counter-face material

because of the clay addition.
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Figure 2.9 Effect of load on wear rates of PVDF composites with different clay content [43]

One of the studies done using polypropylene (PP) based nanoclay composites for
tribological properties also showed reduced wear rate for PP as organoclay was added.
2wt% of clay showed least specific wear rate while the 5wt% showed a slight increased
wear rate owing possible agglomeration of clay platelets. Along with the reduced specific
wear rate, improve hardness and compressive strength with clay addition has also been
reported. Figure 2.7 shows that 2wt% clay showed 85% reduction in wear. Uniformly
dispersed clay platelets prevent large scale deformation and material removal, hence

reducing wear rate [43]
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Figure 2.10 Specific wear rate of PP and clay composites [43]

2.6 UHMWPE compositestribology under lubricated sliding

conditions
Recently Yingfel et al. [44] studied the influence of Graphene oxide (GO) on the
tribological behavior of UHMWPE under the lubrication of deionized water and normal
saline solution. The composite were prepared by ultra-sonication of GO with UHMWPE
followed by ball milling of mixture and subsequent hot pressing. Figure 2.7 shows specific
wear rate with graphene oxide addition in UHMWPE for both [ubricated mediums. It can
be seen that as the Graphene oxide content was increased the Wear rate was decreased
though there was also some increased observed in coefficient of friction in both lubrication
mediums. GO particles uniformly dispersed in UHMWPE matrix, resulted in efficient
transfer of stress. Micro-hardness Vickers also showed improved hardness by the addition
of graphene oxidein UHMWPE. Along with the wear resultsthe scratch test results showed
shallow depthsfor the case GO is added to UHMWPE. For 1wt% GO addition, the scratch

depth was reduced to 22.93% and 23.77% for deionized water and normal saline solution,
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Figure2.11 Specific wear rate of UHMWPE and GO/UHMWPE composites [44]

Xoing D et a. [45] studies showed that with Carbon Fiber amount increase, wear volume
loss of the composites under both dry and distilled water [ubricating conditions. However
compared to dry sliding the wear rates were less in case of water lubrication. In figure 2.8,
it can be seen that COF showed increased value with addition of carbon fiber under dry
sliding as compared to pristine UHMWPE. Generally, COF is high under dry dsliding as
compared to water lubricated conditions. Under distilled water lubrication conditions
composites showed very much lower friction coefficients than pure UHMWPE. The
increased COF under dry dliding is attributed to increased area of contact with sliding
distance. The frictional heat generated during the process results in softening of
UHMWRPE, and the adhesion aspect of friction resulted in high wear rates under dry sliding
as shown in figure 2.8. For water lubricated conditions, water film present acts as gap and

avoidsthedirect contact of UHMPWE block with steel ring. Hence decreased val ues under

23



water lubricated sliding are obtained. In one of the work by same author he stated that for

pure UHMWPE underwater |ubrication, water absorption affects frictional properties[46].
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Figure 2.13 Wear volume as function of Carbon fiber loading under dry and lubrication dliding [9]
Polyamide UHMWPE blend was developed by melt mixing and then characterized under
dry and lubricated sliding conditions, lower wear rates were found for lubricated sliding
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attributed to elastohydrodynamic lubrication while higher wear rates were evaluated for

dry caused by fatigue due to crack propagation and tearing [47].

20
18 17.34
16
14| 13.06
12
10

14.01

6.89

Wear rate x10°(mm®/N.m)

o N & O @

5%MMT  10%MMT 15%MMT PA

Figure 2.14 Wear ratesfor PA and UHMWPE/MMT composites[47]

Similarly Wen et al. [48] us modified Nano-Montmorillonite (Clay Mineral) as filler in
the ultrahigh Molecular Weight Polyethylene and was tested against J55 steel counter face
using reciprocating tribometer under oilfield sewage conditions. The application of using
UHMWPE was based on petroleum pumping system, where there was need to reduce the
COF and wear between the sucker rod and pipeline. Polyamide was fixed on sucker rod
and was used as stabilizer material. UHMWPE reinforced with nanoclay were prepared
and tested for this application. Three percentages 5wt%, 10 and 15 wt.% MMT was used
all the composites showed reduced COF and wear rate. 10wt % MMT composite showed
maximum reduction in wear rate. The presence of abrasive sand particlesin oilfield sewage

resulted in deep ploughing of PA samples while for UHMWPE/MMT samples the wear
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surface appeared smother. The presence of nano MMT prevented the large scae
fragmentation of UHMWPE and showed reduced wear rate. Polyamide specimen showed
increased wear rate, which was also attributed to poor water absorption of PA as compared
to UHMWPE, which resulted in softening the surface and increasing real area of contact

thereby enhancing wear rate.

From the above mentioned literature, it can be concluded that addition of nanofillers even
in lubricated conditions adds to the performance of UHMWPE. The specific wear rate and
COF vaues differ from lubricated medium to dry sliding. For polymers having low water
uptake property such as UHMWPE, the water [ubrication mostly results in reducing the
severity of contact and frictional heating, thereby improving the wear resistance. However
the performance under specific lubrication medium is strongly dependent on the properties
of lubricant itself. E.g. Literature review for tribological propertiesunder lubricated sliding
showed softening of Polyamide surface due to poor water absorption. In short UHMWPE
reinforced nanofillers is a promising choice for tribological applications in lubricated
contactsaswell. Literature review done for lubricated and aswell asdry sliding conditions
showed that fair amount work has been done in this direction using different nanofillers
with UHMWPE as matrix. However it has been concluded that negligible amount of work
has been done using two different nanofillers. One of the work for hybrid composites was
done by using HDPE as matrix reinforced with HA (hydroxyapatite) and alumina particles
[49]. The tribological testing was done under dry sliding and Stimulated body fluid
conditions. Different volume percentages of Alumina and HA were used and it was
concluded that reinforcement lead to improved load bearing capacity as well as wear

resistance as compared to pristine HDPE with HDPE-20 vol % HA-20 vol % showing the
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least wear. However, reinforcement used in both cases in micron scale rather than
nanoscae. No work has been done using different nanofillers as reinforcement in
UHMWRPE. The idea presented in chapter 1, motivates to use CNTs and Nanoclay as
reinforcement in UHMWPE. Hybrid nanocomposites of UHMWPE will be a unique
concept in asense to utilize the inherent traits of both nanoclay and CNTs for reducing the

water absorption and improving the wear resistance under water as well as dry sliding

conditions.
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CHAPTER 3

MATERIALSAND METHOD

This chapter presents properties of materials used in experimental program as well as the
experimental procedures followed during synthesis and characterization of
nanocomposites. The chapter also covers the mechanical and tribological testing of the

nanocomposites under different lubricated conditions.

3.1 Ultrahigh Molecular Weight polyethylene (UHMWPE)
The description and characteristics of UHMWPE polymer has already been delineated in

chapter 2. UHMWPE powder wasin theform of solid granules of characteristic appearance
of white color. The average particle sizeranged from 80-120 um with flash point of about
341°C and melting point of 140°C. The powder was provided by Good Fellow Corporation
USA. Figure 3.1 below shows the SEM image of UHMWPE powder confirming it to be

approximately 80-120 pum.

Figure3.1 SEM image of UHMWPE powder
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3.2 Nanoclay

Smectic clays were used as nanofiller material named organically modified
montmorillonite clays. In the present work, three types of organically modified
montmorillonite clays were used; namely: Nanomer |[.30E, Nanomer 1.28E, Cloisite and
Cloisite 15A. Thetype and chemical structures of organic modifier for these nanoclays are
listed in Table 3.1. The Nanomer I.30E and 1.28E were acquired from Nanocor Inc, USA
while the Cloisite 15A was supplied by Southern Clay Product, USA. The physical states
of al nanoclays are powder having white to gray colors and their specific gravities are

between 1.7 and 1.9 [14, 38].

Table 3.1 Typesand chemical structure of Organic modifier clayswith MM T

Organoclay Type of Organic modifier Structure of organic modifier

Nanomer Primary hl-.l+ .
| .30E octadecyl ammonium SRR
H
CH;
Nanomer Quaternary rlf' -
|.28E octadecyl anmonium MV VRSN
CHy
Closite Quaternary dimethyl r‘fH?
HyG—N*—HT
C15A dihydrogenated tallow ammonium e

3.3 Carbon Nanotubes (CNTYS)

CNTs will be used as potential reinforcement to enhance tribological properties mainly
along with the organoclay. The CNTsto be used are multiwalled being functionalized with

Carboxylic Acid (COOH). The CNTswere developed in Chemical Engineering laboratory
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at King Fahd University of Petroleum and Minerals (KFUPM). The diameter of the

mentioned CNTsis around 25-26 nm as depicted in the SEM image below.

Figure 3.2 SEM Image of CNTs showing aver age diameter

34 Experimental Methodology

There are different methods that are used for preparation of polymer nanocomposites. (1)
solution mixing with casting suspension of CNTs dissolved in polymer, (2) In situ
polymerization of mixture of CNTS-polymer monomer, (3) Melt mixing by mechanical
means using twin screw extruder, (4) dry mixing using roller or ball milling followed by
Hot pressing [9, 50]. For the current work dry mixing process was used to prepare
nanofiller-UHMWPE mixture followed by subsequent hot pressing. Dry mixing isreported
to be an easy and effective fabrication process as compared to solution and melt mixing to
disperse nanofiller in polymer and develop nanocomposite samples. UHMWPE is
composed of long and heavy units of polyethylene, due to which its viscosity is very high.
Dry mixing of family polymers of polyethylene (HDPE, UHMWRPE) with nanofillers
avoids the problem of viscosity as no solvents are added and blending /mixing of

nanofillerswith polymer takes placein powdered form. Final consolidation was done using
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hot press. Hot press has advantage over injection molding as UHMWPE has high viscosity
and melt flow index[50]. The overal process for development of nanocomposites can be
divided into two parts, ball milling for dispersion followed by hot pressing to consolidate

and make solid samples.

3.4.1 Mechanical Dry Mixing using Planetary Ball Mill
UHMWPE powder with the required quantity of nanofillers (nanoclay/CNTs) were ball

milled using a ball to powder ratio of 10:1 i-e 10g balls for each 1g of powder, via a
planetary ball mill PM-10 Planetary ball mill is one of the most used techniques to
homogenize and prepare blend of powders. It consists of vials that are fixed on supports
that rotate around axis same as the planetary motion of stars around sun. A milling cycle
of 5 min with breaks of 10 minutes is repeated 8 times resulting in a total milling time of
1.5 hours at a speed of 250 rpm. After ball milling, mixed powders are taken out from

stainless steel vials using spatula.

3.4.2 Hot PressingMold
The milled powders of UHMWPE and nanofiller (CNTs/nanoclay) were then hot pressed.

The mixture was initially compacted in the molder using a pressure of 6 MPa at room
temperature. Then the temperature was raised to 170°C and a pressure of 25 MPa was
applied for 15 minutes. After that the mold was cooled to 50°C and the pressure was
released. The final samples were of a cylindrica geometry with a diameter of 30 mm and
athickness of 6 mm. The measured average surface roughness (Ra) value was 0.928 + 0.05
pm. Different weight percentages of nanoclay with UHMWPE, CNTswith UHMWPE and
hybrid (CNT</Clay with UHMWPE) were used to fabricate nanocomposite samples for

characterization and testing. Table 3.2 illustrates the type and number of prepared samples.
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Table 3. 2 Sample matrix with description

SAMPLE | DESCRIPTION ||
Classification Category-type Total number of samples
UHMWPE Pristine 15 samples
- 1.5% 0.5% C15A 6 for each different clay type
UHMWPE I30E/UHMWPE 1.5% C15A composites (128E, I30E and
Nanoclay - 1.5% 3% C15A C15A)
composites |28E/UHMWPE 20 samples for
- 1.5% UHMWPE/C15A  nanoclay
C15A/UHMWPE composites
12 samples for
UHMWPE 0.5% CNTYUHMWPE UHMWPE/CNTs
CNTs 1.5% CNTS'UHMWPE composites.
composites 3% CNTSYUHMWPE 3 additional samples for
1.5wt% CNTYUHMWPE for
water lubricated testing
UHMWPE - 0.5%CNT/1.5%C15A/UHMWPE 12 samples for UHMWPE
Hybrid Nano . 1.59% CNTs1.5% C15A/UHMWPE hybrid nanocomposites
composite - 3% CNTs1.5% C15A/UHMWPE 6 additional samples for

1.5wt% hybrid
nanocomposites for water
lubricated testing and

Accelerated life testing

3.5 Characterization of Nanocomposites

Characterization of UHMWPE nanocomposites and hybrid nanocomposites was

performed to determine the basic morphology and structure. This section covers the

structural or morphological characterization of nanocomposite using XRD, FESEM, and

Raman Spectroscopy. Shore hardness testing and tribological characterization are also

performed on the produced samples and the procedures are represented here.

3.5.1 X-Ray Diffraction (XRD)

Bruker D8 Advance is used for XRD analysis. It is equipped with auto-positioning of 9

specimen holders. The current was set at 30mA and Cu Ka was used as radiation source
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having a wavelength of 1.5406A. All samples are scanned between 2 and 70° using a step
of 0.02°. The X-ray diffraction was conducted on the pure nanoclay, pristine CNTs, their
respective nanocomposites and hybrid nanocomposites. Hot pressed samples were directly
mounted in the stub and the diffraction data was recorded. X-ray diffraction is used to

define the interplanar spacing (d-spacing) between clay platelets using Bragg's law.

3.5.2 Field Emission-Scanning Electron Microscopy (FE-SEM)

TESCAN field emission electron microscope was employed specifically to analyze the
dispersion of carbon nanotubes in CNTYUHMWPE nanocomposites and hybrid
(CNTs/Clay/UHMWPE) nanocomposites. FE-SEM uses field emission gun to generate
electron beam rather than thermionic gun which generates very narrow el ectron beam. FE-
SEM micrographs have a large depth of field yielding a characteristic three-dimensional
appearance useful for understanding the surface structure of asample [51]. Lyra® imaging
software was used to scan the surface. Accelerating voltage of 20KV was used for all the
samples. Samples were coated with gold prior to imaging to make them electrically
conductive using Quorum TechK 550X sputtering. Magnifications ranging from 10 to
more than 100,000 times are possible using the FE-SEM. Images were recorded at two
different magnifications, 40,000x and 60,000x. Low magnification was used for overall
dispersion analysis and higher magnification for visualizing CNTs bundles and

disentanglement.

3.5.3 Raman Spectroscopy
Raman Spectroscopy was performed for CNTYUHMWPE composites and hybrid

nanocomposites to analyze the interaction of carbon nanotubes with UHMWPE polymer.

Raman spectroscopy is a powerful technique that can give information about the structure
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of individual CNTs and their interaction with polymer chains. Its phenomenon is based on
the Raman scattering of electromagnetic radiation. In this technique the sample to be
analyzed is exposed to electromagnetic radiation of single wavelength, depending upon
sample interaction with electromagnetic radiation, there is inelastic and elastic scattering,
the electromagnetic radiation scattered inelastically is termed as “Raman Scattering”,
which means that light scattered off the samples is of different frequency from radiation
source. The intensity of absorbed radiation is plotted against wave number to depict the
Raman spectrum [52]. The differencein theintensity of scattered and incident beam carries
the information about vibration and stretching of molecules and bonds, which is used to
characterize the interfacia interaction by observing the Raman shift in the band. The
shifting of specific band from one wave number to another is based on vibrational,

stretching and conformational modes of the bonds in interaction [51].

3.5.4 Water Uptake Testing

Two different experiments were performed to determine the amount of water uptake of
UHMWPE and its nanocomposites. Frist experiment was performed at room temperature
which was 23°C. Three samples for each different clay weight percentages (0.5%, 1.5%
and 3%) along with pristine UHMWPE were placed, for 7 days, in a beaker of deionized
(DI) water as shown in figure 3.7 (a). Samples were cleaned with acetone and dried before
weighing. After weighing the samples (initial weight) sampleswereimmersed in DI water.
The water absorption was estimated using an analytical microbalance which is capable of
reading 0.0001 g. Weights were recorded after 24hrs (1day), and likewise percentage water

content after each day (%WC) and percentage total water content (%TWC) after 7 days



were recorded and evaluated using the equation (1). The average values were reported and

compared with literature.

The second experiment of water absorption test was performed under (ALT) accelerated
life test conditions, i-e at elevated temperate. Three samples of each different weight
percentages (0.5%, 1.5% and 3wt.%) of UHMWPE/C15A aong with pristine UHMWPE
were immersed in a beaker of deionized water (DI) for a total duration of 48 hours. The
temperature was maintained at 70°C during al the immersion time as shown in figure 3.7
(b). The temperature 70°C was selected below the maximum value where UHMWPE
maintains its dimensional stability due to the fact that its outstanding characteristics are
maintained from -269°C to 90°C [28]. A separate beaker of deionized water was also placed
in the oven to account for the decrease in the water level of the testing beaker. Similar
process was followed for weighing samples before and after water uptake. Weight of both
UHMWPE/C15A nanocomposite sample and pristine UHMWPE were recorded after
every 8hrswith atotal of six readings. Average value of percentage water content (%WC)
after every 8hrs and total percentage water content (%TWC) after 48 hours was evaluated

using equation (1).

. W o]
Wt(%) = ~Wo x 100 (D
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Figure 3.3 Water uptake testing () Room Temper aturetesting, b) Elevated Temper aturetesting (70°C)

3.5.5 ShoreD Hardness
Shore D hardness of the samples was measured, as per ASTM D 2240 using Digi-Test

Shoro Durometer at room temperature and a relative humidity of 30 % [53]. Shore D
hardness was measured on the pristine UHMWPE, Clay/UHMWPE, CNTYUHMWPE
samples and the hybrid nanocomposite samples. For the clay composites
(Clay/lUHMWPE), separate shore D hardness was recorded for samples before and after
water uptake to observe the effect of water absorption on the samples. Measurements were
carried out on three samples of each type and nine readings at different locations were

noted and the average value is reported.

3.5.6 Tribological Testing
Tribological testing was conducted using Bruker UMT-3 Tribometer. Ball on Disc

configuration was used to simulate the contact conditionsin tribological applications such
as bearings as shown in figure 3.8. A stainless steel ball of hardness RC 38 (having a
diameter of 6.3 mm was used as a counterface. Initiadly, all the wear tests were performed
with anormal load of 30 N, corresponding to a Hertzian contact pressure of 115 MPa, and

adliding speed of 6.82 cm/sec (300 rpm), for asliding distance of 68.2 m (5000 cycles) on
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al the nanocomposite samples (nanoclay composites, CNTs composites and hybrid
nanocomposites). Wear tests were also conducted at different loads (30N, 60N and 90N)
for UHMWPE clay composite samples as well. Same speed and loads were used in the
water lubrication tests, finally the best UHMWPE nanocomposite composition was tested
under accelerated life test conditions using 50N, 800Rpm, for 25000 cycles and its
performance was compared with pristine UHMWRPE. Table 3.3 illustrates the complete
experimental matrix for tribological testing. Tribological testing was done under dry
dliding and water lubricated conditions. Table 3.3 shows complete details for tribological
testing conditions and respective samples for which the testing was performed. Figures 3.9
and 3.10 show the tribometer setup and lubricant cup assembly used in current study. For
each set of different samples three wear tests were conducted for each sample type and the
average value of the coefficient of friction (COF) and the specific wear rates are reported.
All thewear testswere carried out at aroom temperature of 25+2 °C and arelative humidity

of 30+5%.
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Table 3.3 Detailed Experimental Matrix for Tribological Characterization

SAMPLE

UHMWPE Pristine

UHMWPE Pristine

UHM WPE-Nanoclay composites

(Threedifferent Clays, 128E, | 30E and
C15A)

- 1.5%1.30E
- 1.5%1.28E
- 1.5% C15A

UHMWPE- Nanoclay composites

- 0.5% C15A
- 1.5% C15A
- 3% C15A

UHMWPE- Nanoclay composites

- 1.5% C15A
- 1.5% C15A
- 1.5% C15A

UHMWPE-CNTs composites

5% CNT'UHMWPE
1.5% CNTYUHMWPE
3% CNTUHMWPE

UHMWPE- Hybrid nanocomposites

5% CNT</1.5% C15A/UHMWPE
1.5% CNTs1.5% C15A/UHMWPE
3% CNTs1.5% C15A/UHMWPE

All optimized Nanocomposites

1.5% CNTYUHMWPE
1.5% CNTs1.5% C15A/UHMWPE
1.5% C15A/UHMWPE

Accelerated life testing (ALT) for
performance evaluation

UHMWPE Pristine
1.5% Hybrid nanocomposites

APPLIED
LOAD (N)

30, 60, 90

30

30

30

30

30

30

30

50
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SPEED
(m/s)

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.5

CYCLES

5000

5000

5000

5000

5000

5000

5000

5000

25,000

CONDITIONS

Dry
Water lubricated

Dry

Dry

Water |ubricated

Dry

Dry

Water |ubricated

Water |ubricated
(ALT)



Figure 3.5 Tribometer setup used in current study
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Figure 3.6 Lubricant holder cup assembly
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3.5.7 Wear Morphology and Counterface Surface Analysis

Jeol JSM-6460LV Scanning electron microscopy (SEM) was used to study the wear
morphology and the type of wear mechanisms. The samples were coated with gold prior
to SEM Imaging. The transfer film formed on the surface of the counterface ball running
against the sample was analyzed using Leica CTR-6000 optical microscope, no sample
preparation was needed for this case. The ball holder itself was placed under the
microscope and the ball face which was in contact with the sample during the wear test
was observed and the images recorded. Both wear morphology and optical imaging of

counterface was done for each sample being tested for tribological properties.

3.5.8 Profilometry

GTK-A, 3D optical profiler from Bruker Co. was used to characterize the wear track
profiles after the wear tests. 3D images, 2D profiles and contour plots were recorded to
understand the various wear mechanisms involved and to cal culate the wear volume |oss.
Optical lens of magnification 5x was used for viewing the wear track area. Dominant wear
mechanisms in polymers are plastic deformation, polymer pull-out resulting in the
formation of the transfer film on the counterface and polymer displacement along the wear
track [54]. In the present work, the wear volume loss is measured by taking into
consideration all the above mechanisms. The wear volume was calculated by measuring
the area under the 2D profile using the software Vision 64 of the 3D optical profiler and
then multiplying it by the wear track length. No sample preparation was needed for this

analysis, samples were placed directly under the lens of optical profilometer.
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CHAPTER 4

RESULTSAND DISCUSSIONS

4.1 Introduction

In UHMWPE nanocomposites, the mechanical and tribological properties are strongly
dependent of the structure of the nanocomposite formed. Asthe reinforcements used in this
study are of nanometer scale so the dispersion of these nanofillersin the respective polymer
matrix is very important. The level of dispersion of the nanofillers CNTs and nanoclays
will determine the improvement and degradation in tribological properties. Hence, this
chapter starts with the discussion on the results of dispersion and structure after which the
mechanical and tribological properties are delineated for each set of UHMWPE
nanocomposites as shown in sample matrix figure 3.2 (section 3.4.2). Dry dliding results
are discussed initially for UHMWPE nanocomposites and then finally water |ubricated

results are elaborated on.

4.2 Morphology and Dispersion of UHMWPE Nanocomposites

Dispersion and morphological examination of nanofillers in UHMWPE were done using
different characterization techniques such as XRD, FESEM and Raman spectroscopy for
al three sets of composite systems. UHMWPE-Nanoclay composites, UHMWPE-CNTs

composites and UHMWPE hybrid composites.
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4.2.1 UHWM PE Nanoclay composites

Initially three different nanoclays namely 1.30E, 1.28E and C15A were selected and 1.5wt%
of each nanoclay was used as nanofiller in UHMWPE matrix. The choice of these clays
was based on previous results reported by Al-Qadhi et. a [14], where these three
organoclays showed better performance with 1.5wt% of I30E depicting improved
properties in terms of mechanical strength and modulus of epoxy. XRD of pristine
UHMWEPE is shown in figure 4.1, UHMWPE has semi-crystalline structure with two
intense sharp peaks in the pattern corresponding to ortho-rhombic phase, (110) at 21.66°
and (200) at 24.16° [55]. An amorphous hump can be seen along with sharp crystalline
peaks indicating that UHMWPE is semi-crystalline polymer. XRD graphs are shown for
three different clays and their respective 1.5wt% nanocomposites in figure 4.2 and 4.3.
Figure 4.2 shows characteristic peaks of three clays (1.28E, 1.30E and C15A). Organoclay
C15A shows apeak at 2.52°, 1.28E at 3.48° and |.30E at 4.06° corresponding respectively,
to intergallery distance of 35.03 A, 25.36 A and 21.74 A. The table 4.1 shows the

diffraction angles and d-spacing of nanoclay composites.
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Figure4. 1 XRD pattern for pristine UHMWPE

From XRD curve of relative intensity (R.I) vs. angle 26 (figure 4.3), it can be seen that the
characteristic clay peak is absent from C15A/UHMWPE nanocomposite while
|28E/UHMWPE and I30E/UHMWPE show peaks at 2.88° and 3.82° respectively. Hence
a shift has taken place in diffraction peak form 3.48° to 2.88° and from 4.06 to 3.82°
resulting in the increased intergallery (d-spacing) from 25.36 A to 31.52 A for
|28E/UHMWPE, whereas 21.74 A to 23.11 A for I30E/UHMWPE has taken place. This
indicatesthat for these nanocompositesintercal ation has taken place. For C1I5A/UHMWPE
the absence of clay peak indicates either exfoliated or disordered intercalation. The
exfoliated morphology is referred to dispersion of clay platelets breaking their layer order

forming amorphous structure [5].

43



1000
3.48°
N —1.30E clay
800 - /A
[ — — C15A clay
2520 | '.l 406° | e |.28E clay
]
600 P
1
]
!
400 -
200 -
0 T T T
2 4 6 8

Figure 4.2 XRD showing char acteristic peaks positions for 128E, | 30E and C15A organoclays
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Figure4.3 XRD for |.28E, 1.30E and C15A organoclay UHMWPE nanocomposites
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Table 4.1 Diffraction angles and d-spacings for claysand their respective nanocomposites

Diffraction d-Spacing A°

I 30E Organo-Clay 4.06 21.74
C15A Organo-Clay 252 35.03
| 28E Organo-Clay 3.48 25.36
1.5wt% |130E Clay/UHWM PE 3.82 23.11
1.5wt% |28E Clay/UHMWPE 2.88 31.52
1.5wt% C15A ClayyUHMWPE | -—-memmemem | oo

The level of dispersion and interaction of the clay with the polymer matrix is believed to
be different due to the difference in the type of the organic modifier for each of the clays.
It can be seen from table 4.1 that C15A organoclay has highest d spacing among 130E and
|28E organoclay sinceit has been modified by larger organic modifier, quaternary dimethyl
dihydrogenated tallow ammonium ion while 130E is modified with primary octadecyl
ammonium ion and 128E with quaternary octadecyl ammonium ion. Attraction Energy (U)
between any two clay platelets of equal thicknessisdefined as shownin equation (1), where
A is Hamarker constant, h is the separation distance between clay platelets and & is the
platelet thickness. It can be seen that attraction energy between clay platelets is inversely

proportiona to the square of separation distance. Hence the clay modified with larger
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molecule having increased interlayer distance is most likely to show delamination of clay

platelets resulting in an exfoliated morphology as in the case of C15A composite [38]

A, €1 1 2
U=-—ag—-+ - 4 N 1
12p g’ (h+2d)?  (h+d?)y @

4.2.2 Dispersion and Morphology of UHMWPE/C15A clay composites

C15A among other clays resulted in possible exfoliated morphology showing no signature
peak of clay. However, asinitialy 1.5wt% of C15A clay was used, hence to optimize the
clay loading three different weight percentages of C15A clay 0.5wt%, 1.5 wt% and 3wt%
were prepared and analyzed by XRD. The XRD of the respective clay composites showed
no distinct peaks at 2.52° in the diffraction patterns are seen for 0.5wt% and 1.5wt%
nanoclay composites, indicating possible exfoliation or disordered intercalation. The
absence of peak can be ascribed to either exfoliated morphology or disordered intercalation
with average interlayer distance higher than 7nm [56]. It has also been reported that to
achieve an exfoliated morphology. During high energy ball milling process which has been
used in this study, shearing takes place because of high rotational speeds and continuous
impingement of the balls with the powder particles. This shearing action results in the
infusion of polymer chainsin the intergallery spacing of clay resulting in either exfoliated
or intercalated morphology [56, 57].

The XRD spectrafor 3wt% C15A composites indicates a characteristic clay peak at 2.46°
corresponding to ad-spacing of 35.88 A, with aslight shift to the | eft of the signature peak

for C15A. This very slight shift to lower angle from (2.52° to 2.46°) results in interplanar
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distance to slightly increase from 35.03 A to 35.88 A, indicating negligible amount of

intercal ation due to possible agglomeration at higher clay contents.
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Figure 4.4 XRD graph of UHMWPE and its C15A nanocomposites
4.2.3 UHMWPE/CNT composites

The second set of nanocomposite was based on UHMWPE reinforced with CNTs. Three
different percentages of CNTs 0.5wt%, 1.5wt% and 3wt% were used as reinforcements to
devel op nanocomposites. CNT reinforced UHMWPE composites were prepared and XRD,

FE-SEM and Raman spectroscopy were employed to study the structure, dispersion and

interaction of CNTs with UHWMPE polymer.

XRD results for CNT/UHMWPE composites are depicted in figure 4.5. Graph shows
characteristic peaks of CNTs, UHMWPE and their respective nanocomposites. CNTs show

characteristic peaks at 25.58° which corresponds to (002) ordered arrangements of

concentric cylinders of the graphitic carbon atom [58, 59], while peaks at 43.12° refer to
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(100) graphitic planes. The characteristic peaks for pristine UHMWPE can be seen at

21.66° and 24.16°. XRD for CNT/UHMWPE for all the three different weight percentage

composites illustrates no characteristic CNT peak. The absence of CNT peaks for these

composites is due to the effective mixing of CNTs in polymer matrix. Moreover, it was

also observed that intensity of UHMWPE characteristic peaks show reduction asCNTs are

added, which hints atered crystalline and amorphous phases.
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Figure 4.5 XRD graph of UHMWPE and its CNTSyUHMWPE composites

FESEM results for the CNTs aone and CNTYUHMWPE composites are shown in figure

4.6. It can be seen that CNTs are well dispersed in 0.5wt% CNTSYUHMWPE and 1.5 w%
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CNTs/UHMWPE composites. Individual CNTs are present in different locations pointing
out amost negligible agglomeration. Hence, the ball milling has resulted in effective
dispersion of CNTsin UHMWPE matrix. Figure 4.6 [(a), (b) and (c)] arelow magnification
images at 40,000 while (d), (e) and (f) are images taken at 60,000 magnification. FESEM
results for 3w% CNTYUHMWPE showed signs of agglomeration. Agglomeration started
to appear and become dominant as CNTs content isincreased from 1.5wt% to 3wt% having

jumbles and clustered areas of CNTSs.

S wi% CNT UHMWPE

L5 wit% CNTs! UHMWPE 3 wi%s CNTs UHMWPE

L e =T

Figure 4.6 FESEM images of 0.5wt%, 1.5wt% and 3wt% CNTsUHM WPE composites, low magnification

images (a), (b), (c) and high magnification (d), (e) and (f)
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Raman spectroscopy was performed for analysis of interfacia interaction of CNTs with
UHMWRPE. Figure 4.7 shows Raman spectra for pristine UHMWPE, CNTs and
CNTs/UHMWPE composites. Pristine UHMWPE main peaks are shown at 1439 cm™,
1295 cm?, 1129 cm? and 1062 cm™. These are high intensity pesks characteristic to
UHMWRPE. The peaks at 1062 cm™ and 1129 cm™ correspond to asymmetric and
symmetric stretching modes of C-C bonds for polyethylene [60-62]. While bands 1295
cmt and 1439 cm? are related to twisting and bending modes of CH,  [63]. The
characteristic peaks for CNTs are at 1359 cm™* and 1567 cm* corresponding to D and G
bands. D band depicts disordered graphitic structures whereas G band occurs due to

tangential C-C stretching [64, 65].
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Figure 4.7 Raman Spectrafor pristine UHMWPE, CNTsand their respective weight per centage composites
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It can be seen that upon addition of CNTs to UHMWPE, a clear shift is observed in G
band. For 1.5wt% CNTS'UHMWPE, the G band shifts from 1567 cm™ to 1595 cm® with
a shifting of 29 cm?, this large shifting of G band to higher frequencies is attributed to
disentanglement of CNTs network and following dispersion of CNTs in polyethylene
matrix. Similar shifting of G band peak has been reported in other studies owing to
enhanced interaction of CNTs with polyethylene and other polymer matrices [66-68].
Similarly 0.5wt% and 3wt% show shifting in G peak to higher frequencies at 1578 cm'?,
owing to fair dispersion of CNTs in UHMWPE, however the shift is not as large as seen

for 1.5wt% CNTSs.

4.2.4 Hybrid UHMWPE nanocomposites

Fig 4.8 shows XRD results for hybrid nanocomposites. The graph shows characteristic
peaks of CNTs, C15A nanoclay, UHMWPE and those of their respective hybrid nano
composites. The characteristic peak of C15A is absent from all the nanocomposites,
pointing towards possible exfoliation or disordered intercalation of clay platelets, whichis
same observed for 1.5 wt% C15A/UHMWPE nanocomposites (Section 4.1). With addition
of CNTsto C15A/UHMWPE mixture, no peaks of CNTs were present indicating efficient
mixing of CNTs in the composite. It can aso be observed that pristine UHMWPE shows
high intensity peak, however as CNTs content is increased in hybrid nanocomposites, the
only change observed was a decrease in the intensity of characteristic UHMWPE peaks
with 1.5 wt% CNTs and 3 wt% hybrid nanocomposites showing lower values. This
indicates a reduction in crystallinity as the CNTs addition has brought some changes in

crystalline and amorphous phases.
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Figure 4.8 XRD graph of UHMWPE and its CNTs/C15A/ UHMWPE composites with varying CNTs content

(5wt%, 1.5wt% and 3wt %)

FESEM micrograph for the CNTSC15A/UHMWPE composites are presented in figure
4.9. The CNTsseemsto bewell dispersed in matrix for especially for 1.5 wt% and 0.5 wt%
CNTsaddition to clay/UHMWPE composites. Ball milling has effectively dispersed CNTs
resulting in almost negligible agglomeration. High resolution images for 1.5 wt% of CNTs
at (140,000 x) isshown, where single CNTs can be seen on UHMWPE particles, this shows

excellent dispersion of CNTsin composite mixture. However, similar trend was seen when

52



increasing CNTs content from 1.5 wt% to 3 wt%, agglomeration sings for CNTs can be

seen, CNTs have made jumbles and clustered at few places owing to increased amount.

Raman spectrum of UHMWPE, Hybrid CNTS/C15A/UHMWPE composites are shown in
figure 4.10. Pristine UHMWPE, main peaks are shown at 1439 cm?, 1295 cm, 1129 cmr
L and 1062 cmt. These are high intensity peaks characteristic to UHMWPE as discussed
in previous section (section 4.2.3) also that, peaks at 1062 cm™* and 1129 cm* correspond
to asymmetric and symmetric stretching mode of C-C bonds for polyethylene [61, 69].
CNTs peaks for D and G band are also evident at 1359 cm™ and 1467 cm®. With addition
of CNTs in C15A/UHMWPE, the G band peak shows shifting to higher frequencies as
observed in CNTSYUHMWPE composites. Here it was noticed that shifting of G band is
same for all the nanocomposites, the G band shifts from 1467 cm™ to 1483 cmt. 0.5 wt%,
1.5 wt% and 3 wt% of hybrid UHMWPE composites showed same degree of shift. The
shifting of characteristic G band is attributed to penetration of UHMWPE chainsinto CNTs
bundles, hence creating disentanglements for CNTs bundle ensuring good interfacial

interaction between CNTs and UHMWPE chains in hybrid nanocomposites.

Three different characterization technigues has been used to conclude about the dispersion
and interfacial interaction of CNTswith UHMWPE polymer chains. Each characterization
technique used in the study supports and adds to conclusion. The main points of concern,
when adding nanofiller to polymer matrix, is basically; (1) structure/morphology of the
nanocomposites giving notion about the signs of new phase and information about the

amorphous and crystalline phases (2) agglomeration and dispersion of nanofiller in
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polymer matrix and (3) interfacial interaction/compatibility of nanofiller with polymer

matrix.

nEwita CNTy C150 TIIMWPE 1.5 wits ONT C150 THMWPE Iwil% CNTs/ CLEA/ UHMWPE

[LIER -

Figure 4.9 FESEM images of Hybrid Nanocomposites [(a), (b) and (c)] low resolution images and [(d), (€) and
(M1 high resolution images. [(g) and (h)] images of 1.5 wt% hybrid nanocomposites at 140,000 and 150,000

magnification
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XRD results for CNTYUHMWPE nanocomposites and hybrid nanocomposites showed
ateration of crystalline and amorphous phases on addition of CNTs. Raman spectroscopy
results for CNTSUHMWRPE depicted shift in G band owing to disentanglement of CNTs
network where greatest shift was observed for 1.5 wt% nanocomposites. Hybrid
nanocomposites also showed shifting of G band pointing towards efficient mixing and
good interfacia interaction between CNTs and UHMWPE polymer chains. Raman
spectroscopy results were supported by FESEM results, where CNTs showed excellent
dispersion for 0.5 wt% and 1.5 wt%, however slight agglomeration was seen for 3 wt%
CNTsinboth CNT/UHMWPE composites and hybrid UHMWPE nanocomposites. Hence,
it was concluded from dispersion and morphological characterization that CNTs are
effectively mixed in UHMWPE and hybrid UHMWPE nanocomposites with good
interfacial interaction between each other. However, 3 wt% indicated agglomeration signs

as suggested by FESEM.
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Figure 4.10 Raman Spectrum for pristine UHMWPE, CNTsand their respective hybrid nanocomposites

Effect of Clay loading on the water absor ption of UHMWPE
Water uptake testing was performed for pristine UHMWPE and its clay composite samples.
Water absorption tests both at room and el evated temperatures were done. Variation of the
percentage of water absorption after 7 days of immersion at room temperature results is
showninfigure4.11 and figure 4.12. Figure 4.11 illustrates the water uptake recorded after
each 24 hours 1 (day), while figure 4.12 indicates the total percentage water (%TWC)
content after 7 days. All of the clay composites showed comparatively reduced water
absorption with reference to UHMWPE. The average water uptake for pristine UHMWPE
was evaluated to be ~ 0.01 % which isin agreement with literature [ 70, 71]. In general, all
nanocomposites with different clay loadings showed reduced values in comparison to

pristine UHMWPE. The variation of water absorption by the pristine UHMWPE and the
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UHMWPE nanocomposites reinforced with different loadings of C15A nanoclay at a
temperature of 70 °C is shown in figure 4.13 and figure 4.14. Figure 4.13, depicts the
percentage water content (% WC) after every 8 hrs. It can be seen that there is change in
the slope of % WC curve for al the samples after 24 hrs which is reduces further after 40
hrs. This indicates the saturation for water absorption by the samples with no room for
further reduction. From figure 4.14, it can be observed that an increase in the nanoclay
content resulted in a decrease in the water uptake of the samples with 1.5 wt% and 3 wt%

of clay loading showing similar reduction with 0.173% and 0.169%.

The significant improvement in the resistance to water absorption with the addition of
nanoclay is attributed to the ability of the nanoclay to increase the tortuous path of the
water molecules in the polymer matrix as they diffuse into the nanocomposite. The
presence of high aspect ratio layered silicates makes diffusion of water molecules into the
composite difficult by making a tortuous track [72, 73]. In the present study, it is also
observed that with an increase in the nanoclay content the resistance to water uptake also
increased. For the case of water uptake resultsat 70°C, 10% reduction for 0.5 wt% of C15A,
and a23% reduction in water uptake for 1.5 wt% of C15A and 3 wt% of C15A ascompared
to pristine UHMWPE was observed. This is attributed to the fact that the presence of
greater number of clay platelets in UHMWPE polymer, makes it more tortuous for the
water moleculesto diffuse into the nanocomposite, hence decreasing the water uptake [ 74,
75]. However it was also observed that further addition of clay from 1.5wt% to 3wt%
doesn’t improve the water barrier. This can be attributed to possible agglomeration and low

intercalation of clay in UHMWPE matrix as evident from XRD (Figure 4.4).

57



Figure 4.15 shows comparison between percentage total water content for water uptake
testing done at room temperature and water uptake testing done at 70°C. It can be observed
that an increase in temperature has resulted in more water absorption. The water absorption
results at room temperature (23°C) shows reduced values for all samples comparing to
samples tested at higher temperature (70°C) i-e, there is approximately 70% reduction in
total water content (% TWC) for pristine UHMWPE samplestested at room temperaturein
comparison to samples tested at higher temperatures. This can be due to the softening of
the polymer surface at elevated temperatures resulting in more water molecul es penetrating
through the surface due to high diffusion owing to higher temperature [76, 77]. However,
in both the cases it can be clearly observed that the presence of the nanoclay platelets in

the polymer matrix has significantly helped in increasing the resistance to water uptake.
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4.4  Effect of nanofiller loading on har dness of UHMWPE

Evaluation of hardness of UHMWPE nanocomposites was done using Shore D hardness
following ASTM D2240 Standard [53]. Hardness testing was performed on pristine
UHMWPE and all three nanocomposites: UHMWPE-Nanoclay composites, UHMWPE-
CNTs composites and UHMWPE hybrid composites.

4.4.1 Effect of nanoclay loading

Figure 4.16 shows that all of the clay composites resulted in improved average hardness
by about 4% compared to pristine UHMWPE. Theincreased hardness of all three different
1.5wt% clay compositesisdueto higher hardness of clay platelets, increasing the resistance
to indentation. C15A showed greater improvement in hardness possibly due to better

dispersion of clay platelet and good wettability with polymer matrix.
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Figure 4.16 Shore D hardness values for three nanoclay composite
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Shore D hardness testing was aso conducted on the nanocomposite with three different
C15A clay loadings (0.5 wt%, 1.5 wt% and 3 wt%). From figure 4.17. The results reved
that average value of shore D increases with increasing clay loading. Greater amount of
hard clay platelets in softer matrix results in greater resistance to indentation. It has been
observed in other studies as well, that clay platelets effectively add to increased hardness
in polymer matrices [43, 78, 79]. However, it is observed that the increase in the hardness
of the nanocomposites was not found to be very significant on varying the clay content

from 1.5 wt% to 3 wt%o.
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Figure 4.17 Shore D hardness of UHMWPE and C15A (5wt%, 1.5wt%, 3wt %) reinforced UHMWPE

composites
4.4.2 Effect of CNTsloading

Figure 4.18 illustrates the variation of average value of shore D hardness with CNTs

content. Similar to nanoclay loading, CNTs addition has shown to increase the hardness of
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UHMWRPE. This is expected knowing the fact that, CNTs have enhanced mechanical
properties in terms of strength, modulus, hardness and stiffness [80] which results in
increased hardness or increased resistance to indentation. Similarly for the results obtained
from the shore D testing of hybrid nanocomposites (figure 4.19), it was noticed that the
addition of CNTs to 1.5 wt% C15A/UHMWPE composites adds to further improvement
in hardness, though it can be seen that the improvement is not very significant as compared
to UHMWPE and CNTs composites. The maximum value for hardness for
CNTYUHMWPE is 63.4 while for the hybrid nanocomposites the maximum increase is

found to be 64.5 on shore D scale with nearly about 10% improvement compared to pristine

UHMWPE.
67
63.44
] 63.00
64 62.02 ; +
_ 1
61 -
T
§ =
_% 58.9
8 55- y
w
% 52 | e 2 o
o = = =
49 - T T
5 o) L
L @ D 2
46 - o = = o
= Z Z =
O O 3
43 - = © <
T S 2 ©
5 ot 9 &
o i
40

Typeof Sample

Figure 4.18 Shore D hardness for UHMWPE and its CNTs composites
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Figure 4.19 Shore D hardness for UHMWPE and its hybrid nanocomposites
45  Effect of water absor ption on the hardness of nanoclay composites

The samples used for conducting the water absorption tests at elevated temperature were
characterized for hardness and tribological properties after water uptake measurements.
Shore D hardness values of pristine UHMWPE and UHMWPE/C15A nanoclay composites
before and after water uptake are shown in Fig. 4.20 for comparison. The C1I5A/UHMWPE
nanocomposites showed higher hardness than pristine UHMWPE even when tested after
the water uptake, which can be attributed to the reduced water absorption by
C15A/UHWMPE composites as compared to pristine UHMWPE. Increased water
absorption leads to the softening of the polymer resulting in decreased hardness. Hence the
nanocomposites performed better in terms of hardness when compared to pristine
UHMWPE. Moreover it was seen in Section 4.3 that, increased percentages of

C15A/UHMWPE showed less water absorption which has resulted in terms of better
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hardness value as compared to pristine UHMPWE, therefore clay particles along with its
characteristic of resisting the indentation also reduces the water absorption, which played

vital rolein better properties of organoclay composites.
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Figure 4.20 Shore D hardnessfor UHMWPE and C15A organoclay composites before and after water

absor ption

4.6 Dry diding tribologial testing for UHMWPE Nanocomposites
Basically al the optimization of the nanofiller content both nanoclay and CNTs in
UHMWPE matrix was performed under dry sliding. All three UHMWPE nanocomposite
systems, namely UHMWPE-nanoclay composites, UHMWPE-CNTs composites and
UHMWRPE hybrid composites were tested. For all of three UHMWPE nanocomposites

system, same weight percentage of nanofiller were used (0.5 wt%, 1.5 wt% and 3 wt %).
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Parameters for tribological testing under dry sliding were unchanged (Load =30N, linear

speed=06 m/s, Cycles =5000) for al nanocomposites system.

4.6.1 Effect of nanoclay type on thetribological properties of UHMWPE
Specific wear rate (WR) and coefficient of friction (COF) for 1.5wt% of three different

nanoclays (1.28E, 1.30E and C15A) is shown in figure 4.21 and figure 4.22. From both
graphs, it isquite clear that all three different types of nanoclay have resulted in decreasing
both the specific wear rate and COF. Nanoclay C15A hasresulted in amost 41% reduction
in specific wear rate and 37% reduction is observed for C15A composites in comparison
to pristine UHMWPE. The decreased wear rate for Clay composites is believed to happen
because of clay platel ets holding the polymer chainsjust like anchors and avoiding the easy
removal of materia during testing [43]. This effect can be more clearly seen from the SEM
images of the wear tracks (Fig. 4.23).

The dominant wear mechanism appears to be plastic deformation initiated by the ploughing
action of the counter-face asperities of the hard 100Cr6 ball. Looking at the worn surfaces
morphology, figure 4.23 [(e), (f), (9), (h)], it is clear that the nanoclay composites wear
surface is smoother with much less grooves whereas pristine UHMWPE surface is heavily
deformed with deep furrows. The nano level reinforcement actually bridges the polymer
chains and avoids easy material removal which is evident after comparing the wear track
images of organoclay composites and pristine UHMWPE. 3D and 2D optical images of
wear tracks in figure 4.24 aso delineates more furrowed surface with deep tunnels
indicating high plastic deformation due to poor load bearing ability of UHMWPE whichis

evident from depth of wear tracks. However, the surface for organoclay composites is
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smooth with less groove marks and maximum depth has decreasd for organoclay

composites as well, with highest reduction for C15A organoclay composites.
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Figure 4.21 Specific wear rate of UHMWPE and three different UHM WPE clay composites

Among different clays, C15A showed most reduced specific wear rate while COF is almost
the same for different organoclay nanocomposites. The improved performance of C15A
clay composites could be attributed to enhanced dispersion of C15A clay platelets as
compared to 1.28E and 1.30E. Intercalation results in possible formation of two phase
structure, hard phase (intercal ated structure) and soft phase (pol ymer matrix alone), making
easy the removal of soft phase (polymer), hence increased wear rate for intercalated

structure, as reported by Jawahar et al. [81].
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Figure 4.22 Variation of COF for UHMWPE and Three different Clay composites

From the optical images shown in figure 4.25, it can be seen that, the counterface shows
formation of continuous transfer film whereas for pristine UHMWPE transfer film is
patchy and discontinuous. The formation of smooth transfer film actually hindersthe direct
contact of steel counterface with the polymer surface, hence reduction is observed in all
the organoclay composites. The formation of smooth transfer film is attributed to good
adhesion of transfer film with the counterface. The researchers[42, 82] have reported that,
the clay addition increases the adhesion of transfer film with the counterface with one of
the work done using PV DF clay composites and Nylon 6 clay composites. Because of the
nano level reinforcement having same size as of polymer chains, so the material exclusion
of nanoparticleistrivial and supports formation of uniform persistent transfer film hence

reducing WR and COF [8].
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Figure 4.24 Optical 3D (a-d) and 2D (e-h) profiles of the wear track for pristine UHM WPE or ganoclay
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Figure 4.25 Optical images of counterface for different nanoclay composites
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4.6.2 Effect of C15A Clay loading on thetribological properties

The variation of specific wear rate and the coefficient of friction (COF) for the pristine
UHMWPE and UHMWPE composites reinforced with 0.5, 1.5 and 3.0 wt% of C15A clay
is shown in figure 4.26. It can be seen that the COF and the specific wear rate of al the
UHMWPE nanocomposites reinforced with different clay loadings of C15A are lower than
that of pristine UHMWPE. Both COF and WR seems to vary in similar fashion, reaching
am minimum forl.5 wt% of C15A loading. Higher clay loading (3 wt %) resulted in
increase of both the tribological parameters. These results come to prove once more that

the optimum amount value of C15A clay loading is 1.5 wt%.
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Figure 4.26 Variation of COF and specific wear rate with clay loadingsin UHMWPE matrix

SEM images of the wear tracks is shown in figures 4.27 [(a) to (h)]. Generally, the

dominant wear mechanism appears to be plastic deformation caused by the ploughing
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action of the counterface asperities of the hard 100Cr6 ball sliding against the sample. From
morphology of worn surfaces (figure 4.27), it is observed that that as amount of nanoclay
isincreased up to 1.5wt%, the worn surface becomes|ess grooved and appear more smooth.
Further, it can also be seen from Fig. 4.28 [(a), (€) and (i)] that for the case of pristine
UHMWPE the wear tack is wider (1.341 mm) and deeper with alot of polymer build up
around the wear track as compared to that of nanoclay composites showing least width for
1.5wt% C15A/UHMWPE about (1.112 mm). Though UHMWPE, is known to form thin
transfer films [83], but the transfer film formed for the case of UHMWPE is more patchy
and discontinuous as evident from figure 4.27 (i). This indicates poor adhesion of transfer
film with the counterface. Contrary to this nanoclay composites show continuous films as
it has been reported and also previously stated that the clay content actually increases the
adhesion between the counterface ball and the transfer film [42, 82]. Nanoclay having
metal/transition metal oxides that actually increase the van der waa bonding of transfer

film to the counterface, hence a continuous transfer film is present for clay composites.

Among UHMWPE nanocomposites, 3 wt% demonstrated lower tribologica properties.
This is attributed to agglomeration of clay platelets at higher clay content (3 wt %). The
characteristic peak for the C15A nanoclay is observed at 2.46° (figure 4.4), corresponding
to interplanar distance of 35.88 A suggesting aimost no intercalation of polymer chains
with possible agglomeration of the nanoclay platel ets and formation of two phase structure
hard phase (clay platelets) and soft phase (polymer matrix alone) as reported by Jawahar
et a. [81]. So these agglomerated particles are not able to effectively protect the large scale
deformation of the polymer matrix from ploughing, which is evident from the SEM image

of the wear track as shown in Fig 4.27(h). Also it can be seen that counterface for 3 wt%
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shows large material transfer in Fig 4.27(1). Moreover, for lower clay content the transfer
film adhesion is believed to be poor as evident from the optical micrograph of Fig 4.27 (i).
hencefor the counterface sliding against the composite with 0.5 wt.% of C15A, thetransfer
film formed is being continuously peeled off so almost negligible or a discontinuous
transfer film can be seen on the counterface ball leading to a higher COF and higher wear

rate when compared to the other clay loaded composites.
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Figure 4.27 (a-d) SEM images of the wear tracks at lower magnification (e — h) higher magnification (I )
Optical micrographs of the counterface balls after the wear testsfor the pristine UHMWPE
The reduction in wear is attributed to two factors. Firstly, the uniform dispersion of
nanoclay in the polymer matrix and secondly the formation of a smooth, tenacious and a
continuous film on the counterface ball which prevents the direct contact of the ball

asperities with the nanocomposite surface. In the studies of transfer film and their role in
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tribology, Bahadur [84] concluded that wear occurs before the transfer film formation on
the counter-face and secondly due to the loss of material because of peeling off the film

from the counterface.
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Figure 4.28 Optical 3D (a—d) and 2D (e- h) profiles of the wear tracks. Optical contour images of the wear

tracksfor the pristine UHMWPE and nanoclay composites (i-l)

Wear tests were also carried out on the 1.5wt% C15A/UHMWPE nanocomposites under
different loads (30, 60 and 90 N). Figure 4.29 illustrates the effect of varying load on COF
and specific wear rate of pristine UHMWPE and UHMWPE nanoclay composites. It can
be seen that, specific wear rate increases with increasing normal load. Normal load of 30N
with ball on disc contact type resultsin Hertzian contact pressure of almost 115 MPawith
ball diameter of 6.3mm. With increased pressure, the plastic deformation is expected to be

more effective hence as result of increased plastic deformation more tearing and fracturing
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of material will take place leading to increased material removal. Moreover, COF aso
increases as result of increase in normal load from 30N to 90N which could have resulted
in softening of surface because of frictional heating leading to easing of material pull out
[45]. Nanocomposites exhibited lower COF when compared to the pristine UHMWPE for
all test loads. For instance, at 90N load corresponding to max contact pressures of ~115
MPa, there is still reduction in specific wear rate by 20% and COF reduces by 32 %
reduction for 1.5wt% C15A/UHMWPE. Hence, nanoclay reinforcement of polymer matrix

helps to bear the load while effectively reducing the wear rate.
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Figure 4.29 Effect of Load on UHMWPE and 1.5wt% C15A composites

4.6.3 Effect of water uptake on thetribological properties of UHMWPE
nanocomposites

The effect of water absorption on the tribological properties of UHMWPE and its
nanocompositesis evaluated. All of the samples are tested under applied load of 30N with
sliding speed of 0.06 m/sfor 5000 cycles and COF and specific wear rate are reported. Fig.
4.30 and figurer 4.31 shows the comparison of specific wear rate and coefficient of friction

before and after water absorption. It can be seen that, generally specific wear rate has
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increased after water absorption for pristine UHMWRPE and nanoclay composites.
However it is aso clear that greater increase in specific wear rate has resulted for pristine
UHMWPE before and after water uptake. For UHMWPE, there is 15% increase in specific
wear rate after water uptake. While lesser increase in wear rate seen for clay composites
after water uptake. This improvement can be attributed to the presence of the nanoclay
platelets in the nanocomposites which make it difficult for the diffusion of the water
molecule as they present a very torturous path as explained earlier leading to less water

absorption.

The reduced water absorption leads to less plasticization and softening of the surface.
Plasticization results in breaking of the bridging action of the nanoclay platelets with
polymeric chains resulting in polymer swelling and softening due to which the resistance
to wear reduces. Since clay nanocomposites showed reduced water uptake (Section 4.5),
hence as compared to pristine UHMWPE, there is less plasticization of surface. Due to
this, the surface of nanocomposites is able to withstand the normal and tangential shear
stresses during sliding. It can also be analyzed that water absorption results (Section 4.5)
showed least water uptake for that 3 wt% of C15A and 1.5 wt% of C15A composites,
which is supported by greater wear resistance for these samples after water uptake.
Quantitatively, for 0.5 wt% C15A and 1.5wt% C15A there is nearly 6% and 2% increase
in specific wear rate after water absorption while for 3wt% C15A amost no change in
specific wear rate was observed after water uptake. Mohan et al. [85] also reported better
wear resistance for nanoclay added epoxy-sisal fiber matrix when tested after water

absorption with nanoclay playing arole in fewer water absorption.
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Figure 4.30 Effect of water absorption on (WR) of UHMWPE and its nanoclay composites

SEM images of wear morphology are shown in Fig. 4.32. It is difficult to observe some
appreciable difference in worn morphology before and after water uptake. However it can
be seen that even after water uptake the characteristic worn morphology trend remains
same with pristine UHMWPE showing deeper furrows while nanoclay composites show
smoother worn morphology. Comparing samples after water uptake testing, it can be seen
that Worn surface of 1.5wt% C15A even after water uptake as can be seen before water
uptake especially shows smooth and less furrowed surface. Moreover, from figure 4.31 it
can be observed that the 0.5 wt% and 3 wt% of reinforcements showed slightly higher wear
rate than 1.5 wt% of C15A reinforcement. The higher WR for the 0.5 wt% of C15A
reinforcement can be attributed to more absorption of water because of lesser clay content.

Even though, 3wt% reinforcement showed almost the same amount of water absorption as
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that of 1.5 wt% of reinforcement, the 3 wt% of C15A reinforcement resulted in slightly

higher WR as compared to 1.5wt% C15A, which may be attributed to the agglomeration

as confirmed by the XRD spectrum and discussed earlier in section 4.6.2.
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Figure 4.31 Effect of water absorption on (COF) for UHMWPE and its nanoclay composites
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Figure 4.32 (a) — (d) SEM micrograph images of wear tracks before water absor ption and (€) — (h) after water
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Figure 4.33 Counterface optical images for wear tested samples (a)-(d) before water uptake and (€)-(h) after

water uptake

Effect of water uptake on COF doesn’t seems to follow any specific trend just as the case
observed for specific wear rate. Rather it followed different trend for pristine UHMWPE
and UHMWPE nanocomposites. But within the after water uptake category, COF follows

the same trend as observed before water uptakei-e, reduced COF for clay composites due
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to presence of continuous and adhered transfer film is observed for clay composites while
for pristine the film is patchy and discontinuous (figure 4.33). Water absorption has not

lead any changesin transfer film formation to affect COF.

4.6.4 Tribological testing of UHMWPE/CNT s composites
Tribologica testing was conducted on UHMWPE reinforced with different content of

CNTs, 0.5 wt%, 1.5wt%, 3 wt% to obtain the optimum loading of CNTs that will result in
improved wear resistance. Figure 4.34 and Figure 4.35 show specific wear rate and COF
a same parameters as used previously for clay reinforced composites (load= 30N,
speed=300Rpm, cycles=5000). In general, All CNTs composites showed much reduced
wear rate as compared to pristine UHMWPE, reduction of aimost 55 % is seen for 1.5wt%
CNTscomposites. Reduction in specific wear rate, isdueto presence of CNTsas nanofiller
being uniformly dispersed and effectively transferring load across the interface, which
results in more uniform stress distribution and minimizing the stress concentration area
[86]. Superior properties of CNTs allow load to be efficiently carried as comparable to
pristine UHMWPE, the carbon nanotubes not only results in increasing the load bearing
capacity but also are instrumental in anchoring the chains of UHMWPE, avoiding the
material removal due to plastic deformation taking place as result of wear testing. SEM
micrograph of pristine UHMWPE and CNTs reinforced UHMWPE are shown in figure
4.36. UHMWPE surface indicate severely grooved surface with deep furrows indicate of
poor load bearing ability of material, it can be seen from image that even fractured and
fatigue separated layers of UHMWPE are there, whereas CNTYUHMWPE composites

show smooth surfaces and very minor deformed surface.
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Figure 4.34 Specific wear ratefor UHMWPE and UHMWPE/CNTs composites
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Figure 4.36 SEM images of the wear tracks for UHMWPE and its CNTs composites at lower magnification (a—
h) higher magnification (I 1)
3D imagesand 2D profiles (figure 4.37) of wear track aso illustrates high ploughing taking
place for UHMWPE as compared to CNTYUHWMPE composites, reduced maximum
depth of wear track of indicative of improved load bearing capacity of CNTSs reinforced
UHMWRPE. The least depth of wear track is seen for 1.5wt% CNTYUHMWPE with 14.11
um, however for pristine UHMWPE shows much higher maximum wear track depth of
26.43 um. Slight increase in wear rate for 3%CNTSUHMWPE was observed, whichisin
agreement with FE-SEM (Section 4.2.2) results pointing out agglomeration of CNTSs that
are not able to transfer load efficiently and resist deformation. Also, agglomeration of
CNTsisunableto hold the polymer material by bridging action, hence material removal is
easier. Uniform dispersion to the case of individual CNTs coated on particle of polymer
is the key for improved mechanical and tribological properties. COF graph depicts
increased COF as the CNTs amount is increased from 5wt% to 3wt%.Contrary to
C15A/UHMWPE, the CNTs composites show high coefficient of friction as compared to
pristine UHMWPE as evident from graph (figure 4.32). CNTs have been reported to

increase COF dlightly owing to its high hardness. The shore D value rises from 58. 9 for
82



pristine UHMWPE to 63.4 for maximum content of CNTs as seen from figure 4.18 [34],
moreover it was a so observed from the optical images of counterface shown in figure 4.35
(g-h) ,that amost no transfer film has been found as observed for C15A/UHMWPE
composites, this may also have attributed to increase COF, making direct contact of

counterface ball with the sample.

Prstime UHAMPE LS UX 1.8 wily L TELE
I E ENIWUHAIWEE ATl UHAMTE

#=16.43 um in I-l&.?]n {z) F=14.11 mm (k) F=16.4% um

(&)

4 B #
. - iy
Ll d W — = | R . 1 i R |
s et ~hady g v . = ] -
X . i . 5 - i -

Pristine IS U BEwha N T U
I HAMWYE THMWPE FHMNWEE THAWTE

Figure 4.37 3D/2D Optical profile images of thewear tracks along with counterface for UHMWPE and itsCNTs

composite.
4.6.5 Tribological performance of UHMWPE hybrid nanocomposites
CNTs with three 5wt%, 1.5wt% and 3wit% were added in 1.5wt% C15A/UHMWPE
composites and tribological testing isdoneto optimize the CNTs content. 1.5 wt% of C15A
is selected due to the fact that results of tribological testing for C15A clay composites
(section 4.6.2) proved 1.5wt% of C15A/UHMWPE to be optimized content. Figure 4.38

and Figure 4.39 shows specific WR and COF. Reduced value of specific wear rate is seen
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for al the hybrid composites. It was aso observed that reduction in specific wear rate was
even lower as compared to CNTYUHMWPE. Almost 10% further reduction has occurred

for CNTs addition to C15A/UHMWPE, comparing 1.5wt% CNTs/C15A/UHMWPE and

CNTSUHMWPE.
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Figure 4.38 Specific wear rate of UHMWPE hybrid composites with varying CNTs content

SEM wear morphology images figure 4.40, showed nanocomposites showed smooth
surface with negligible ploughing for al hybrid composites. SEM wear track image for
3wt% hybrid composites showed some signs of ploughing with shallow grooves seen on
the surface, which can be attributed to agglomeration of CNTs as the content of CNTsis

increased, the increased content of nanofillers such as CNTs, Clay or other lead to



agglomeration because of high surface energy and they form packs rather than uniform
dispersion. Thisresult in loss of load transferring ability of composites, they are unable to
bear the load and chains of polymer are easy to be removed by ploughing action of hard

counter face asperities.
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Figure 4.39 COF of UHMWPE hybrid nanocomposites with varying CNTs content

Optical profilometry aso illustrates less ploughing, smoother surface and less maximum
wear depth for hybrid nanocomposites (figure 4.41). CNTs and clay platel ets reduces the
increase theload bearing capacity of UHMWP. It isalso observed from the hardnesstesting
results (figure 4.20) that CNTs addition does increase the resistance to indentation which
isreflected in less plastically deformed surface. Shore D value rises from 58.9 to 64.5 with
addition of 3wt% CNTsin UHMWPE matric. Thishigh hardness and | ess deep wear tracks

indicate the fact that both applied stress during indentation and frictional stresses are
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carried by CNTs and Clay particles effectively. The maximum depth of wear track is
reduced for hybrid nanocomposites (Figure 4.42) as compared to that of UHMWPE/CNTSs
composites. The least depth is 12.14 um for 1.5wt% CNTs Hybrid UHMWPE composites
whereas for UHMWPE/CNTSs the least depth is 14.11 um. Hence both nanofillers are able

to bear stresses more effectively in UHMWPE matrix.

COF graphs for hybrid nanocomposites show increased COF values as compared to
pristine UHMWPE due to increased hardness by addition of CNTs. The COF rises from
0.126 to 0.167 with maximum of 3wt% CNTs addition to UHMWPE. Regarding transfer
film, it was observed in the previous session (figure 4.28) that C15A increases adhesion of
transfer film to counterface and nanoclay promotes the formation of smooth transfer film.
Now comparing it with Figure 4.42, as CNTs are added along with C15A nanoclay,
formation of transfer film is hindered. CNTs tends to hold polymer chains together and
avoids materia transfer as observed from figure 4.38. So for hybrid case it can be seen
from figure 4.42, that small transfer film isthere for 0.5wt% CNTSs hybrid nanocomposites
while as CNTs addition is increased in hybrid nanocomposites, especially for 1.5wt%
CNTs hybrid nanocomposites there is no materia transfer. For 3wt% hybrid
nanocomposites, fewer material can be seen transferred which can be attributed to
agglomeration of CNTsas seenin FESEM images (figure 4.9), resulting in minor reduction

in holding UHMWPE chains.
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Figure 4.41 3D/2D Optical profile images of thewear tracks along with counterface for UHMWPE and its
hybrid CNT composites

The graph of specific wear ratefor optimized nanofiller content for all three nanocomposite
systems is shown in figure 4.42 and figure 4.43. 1.5wt% C15A/UHMWPE, 1.5wt%
CNTYUHMWPE and 1.5wt % CNTs hybrid UHMWPE are the optimized nanofiller
content based on reduction in specific wear rate. As compared to pristine UHMWPE, the
1.5wt% CNTs hybrid nanocomposites shows almost 63% reduction in specific wear rate
which isthe greatest as compared to nanoclay and CNTs reinforced composites. The least
reduction of 41% was seen with 1.5wt% C15A/UHMWPE whereas 1.5wt%
CNTYUHMWPE showed almost 55% reduction in specific wear rate. Moreover, it was
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also noticed that hybrid nanocomposites has the maximum increased load bearing ability

more as compared to C15A/UHMWPE and CNTS'UHMWPE.
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From figures (4.28, 4.37, 4.41), the least depth of wear track is 16.64 um for 1.5wt%
C15A/UHMWPE, 14.11 pm for 1.5wt% CNTYUHMWPE and 12.14 pm for 1.5wt%
hybrid nanocomposites. However, COF shows different trend with reduced valuesfor clay
composites. The highest COF is observed for 1.5wt% CNTYUHMWPE of about 0.177
while 1.5wt% CNTs hybrid nanocomposite showed a dlightly reduced value of 0.166
possibly due to presence of nanoclay, as discussed earlier in section 4.6.1. The 1.5wt%
C15A/UHMWPE shows the lowest COF vaue, due to presence of transfer film as seen
from figure 4.19. CNTs reinforced UHMWPE do not show any transfer film on the

counterface (figure 4.37) and slightly increased value of COF is seen for CNTYUHMWPE.

4.7 Tribological testing for UHMWPE nanocomposites under water
lubricated sliding condition

Tribological testing under dry sliding was done for all three nanocomposites systems under
the same set of experimental parameters. Dry dliding testing under these conditions served
as a filter to screen the best UHMWPE nanocomposite composition among each of the
following categories: UHMWPE/C15A nanocomposites, UHMWPE/CNTs composites an
hybrid UHMWPE nanocomposites. Figure 4.44 depicts the selected UHMWPE
nanocomposites from dry dliding tests which were tested under water lubricated sliding

conditions and same tested parameters given in figure 3.3
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Figure 4.44 Schematic description of optimized UHMWPE nanocomposites for water lubricated sliding testing
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Figure 4.45 Effect of nanofiller on specific WR of pristine UHMWPE and three different optimized UHMWPE
nanocomposites under water lubricated conditions
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Figure 4.46 Effect of nanofiller on COF for pristine UHMWPE and thr ee different optimized UHMWPE
nanocomposites under water lubricated conditions
Figure 4.45 and figure 4.46 show the specific WR and COF for optimized UHMWPE
nanocomposites and pristine UHMWPE. It is evident that al the optimized composites
resulted in reduction of WR with an improvement of about 60% for the hybrid
nanocomposites. Similar results were obtained for the case of dry dliding testing of these
samples (figure 4.42) where aimost 63% reduction of WR was observed as compared to
pristine UHMWPE. Uniform dispersion of CNTs with Clay/UHMWPE has resulted in
increased load bearing capacity as seen from FE-SEM and Raman spectroscopy results OF

Figure 4.1 and 4.9.
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Figure 4.47 (a)-(h) 3D/ 2D profiler imagesfor and counterface optical images (i-l) UHWM PE and its optimized
nanocomposites under water lubricated diding

The 3D profiler images of figure 4.47 show much smoother worn surfaces for
nanocomposites with no signs of grooves and abrasive marks indicating minute material
pull out, which is supported by reduced specific wear rate. From 2D profiles, it is clear that
the maximum depth of wear track isleast for hybrid UHMWPE nanocompositeswith 11.14
pum indicating much improved load bearing ability. Moreover, from shore D hardness
results figure (4.19), hybrid UMWPE showed improvement in hardness with 63.4 shore D
for 1.5wt% CNTs hybrid nanocomposites, indicating improved tendency to support higher
normal stresses. From figure 4.45, it can also be seen that under water lubrication all of
the nanocomposites as well as pristine UHMWPE show dlightly less WR compared to dry
diding testing figure (4.42). In comparison to dry dliding the wear rates results (section
4.5.3) have reduced for all the samples, mainly due to presence of lubricant media
decreasing the COF and effective heat loss generated during dliding. Optical images of
counterface for UHMWPE/CNTs and hybrid nanocomposites shown in figure 4.43 showed
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no transfer film signs as compared to C15A reinforced UHMWPE composite similar to

what has been observed under dry sliding.

It was observed during the dry dliding tests, that nanocomposite reinforced with CNTs
showed increased COF vaue. Similar finding have been reported earlier also [34], where
CNTsresulted in increased COF. Carbon fiber reinforced UHMWPE also showed higher
values for COF under dry sliding as compared to distilled water sliding as reported [9]. In
current study as well, the dry dliding values (1.5 wt% CNTYUHMWPE = 0.177, 1.5wt%
CNTghybrid UHMWPE = 0.166), showed higher values as compared to water |ubricated
diding (1.5 wt% CNTS = 0.126, 1.5wt% CNTs hybrid/l UHMWPE = 0.118). However
among the three composites system under given set of loads and conditions, 1.5w% CNTs
hybrid/l UHMWPE nanocomposites showed least specific wear rate even under water
lubrication as seen for dry sliding aswell (figure 4.42). COF is nearly same for UHMWPE

and 1.5 % CNTs hybrid nanocomposites with no transfer film.

48 Accelerated life testing (ALT) for Hybrid UHMWPE

Nanocomposites

Hybrid UHMWRPE nanocomposites have shown resulted in improved tribological
performancein terms of reduced specific WR as compared to pristine UHMWPE and other
all types of UHMWPE nanocomposite systems under same set of load and conditions as
mentioned in table 3.3. However to test it under accelerated life testing conditions, higher
loads and speeds were used with increased number of cycles. Hybrid UHMWPE
nanocomposites [1.5 wt% nanoclay + 1.5 wt% CNTSs| and pristine UHMWPE are tested

under 50N load with a sliding speed of 0.5 m/s for duration of 25,000 cycles.
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The ALT results showed that hybrid nanocomposites performed better with 41% reduction
in WR from (4 x 10° to 2.4 x 10° mm3N.m) than pristine UHMWPE. COF showed
increase in amost 61% for nanocomposites, showing higher value (0.131) than pristine
UHMWRPE (0.078) as it was observed for CNTs reinforced UHMWPE for dry and water
lubricated sliding conditions (section 4.7 and 4.8). The reduced specific wear rate for
hybrid nanocomposites is attributed to presence of nanoclay and CNTs in UHMWPE
improving the load bearing ability of UHMWPE. The increased hardness value from 58.9
to 65 shore D depicts improved ability to bear normal stresses. 3D and 2D optical images
(figure 4.49) maximum depth of wear track has also increased. For pristine UHMWPE the
maximum depth of wear track is approx. 57um while for hybrid nanocomposites the depth

of wear track is reduced with approx. 36 pm.

Wear morphology images shows highly deformed surface for UHMWPE. From figure
4.48, plastic deformation is evident in the form of grooves and extensive ploughing by the
hard counterface. Along with the deep furrows, higher amount of polymer displaced in the
form of fragments and debris can be seen. The soft polymer surface is unable to resist the
deformation and ploughing has resulted in cutting and fragmentation of the surface layers.
Hybrid nanocomposite surface on the other hand seems fairly smooth with much reduced
plastic deformation. There are negligible signs of fragmented segments of material on
surface. The width of wear track showsincreased value of 1.202 um for pristine UHMWPE

while hybrid nanocomposites shows 1.165 um.

Moreover it isaso observed that, the UHMWPE wear surface a so shows ball upped places
in on the surface, this can be possibly attributed to higher water absorption by UHMWPE.
Frictional heat generated due to higher speeds has softened the polymer surface, this
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softening has resulted in more plasticization of surface by enhanced water absorption. COF
for UHMWPE shows reduced value, mainly due to this factor. It has been concluded in
studies before that frictional behavior of UHMWPE is very much dependent on its water
absorption state [46]. The frictiona heating during sliding accompanied by plasticization
of surface by water absorption reduces the shear strength of surface layers. This reduction
in shear strength leads to easy removal of material from the surface, which is supported by
the counterfaceimages Figure 4.50 of UHMWPE showing transfer layer on the counterface

ball.

Fitstine UHINWIE Fivbeid UHNDWEL tnneecorgposine
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(a) (b)

(c) {d)

Figure 4.48 SEM wear mor phology of Wear tracksfor UHMPWE and hybrid UHM WPE nanocomposites for
water lubricated ALT dliding conditions.
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Contrary to thisthe, counterface running against hybrid nanocomposite showed no transfer.
The presence of CNTs and nanoclays have effectively reduced the material removal along
with the nanoclay. Along with that, as it has been concluded before section 4.3 that
nanoclay reduces the water uptake, hence lesser plasticization of UHMWPE surface has
taken place. The wear morphology surface Figure 4.48 doesn’t show swelled layer parts as
it can be seen for pristine UHMWPE. Hence the nanoclay has played its dua role in
reducing the water uptake leading to less plasticization of surface and effectively holding
the polymer chains along with CNTSs, eventually leading to much reduced wear rate and

maintaining higher load bearing ability aswell.

Pristine UHMWPE 1.5%: CNTs Hyhrid
LUHMWEPE

£.= 3919 um

Figure 4.49 3D/ 2D optical profiler imagesfor UHWM PE and Hybrid nanocompositesunder ALT water
lubricated dliding conditions.
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Pristine UHMWPE 1.5% CNTs Hybrid
UHMWPE

Figure 4.50 Optical images of counterface ball under water lubricated sliding AL T conditions
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CHAPTERS

Conclusions and Recommendations

5.1 Conclusions

Thefocus of the study wasto develop UHMWPE nanocomposites for bearing applications
under water lubricated conditions such as pumps and motor housings under water. The
novelty in the current study was based on developing UHMWPE hybrid nanocomposites
with improved tribological properties. The uniqueideawasto use two different nanofillers
namely CNTs and nanoclays not only to improve the tribological properties but also to
reduce the water absorption by polymer in water lubricated conditions. Therefore, the work
was based on three different nanocomposites systems, (1) UHMWPE-nanoclay composites
(2) UHMWPE-CNTs composites (3) UHMWPE hybrid (nanoclay + CNTYS)
nanocomposites. Optimization of the nanofiller type and content was done under dry
dliding conditions for al three nanocomposite systems and then tribological performance

of optimized nanocomposites were evaluated under water lubricated sliding conditions,

1.5wt% of three different modified clays were employed asreinforcements namely: C15A,
1.30E and 1.28E. To select the best nanoclay among these, nanocomposites were devel oped
and characterized for structural and tribological properties. Results reveled that areduction
of about 41 % in WR for C15A clay composites as compared to pristine UHMWPE thisis
due to its better dispersion resulting in possible exfoliated morphology as observed by
XRD. Moreover, reduction of 38% in COF was observed for amost all UHMWPE clay
composites dueto formation of continuous and adhered transfer film that avoided the direct
contact of hard counterface asperities with the soft composites surface. To optimize the
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C15A content in UHMWPE, 0.5 wt% and 3 wt% C15A composites were developed and
characterized leading to conclusion that 1.5wt% was the optimum C15A content. All of
the C15A/UHMPWE nanocomposites reduced the wear rate and COF, however 0.5 wt%
C15A/UHMWPE nanocomposites due to lower clay content was ineffective to reduce the
wear rate as 1.5wt% C15A/UHMWPE. Moreover, results for 3wt% indicated higher wear
rate as compared to 1.5wt% C15A/UHMWPE (18% increase in wear rate from 1.5wt%
C15A) which was attributed to increased agglomeration of clay platelets unable to bridge
the polymer chains during plastic deformation as aso observed from the SEM of worn

surfaces.

Water absorption testing was done at room temperature and at 70 °C to analyze the effect
of clay content on water uptake. All three clay loadings (0.5 wt%, 1.5 wt% and 3wt %)
along with pristine UHMWPE were tested. Higher temperature results concluded the
reduction in water absorption for al the clay nanocomposites with 1.5wt% and 3wt% of
C15A resulting in maximum of 23 % reduction in water uptake in comparison to
UHMWRPE. Similarly the water uptake results conducted at room temperature also showed
reduced values for clay compositeswith 1.5 and 3wt% with the minimum value with 12 %
reduction in water absorption. Water uptake percentage of ~ 0.01 % for 24hrs for

UHMWPE was in agreement with literature.

For the second nanocomposite system CNTYUHMWAPE, similar filler content loadings
(0.5 wt%, 1.5 and 3wt%) were used and nanocomposites were developed. FESEM and
Raman spectroscopy were employed to characterize the dispersion and entanglement of
CNTs network in UHMWPE polymer. Raman spectroscopy results showed shifting of

characteristic G band of CNTsto higher waver numbers. The highest shift was detected for
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1.5wt% CNTSYUHMWPE nanocomposite samples with ~ 18 cm™ of shift to higher
wavenumber. This shift is indicative of efficient mixing of CNTs in UHMWPE and
disentanglements of CNTs bundles. FESEM images indicated uniform dispersion of CNTs
in UHMWPE, while 3wt% showed some regions of agglomeration along with some
uniform dispersed regions. Shore D hardness results concluded of maximum 5% increase
in hardness for 3wt% CNTYUHMWPE with other percentages resulting in slight increase
in shore D value as well. The results for tribological characterization showed reduction in
WR by 55 % for 1.5wt% CNTSUHMWPE. The SEM worn morphology images for
CNTS'UHMWPE composites revealed smoother and much less plastically deformed
surface. It was also observed from the 2D optical profiles of the wear track that maximum
reduced value of 14.11 pm for 1.5wt% CNTS'UHMWPE) as compared to 28.43 um for
pristine UHMWPE. However, for 3wt%, a dight increase in WR was observed due to
agglomeration of CNTs at higher content as observed from FE-SEM images too. Unlike
UHMWPE/nanoclay composites, COF showed dlight increase in COF values for CNTs
composites. Thisis attributed to the absence of transfer film on the counterface and higher

mechanical properties of CNTSs..

UHMWPE hybrid nanocomposites were developed by fixing the C15A content to 1.5 wt%
while CNTscontent was varied with same percentages as mentioned above. For UHMWPE
hybrid nanocomposite systems, the Raman spectroscopy also showed shifting of
characteristic G band to higher wave numbers for all the three different nanocomposites.
FESEM results showed higher degree of dispersion with individual CNTs visible on
UHMWRPE particle while here as well 3 wt% CNTs hybrid UHMWRPE nanocomposites

showed agglomerated regions. Shore D hardness showed increased value with increased
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amount of CNTs in UHMWPE, and the highest average shore D value of 64.00 was
observed for 3wt% CNTs hybrid UHMWPE nanocomposites. Tribological testing results
showed least specific wear rate for 1.5wt% hybrid UHMWPE nanocomposites with about
64 % reduction in specific wear rate as compared to pristine polymer. The reduced materia
removal was attributed to the presence of nanoclays and carbon nanotubes both effectively
acting as anchors. Wear track maximum depth also showed lower value of 12.11 um. COF
results concluded higher values for nanocomposites compared to pristine UHMWPE due

to presence of CNTs as observed for CNTS'UHMWPE nanocomposite system.

Water lubricated testing was performed for the optimized nanocomposites. Same
conditions were used to conduct testing under water lubrication. The results reveal that the
maximum reduction in wear rate was observed for Hybrid UHMWPE nanocomposites of
about 60%. The worn morphology indicated smoother lighter plastically deformed surface
for hybrid nanocomposite. Moreover, the optical profilometry indicated shallower depth of
wear track for hybrid nanocomposites of 12.14 um as compared to other nanocomposites
and pristine UHMWPE (25.16 um). Hence even under water lubricated sliding conditions
the wear rate was much reduced for hybrid nanocomposite, however COF showed varied
trend due to phenomena of smooth transfer film formation for C15A/UHMWPE
nanocomposites. The transfer film observed under dry dliding conditions for
C15A/UHMWPE was & so observed under water lubricated conditions. Dueto thistransfer
film the COF for C15A/UHMWPE show reduced values. On the other hand, no transfer
filmwasformed for CNTYUHMWPE and hybrid UHM W PE nanocomposites. For the case
of 1.5 wt% hybrid nanocomposite, though the nanoclay is there present as reinforcement

and the weight percentageis same asfor CNTs (1.5wt% of both), no transfer film was seen
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so it hintsto the fact that CNTs is the dominating nanofillers. C15A nanoclay presencein
UHMWPE leads to increased adhesion of transfer film as seen however for hybrid
nanocomposites, clay has failed to support the adhesion of initial removed material in the
form of transfer film. Finally tribological testing of hybrid nanocomposites was done under
accelerated life testing conditions using 50N load, 5 m/s speed and 25,000 cycles. Results
showed that even under extreme conditions under water lubrication, the hybrid
nanocomposites showed higher resistance to wear. The specific wear rate was reduced to
33% as compared to pristine UHMWPE. SEM images showed highly ploughed surface for
UHMWPE with highly deformed surface. Moreover, due to plasticization of surface balled
up areas were seen. However hybrid nanocomposites showed comparatively much less

deformed surface.

To summarize, UHMWPE nanocomposites were developed and characterized for
improved tribological properties. After screening al three composite systems under dry
dliding conditions, optimized nanocomposites were tested under water |ubricated
conditions. UHMWPE hybrid nanocomposite demonstrated best in reducing the specific
wear rate under water lubrication. It was effective in doing so due to use of two different
nanofillers CNTs and clays, playing role in reducing plasticization (reduced water

absorption) and increasing load bearing capacity of pristine UHMWPE.

5.2 Recommendation for future Work

Although effort is being made to put some advancement in the polymer nanocomposites
for bearing applications under water lubrication. Hybrid nanocomposites was novelty in a
sense to utilize the potential of both nanoclay and carbon nanotube. However, there are

some points can be comprehensively studied which are as follow:
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1- Hybrid nanocomposite can be tested under different lubricated conditions such as
base il synovial fluid etc.

2- Including temperature as a factor and observe its effect on the tribological
properties of hybrid UHMWPE nanocomposites.

3- Developing and tribological characterization of UHMWPE nanocomposites

coatings using the same experimental matrix.
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