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Abstract 
 

Materials are used for manufacturing a wide range of dynamic machine and vehicle 

components. Depending on the operating conditions, those materials are subjected to heavy 

loading, rolling and sliding. These operating conditions lead to high friction, wear and erosion 

depending upon the different material combinations in contact. Thus, there is a requirement of 

tribological solutions to put a stop on direct contact between metals for friction control and 

protect them against unwanted wear. Lubricants used for Industrial applications to enhance 

tribological performances are complex sulphates and phosphates such a zinc 

dialkyldithiophosphate (ZDDP). These additives are environmentally harmful and have 

damaging effects on the steel components. Hence, to find alternate solutions for enhancing the 

tribological performances of the lubricants with sustainability, proper environmentally-friendly 

additives are also required. Polymers are visco-elastic/visco-plastic materials which can 

provide sufficiently high strength and with lower frictional stress at the interface. Polymeric 

coating and bulk present possible tribological solutions which enhance the wear life of 

mechanical components in sliding and rolling contacts, decrease the COF (coefficient of 

friction), reduce the frictional damage and save the maintenance cost of the component. Among 

polymers, thermoset epoxies are widely used for their high strength, stiffness and thermal 

stability if they are suitably made into composites. Similarly, epoxy-based composites provide 

low friction and low specific wear resistance with high wear life under dry and base oil 

lubricated conditions. Thus, the present work is focused on achieving improved mechanical 

properties with better tribological properties (friction < 0.1, and Specific wear rate < 10-7 

mm3/Nm) for epoxy composites for bearing and other tribological applications. The present 

work is divided into five parts which also form the five main objectives of the work.  
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The first part involves tribological studies of epoxy composites as coatings. Here, epoxy with 

ultra-high molecular weight polyethylene (UHMWPE) and MoS2 fillers was coated on to a 

bearing steel (SAE 52100). Frictional and wear properties of the coated samples in sliding 

contact were investigated on a pin-on-disc tribometer under a normal load of 10 N and a linear 

sliding speed of 1 m/s against a bearing steel ball. Bearing steel was selected as the counterface 

for its wide applications in tribological machine elements. The optimized coating composition 

(72 wt% Epoxy+7 wt% hardener+18 wt% UHMWPE+3 wt% MoS2) showed highly improved 

tribological properties compared to those of pure epoxy and other epoxy-based composites. 

There was 75% reduction in the coefficient of friction (COF) in the dry interfacial condition 

(COF reduced from 0.2 to 0.05) over pure epoxy and 80% reduction with grease as the 

lubricant. The specific wear-rate of the composite was lower by five orders of magnitude over 

that of pure epoxy. Other mechanical properties such as hardness, tensile strength, and Young’s 

modulus of the composite showed increments of 86%, 121%, and 43%, respectively, with 

respect to those of pure epoxy. 3 wt% of MoS2 had drastic effects on improving compressive 

strength and reducing friction and wear of the composites. For dry sliding, initial abrasive and 

adhesive wear mechanisms led to transfer film formation on the steel counterface, and 

afterwards, the shearing was mainly within the transfer film reducing steady-state wear. For 

the grease-lubricated case, a thin and stable layer of grease helped in easy shearing, and the 

polymer transfer film formation was avoided. 

The second part includes effects of liquid soaking on the epoxy/UHMWPE/MoS2 composite 

on mechanical and tribological properties. Liquid absorption and tribological studies of epoxy-

based composite with ultra-high molecular weight polyethylene (UHMWPE) and MoS2, 

sliding against steel were conducted. Composites, as coating and as a bulk, were soaked in 

water, base oil, ionic liquid and lithium-based grease for different intervals of days or months. 

It was found that liquid weight% gain was more in polar liquids when compared to non-polar. 
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Coated composite soaked in grease for 10 days showed coefficient of friction of 0.08 with 

wear-life of more than 1 million cycles and wear rate of 1.7×10-8 mm3/Nm. Bulk polymer 

composite soaked in grease for 180 days provided the least coefficient of friction of 0.06 and 

specific wear rate of 2.60×10-7 mm3/Nm.  

The third part of this thesis includes the study and comparison of the tribological, thermal and 

mechanical properties of epoxy-based composites with solid fillers (ultra-high molecular 

weight polyethylene and molybdenum disulphide), and different in-situ liquid lubricants in 

different volume proportions. Liquid lubricants used in this thesis are three types of silicon oils 

with different viscosities, base oil and polyalphaolefins (PAO). It was observed that the base 

oil-epoxy composite showed superior tribological performances among the three. The 

coefficient of friction of 0.1 and specific wear rate in the range of 10− 7 mm3/Nm were obtained 

at an apparent contact pressure of 0.611 MPa. Transfer film formation with oil pockets on both 

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

The fourth part includes tribological performance studies of polymer bush bearings under 

severe contact conditions. Thermal, mechanical and tribological performances of epoxy-based 

composites, filled with UHMWPE, MoS2 and Kevlar (aramid) fibres or base oil in different 

proportions, were investigated. Friction coefficient and wear resistance were examined by a 

block-on-cylinder tribotester in dry and wet sliding conditions under variable contact pressures, 

sliding velocities and temperatures. It was found that the composite with in-situ base oil 

possesses the lowest coefficient of friction (0.056) and highest wear resistance (specific wear 

rate of 5.77 x 10-6 mm3/Nm) at relatively high PV factor (contact pressure x sliding velocity) 

of 37 MPa-m/s when compared to other composites. Kevlar-filled composite provided a low 

wear rate at a very high PV factor of 52.5 MPa-m/s. 
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The last part of this thesis includes the applications of the prepared polymer bearings. For 

testing the prepared epoxy composite bearing, it was mounted on the front wheel bearing of a 

bicycle wheel and also installed in the DC motor used in a small sized drone. Before mounting 

the polymer bearing, conventional bearing was removed from the bicycle wheel and from the 

motor of the drone. It was found that with polymer composite bearing the bicycle and the drone 

motor were running smoothly.  

The results of this study have demonstrated that epoxy-based composites with suitable fillers 

can provide sustainable and environmentally friendly tribological solutions to the traditional 

metal bearings within the given operating parametric limits. 

 

 

 

 

 

 

 

 

 

 

 

 



शोध-निबंध सार 

विविन्न प्रकार की गविशील मशीन ों और िाहन घटक ों के वनमााण के वलए पदार्थों का उपय ग वकया जािा 

है। पररचालन स्थिविय ों के आधार पर, उन पदार्थों क  िारी ल व ोंग, र वलोंग और स्लाइव ोंग के अधीन 

वकया जािा है। इन पररचालन स्थिविय ों के कारण, विविन्न सामग्री सोंय जन ों के आपसी सोंपका  के आधार 

पर उच्च घर्ाण, वघसाि और क्षरण ह िा है। इस आधार पर, घर्ाण वनयोंत्रण के वलए धािुओों के बीच सीधे 

सोंपका  पर र क लगाने और उन्हें अिाोंविि टूट-फूट से बचाने के वलए टर ाइब लॉवजकल (अविघर्ावक) 

समाधान की आिश्यकिा है। टर ाइब लॉवजकल (अविघर्ावकये) वनष्पादन क  बढाने के वलए औद्य वगक 

अनुप्रय ग ों के वलए उपय ग वकए जाने िाले से्नहक जवटल सले्फट्स और फॉसे्फट जैसे जे - ी- ी-पी 

(ZDDP) हैं। ये एव वटव्स पयाािरण की दृवि से हावनकारक हैं और स्टील घटक ों पर हावनकारक प्रिाि 

 ालिे हैं।  इसवलए, िहनीयिा की दृवि से से्नहक के प्रदशान क  बढाने के वलए और िैकस्थिक समाधान 

ख जने के वलए, उवचि पयाािरण-अनुकूल एव वटव्स की िी आिश्यकिा ह िी है। पॉवलमर विस्क -

इलास्थस्टक/विस्क -प्लास्थस्टक सामग्री हैं ज  पयााप्त उच्च शस्थि और इोंटरफेस पर कम घर्ाण िनाि प्रदान 

कर सकिे हैं। पॉवलमररक क वटोंग और बल्क,  सोंिाविि टर ाइब लॉवजकल समाधान प्रसु्ति करिे हैं ज  

स्लाइव ोंग और र वलोंग सोंपकों में याोंवत्रक घटक ों के वघसाि के प्रविर ध क्षमिा क  बढािे हैं, सीओ एफ 

(घर्ाण का गुणाोंक) क  कम करिे हैं, घर्ाण क्षवि क  कम करिे हैं और घटक की रखरखाि लागि क  

बचािे हैं। पॉवलमर के बीच, र्थमोसेट एपॉक्सी का व्यापक रूप से उनकी उच्च शस्थि, कठ रिा और र्थमाल 

स्थिरिा के वलए उपय ग वकया जािा है, यवद उन्हें उपयुि रूप से कों प वजट में बनाया जािा है। इसी 



प्रकार, एपॉक्सी-आधाररि कों प वजट सूखा और बेस-ऑयल से्नहक िाली स्थिविय ों के िहि उच्च वघसाि 

िाले जीिन के सार्थ कम घर्ाण और कम विवशि वघसाि के प्रविर ध प्रदान करिे हैं। इस प्रकार, ििामान 

काया बेयररोंग और अन्य टर ाइब लॉवजकल अनुप्रय ग ों के वलए एपॉक्सी कों प वजट के वलए बेहिर 

टर ाइब लॉवजकल गुण ों (घर्ाण <0.1, और विवशि वघसाि की दर <10-7 mm3/N-m) के सार्थ बेहिर याोंवत्रक 

गुण ों क  प्राप्त करने पर कें विि है। ििामान काया क  पााँच िाग ों में वििावजि वकया गया है ज  काया के 

पााँच मुख्य उदे्दश्य िी हैं। 

पहले िाग में क वटोंग्स के रूप में एपॉक्सी कों प वजट का अध्ययन शावमल है। यहाों, अल्ट्र ा-हाई आणविक 

िार पॉलीर्थीन (UHMWPE) और MoS2 वफलसा के सार्थ एपॉक्सी क  एक बेयररोंग स्टील (SAE 52100) 

पर लेवपि वकया गया र्था। स्लाइव ोंग सोंपका  में एपॉक्सी क वटोंग्स नमून ों के घर्ाण और वघसाि के गुण ों की 

जाोंच एक वपन-ऑन-व स्क टर ाइब मीटर पर 10 N के सामान्य िार और एक असर िाली स्टील की गेंद के 

स्थखलाफ 1 m/s की रैस्थखक स्लाइव ोंग गवि के िहि की गई र्थी। टर ाइब लॉवजकल मशीन ित् ों में इसके  

व्यापक अनुप्रय ग ों के वलए वबयररोंग स्टील क  काउोंटरफेस के रूप में चुना गया र्था। अनुकूवलि क वटोंग 

सोंरचना (72 िार % एपॉक्सी + 7 िार % हा ानर + 18 िार % UHMWPE + 3 िार % MoS2) ने शुद्ध 

एपॉक्सी और अन्य एपॉक्सी-आधाररि कों प वजट की िुलना में अत्यवधक बेहिर टर ाइब लॉवजकल गुण 

वदखाए। शुद्ध एपॉक्सी की िुलना में सूखे इोंटरफेवसयल स्थिवि में घर्ाण के गुणाोंक (COF) में 75% की 

कमी (COF 0.2 से 0.05 िक कम) और से्नहक के रूप में ग्रीस के सार्थ 80% की कमी र्थी। कों प वजट की 

विवशि वघसाि-दर शुद्ध एपॉक्सी की िुलना में पररमाण के पाोंच गुना कम र्थी। अन्य याोंवत्रक गुण ों जैसे 



कठ रिा, िन्यिा िाकि और समग्र के योंग मापाोंक में शुद्ध एपॉक्सी के सोंबोंध में क्रमशः  86%, 121% और 

43% की िृस्थद्ध देखी गई। MoS2 के 3 िार % का सोंपीड़न शस्थि में सुधार और कों प वजट के घर्ाण और 

वघसाि क  कम करने पर कठ र प्रिाि पड़ा।  र ाई स्लाइव ोंग  के वलए, प्रारों विक अपघर्ाक और आसोंजक 

वघसाि िोंत्र ने स्टील काउोंटरफेस पर टर ाोंसफर वफल्म के वनमााण का काम वकया, और बाद में, वशयर मुख्य 

रूप से टर ाोंसफर वफल्म के िीिर स्थिर-अििा के वघसाि क  कम करने के वलए हुई। ग्रीस- से्नहक िाले 

मामले के वलए, ग्रीस की एक पिली और स्थिर परि ने आसानी से वशयर में मदद की, और पॉवलमर 

टर ाोंसफर वफल्म का वनमााण नही ों हुआ।  

दूसरे िाग में याोंवत्रक और टर ाइब लॉवजकल गुण ों पर एपॉक्सी/UHMWPE/MoS2 वमविि पर िरल 

अिश र्ण के प्रिाि शावमल हैं। अल्ट्र ा-उच्च आणविक िार पॉलीर्थीन (UHMWPE) और MoS2 के सार्थ 

एपॉक्सी-आधाररि वमविि के िरल अिश र्ण और टर ाइब लॉवजकल अध्ययन, स्टील के विरुद्ध स्लाइव ोंग 

आय वजि वकए गए रे्थ। कों प वजट, क वटोंग के रूप में और बल्क के रूप में, वदन ों या महीन ों के विविन्न 

अोंिराल ों के वलए पानी, बेस-ऑयल, आयवनक िरल और वलवर्थयम-आधाररि ग्रीस में विग ए गए रे्थ। यह 

पाया गया वक गैर-धु्रिीय की िुलना में धु्रिीय िरल पदार्थों में िरल िार % की िृस्थद्ध अवधक र्थी। 10 वदन ों 

िक ग्रीस में अिश वर्ि वकये गए क वटोंग्स कों प वजट ने 1 वमवलयन चक्र से अवधक के वघसाि के जीिन 

और 1.7×10-8 mm3/N-m की वघसाि की दर के सार्थ 0.08 के घर्ाण गुणाोंक क  वदखाया। 180 वदन ों िक 

ग्रीस में अिश वर्ि वकये गए बल्क पॉवलमर कों प वजट ने घर्ाण का नू्यनिम गुणाोंक 0.06 और विवशि 

वघसाि दर 2.60×10-7 mm3/N-m प्रदान वकया। 



इस श ध-वनबोंध के िीसरे िाग में ठ स िराि (UHMWPE और MoS2) के सार्थ एपॉक्सी-आधाररि 

कों प वजट के टर ाइब लॉवजकल, र्थमाल और मैकेवनकल गुण ों का अध्ययन और िुलना शावमल है, और 

अलग-अलग मात्रा अनुपाि में अलग-अलग इन-सीटू िरल से्नहक हैं।  इस र्थीवसस में उपय ग वकए जाने 

िाले िरल से्नहक विविन्न विस्क वसटी िाले िीन प्रकार के वसवलकॉन िेल, बेस ऑयल और 

पॉलीअल्फाओलेवफन (PAO) हैं। यह देखा  गया वक बेस-ऑयल-एपॉक्सी कों प वजट ने िीन ों के बीच बेहिर 

प्रदशान वदखाया। घर्ाण का गुणाोंक 0.1 और विवशि वघसाि दर 10-7 mm3/N-m की सीमा में 0.611 MPa 

के स्पि सोंपका  दबाि पर प्राप्त वकया गया र्था। द न ों टर ाइब -ज ड़ी सिह ों पर िेल की पॉकेट्स के सार्थ 

िानाोंिरण वफल्म वनमााण क  मुख्य घर्ाण और वघसाि कम करने िाले िोंत्र के रूप में पहचाना गया र्था। 

चौरे्थ िाग में गोंिीर सोंपका  स्थिविय ों के िहि पॉवलमर बुश वबयररोंग्स के अविघर्ावकये प्रदशान (tribological 

performance) का अध्ययन शावमल है। विविन्न अनुपाि ों में UHMWPE, MoS2 और केिलार (एरावम ) 

फाइबर या बेस-ऑयल से िरे एपॉक्सी-आधाररि कों प वजट के र्थमाल, मैकेवनकल और टर ाइब लॉवजकल 

प्रदशान की जाोंच की गई। घर्ाण गुणाोंक और वघसाि के प्रविर ध की जाोंच ब्लॉक-ऑन-वसलें र 

टर ाइब टेस्टर द्वारा पररििानीय सोंपका  दबाि, स्लाइव ोंग िेग और िापमान के िहि सूखी और गीली 

स्लाइव ोंग स्थिविय ों में की गई र्थी। यह पाया गया वक इन-सीटू वमनरल बेस-ऑयल िाले वमिण में घर्ाण 

का नू्यनिम गुणाोंक (0.056) और अपेक्षाकृि उच्च PV कारक (सोंपका  दबाि x स्लाइव ोंग िेग) पर उच्चिम 

वघसाि का प्रविर ध (5.77 x 10-6 mm3/N-m की विवशि वघसाि की दर) ह िा है। ) अन्य कों प वजट की 



िुलना में 37 MPa-m/s। केिलार-िरे कों प वजट ने 52.5 MPa-m/s के बहुि उच्च PV कारक पर कम 

वघसाि की दर प्रदान की। 

इस श ध-वनबोंध के अोंविम िाग में पॉवलमर वबयररोंग्स के अनुप्रय ग शावमल हैं। एपॉक्सी कम्प वजट वबयररोंग 

के परीक्षण के वलए इसे साइवकल के अगले पवहये के वबयररोंग पर लगाया गया और ि टे आकार के  र  न 

में इसे्तमाल ह ने िाली  ी. सी. म टर में िी लगाया गया। पॉवलमर वबयररोंग लगाने से पहले, साइवकल के 

पवहये और  र  न की म टर से पारोंपररक स्टील वबयररोंग हटा दी गई र्थी। यह पाया गया वक पॉवलमर 

कों प वजट वबयररोंग के सार्थ साइवकल और  र  न म टर सुचारू रूप से चल रहे रे्थ। 

अिः , इस अध्ययन के पररणाम ों से पिा चला है वक उपयुि वफलसा के सार्थ एपॉक्सी-आधाररि कों प वजट 

वदए गए ऑपरेवटोंग पैरामीवटर क सीमाओों के िीिर पारोंपररक धािु बीयररोंग ों के वलए वटकाऊ और पयाािरण 

के अनुकूल टर ाइब लॉवजकल समाधान प्रदान कर सकिे हैं। 

 



viii 
 

Table of Contents 

 

Declaration by student                                                                                                                 i 

Certificate                                                                                                                                   ii                                                                                                                       

Acknowledge                                                                                                                              iii                                                                                                                          

Abstract                                                                                                                                      iv 

Table of Contents                                                                                                                    viii 

List of Figures                                                                                                                          xiv 

List of Tables                                                                                                                            xxii 

List of Abbreviations                                                                                                               xxiv              

Chapter 1 Introduction                                                                                                             1 

1.1. Background                                                                                                                         1 

1.2. Evolution of Tribology as a field of science and technology                                            5                                                                                           

1.3. Applications of Tribology                                                                                                    6 

1.4. Tribological Coatings                                                                                                          7                            

1.5. Bearings                                                                                                                              8 

1.5.1. Dry Polymer Bearing                                                                                                      10 

1.5.2. Lubricated Polymer Bearing                                                                                        10 

1.6. Research objective                                                                                                            14 

Chapter 2 Literature Survey                                                                                                   15 

2.1. Tribology and Surface Engineering                                                                                 15 

2.1.1. Factors affecting the Tribological properties                                                              16 

2.1.2. Two term model of the friction and wear process                                                                          20 

2.2. Friction and wear of polymer composites coatings                                                        22 



ix 
 

2.3. Polymer Composites with Solid Lubricants                                                                      25 

2.4. Polymer Composites with Liquid Lubricants                                                               28 

2.5. Conclusions of Literature Review                                                                                  30 

2.6. Research Strategy                                                                                                              30 

Chapter 3 Experimental Setup and Methodology                                                                 32 

3.1. Overall Experimental Plan                                                                                               32 

3.2. Pin-on-Disc Tribometer                                                                                                       33 

3.3. Lubricity Tester (TR 31)                                                                                                   34 

3.4. Characterization                                                                                                                35 

3.4.1. Hardness Test                                                                                                                  35 

3.4.2. Scratch Test                                                                                                                     37 

3.4.3. Tensile and Compressive Test                                                                                        37 

3.4.4. Contact Angle Measurement and Surface Energy Measurement                             38 

3.4.5. 3D Optical Profilometer Measurement                                                                         40 

3.4.6. Thermo-Gravimetric Analyzer (TGA)                                                                         41 

3.4.7. Dynamic Mechanical Analyzer (DMA)                                                                         41 

3.4.8. Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy           41 

3.4.9. Polishing Machine                                                                                                           42 

3.5. Materials for polymer composite preparation and testing                                            43 

3.5.1. Epoxy Resin                                                                                                                    43 

3.5.2. Ultra High Molecular Weight Polyethylene                                                                 46 

3.5.3. Molybdenum Disulphide                                                                                                46 

3.5.4. Kevlar                                                                                                                              47 

3.5.5. Base oil                                                                                                                            48 



x 
 

3.5.6. Polyalphaolifins                                                                                                              49 

3.5.7. Silicon oil                                                                                                                        50 

3.5.8. Grease                                                                                                                              50 

3.5.9. Water                                                                                                                               51 

3.5.10. Disc material bearing steel                                                                                          52 

3.6. Polymer Composite Coatings                                                                                           53 

3.6.1. Preparation of Epoxy and its Composite coatings for dry test                                   53 

3.6.2. Spin Coating                                                                                                                   55 

3.6.3. Preparation of Epoxy and its Composite coatings soaked in liquid lubricants            55 

3.7. Epoxy and its Composites as bulk                                                                                  57 

3.7.1. Preparation of polymer bulk composites soaked in liquid lubricants                     57 

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

3.7.3. Preparation of Bulk Epoxy Composites as a bearing ring                                         60 

3.8. Tribological tests of the samples                                                                                      62 

3.8.1. Calibration of the Cantilever load cell                                                                         62 

3.8.2. Methodology of friction and wear tests                                                                        62 

3.9 Research Methodology                                                                                                       64 

Results and Discussion                                                                                                             65 

Chapter 4: Tribological studies of epoxy composites as coating                                          65 

4.1. Optimization of the wt% of UHMWPE in epoxy matrix                                              65 

4.2. Optimization of MoS2 in the epoxy-18wt% of UHMWPE composite                        67 

4.3. Surface Energy and Water contact angle measurement                                               68 

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

studies of sample surfaces                                                                                                        69 

4.5. Nanoindentation, Hardness and Scratch test                                                                  71 



xi 
 

4.6. Friction and wear results for composites in dry and grease lubrication                     74 

4.7. Wear Mechanism                                                                                                              78 

4.8. Summary                                                                                                                            80 

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

epoxy/ UHMWPE/MoS2 composite                                                                                                82                                                                                            

5.1. Liquid absorption during soaking                                                                                   82 

5.2. Compression test                                                                                                              86 

5.3. Friction and wear tests of soaked composites                                                                 88 

5.3.1. Composite coating against EN31 steel ball                                                                  88 

5.3.2. Composite bulk pin against EN31 steel disc                                                                91 

5.4. Summary                                                                                                                           94 

Chapter 6: In-situ lubrication of polymer composites with base oil                                    96 

6.1. Optimization of bulk UHMWPE                                                                                     96 

6.2. Contact angle and Surface energy analysis                                                                     98 

6.3. Compression test                                                                                                               100 

6.4. Roughness and Density measurement                                                                           101 

6.5. Friction and wear Results                                                                                              102  

6.5.1. Polymeric pin and steel counterface tribo-pair (TP1)                                               102 

6.5.2. Polymer composite pin on polymer composite disc tribo-pair (TP2)                      105 

6.6. FESEM and EDX analysis of the pin surface and the wear track                              108 

6.7. Thermal analysis                                                                                                             113 

6.8. Mixed Lubrication                                                                                                          114 

6.9. Stribeck curve                                                                                                                  116 

6.10. Summary                                                                                                                        117 

 



xii 
 

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

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

                                                                                                                                                119 

7.1. Roughness, density and viscosity measurement                                                           119 

7.2. Compression test                                                                                                             120 

7.3. Thermal Analysis                                                                                                            122 

7.4. Tribological test                                                                                                              123 

7.4.1. Polymer composite pin and steel counter surface                                                     123 

7.5. Contact angle and Surface energy analysis                                                                  129 

7.6. SEM and EDX analysis                                                                                                   131 

7.7. Summary                                                                                                                         136                                                                                                                     

Chapter 8: Tribological performances of polymer bearings                                              138 

8.1. Roughness and Density measurement                                                                           138 

8.2. Compression and Hardness test                                                                                      139 

8.3. Thermal Analysis                                                                                                             141 

8.4. Contact angle and Surface energy analysis                                                                   143 

8.5. Friction and wear results                                                                                                146 

8.5.1. Friction and wear results in dry condition at room temperature                            146 

8.5.2. Friction and wear results in dry condition at elevated temperature                       149 

8.5.3. Friction and Wear test with external lubrication                                                                  151 

8.6. SEM and EDX analysis of the pin surface and the wear track                                   153 

8.7. Applications                                                                                                                      156 

8.7.1. Bicycle wheel bearing                                                                                                    156 

8.7.2. Motor bearing in drone                                                                                                 157 

8.8. Summary                                                                                                                          158 



xiii 
 

Chapter 9: Conclusions and Scope for Future Work                                                         160 

9.1. Conclusions                                                                                                                      160 

9.1.1. Coatings                                                                                                                         160 

9.1.2. Bulk                                                                                                                                162 

9.2 Scope for Future work                                                                                                     164 

References                                                                                                                               165 

List of Publications                                                                                                                  176 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiv 
 

List of Figures: 

 

1.1 Performance parameters of Friction and Wear processes                                                    4 

1.2 Applications of Tribology                                                                                                    6 

1.3 Rheological curves of fluids                                                                                                13 

1.4 Stribeck Curve                                                                                                                    13 

2.1 Effect of load and velocity on the interfacial temperature of the two sliding objects          16 

2.2 Wear mode map for unlubricated sliding of steel on steel in air on pin on disc                  19 

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

wear processes arises from the extent of deformation in the softer material (usually polymer) 

by a rigid, non-dissipative, asperity of the counterface. F or interfacial wear the frictional 

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

dissipated by adhesive and abrasive (subsurface) interactions                                                  21 

4.1 Flow chart of overall Experimental plan                                                                              33 

3.2 Image of lab fabricated Pin-on-disk Tribometer                                                                  34 

3.3 CAD model of Lubricity tester machine                                                                               35 

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

machine                                                                                                                                      36 

3.5 Description of sample for tensile test                                                                                  38 

3.5.1 force balance diagram at the interface of solid, liquid and gas                                       39 

3.6 Image of 3D optical Profilometer                                                                                       40 

3.7 Image of polishing machine and Polished Specimen                                                          42 

3.8 Synthesis of Bisphenol A                                                                                                      44 



xv 
 

3.9 Generalized flow chart of Sample preparation                                                                     45 

3.10 Molecular unit of UHMWPE                                                                                            46 

3.11 Molecular unit of MoS2                                                                                                               47 

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

hydrogen bonds.                                                                                                                         48 

3.13 Molecular structure of PAO                                                                                                50 

3.14 Specimen on which coating was coated                                                                              53 

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

3.16 Schematic of the preparation method of Epoxy-UHMWPE-MoS2-liquid lubricant 

composites                                                                                                                                  59 

3.17 Microscopic image of composite pin                                                                                 60 

3.18 (a) Teflon mould for sample preparation (b) Kevlar 129 short fibres                               61 

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

same black appearance because each contained MoS2 particles                                               61 

3.20 schematic of the method of wear volume calculation for the coating                               64 

3.21 Systematic diagram of Research methodology                                                                 64 

4.1 Coefficient of friction and wear life cycles for epoxy-UHMWPE composites with different 

wt% of UHMWPE in dry sliding at the normal load of 10 N and sliding speed of 1 m/s.        67 

4.2. Coefficient of friction and wear life cycles for epoxy-UHMWPE-MoS2 composites with 

different wt% of MoS2 in dry sliding at the normal load of 10 N and sliding speed of 1 m/s.   68 

4.3 (a) SEM image of UHMWPE powder, (b) SEM image of MoS2 powder, and (c) SEM image 

of the composite                                                                                                                         70 

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



xvi 
 

4.5 Images of scratches of MS at (a) 10 N load and (b) 40 N load normal loads. Images (c) and 

(d) are magnified images of images (a) and (b), respectively, at representative spots as marked 

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

4.6 Coefficient of friction for pure epoxy and different composites at 10 N normal load and 

sliding speed of 1 m/s. All are for the dry interfacial condition except for MS2 which is the 

grease lubricated interface for specimen MS                                                                            76 

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

test                                                                                                                                              77 

4.8 Wear life of pure epoxy and different composite coatings in wear cycles at 10 N normal 

load and sliding speed of 1 m/s. For MS and MS2, experiments were stopped at 100,000 cycles 

without the failure of the coatings for all three repeats and hence no error bars are shown for 

these two cases.                                                                                                                        77 

4.9 Specific wear-rate of epoxy and different composite coatings at 10 N normal load and a 

sliding speed of 1 m/s. All are for the dry interfacial condition except for MS2 which is with 

grease lubrication.                                                                                                                    78 

4.10 (a) Linear topographical scan across the width of a wear track on the composite coating 

MS, and (b) and (c) are the SEM image of the wear track and the 2D topographical view, 

respectively, of MS after 100,000 cycles at 10 N load and a speed of 1 m/s                          80 

4.11 Optical microscope image of the ball surface after wear test cycles of 100,000 cycles on 

(a) MS and (b) EU coating at 10 N load and 1 m/s sliding speed                                          80 

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

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

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

ionic liquid for 6 months                                                                                                         84 

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

[Brydson 1999]                                                                                                                            85 



xvii 
 

5.4 Modulus and yield strength (0.2% offset) of MS sample soaked in different liquid lubricants 

for multiple days in compression test. (a), (b), (c), (d), (e), (f), (g) and (h) present variations of 

the modulus and yield strength, respectively, with number of days of soaking                       88 

5.5 (a) Coefficient of friction of epoxy and epoxy-based coating coated on EN31 steel disc and 

soaked in SN150 base oil, water and grease for 10 days. Data presented inside the dotted 

rectangular box are for dry cases without soaking in liquid. (b) and (c) Specific wear rate and 

wear life in cycles of epoxy and epoxy-based coating coated on EN31 steel disc and soaked in 

SN150 base oil, normal water and LGMT grease for 10 days at Hertzian contact pressure of 

0.36 GPa.                                                                                                                                  90 

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

5.7 (a) Coefficient of friction of MS composite pin after soaked in liquid lubricants base oil, 

water, ionic liquid and grease at room temperature for different interval of days; Normal force 

= 12 N, linear sliding speed = 1 m/s. (b) Specific wear rate of MS pin slid against EN31 steel 

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

6.1 Elastic modulus and 0.2% offset yield strength of polymer composites in compression test 

at constant cross head speed of 2.0 mm/min. (a) and (b), variation of the modulus and yield 

strength, respectively, with a change in the wt% of UHMWPE in epoxy and (c) Average 

Coefficient of friction of epoxy-UHMWPE composites with different weight % of UHMWPE 

tested on Pin-on-disc tribometer having counterface of EN31 steel at 12N load, speed 1m/s at 

nominal pressure of 0.611 MPa. The frictional tests were conducted for a sliding distance of 

3.6 Km                                                                                                                                         98 

6.2: Contact angles (a) and surface energy (b) of pure epoxy and the composites (The 

nomenclatures of the samples are provided in Table 6.1)                                                        100 

6.3: Elastic modulus and 0.2% offset yield strength of polymer composites in compression test 

at constant cross head speed of 2.0 mm/min. (a) and (b), variation in the elastic modulus and 

yield strength with a variation in wt% of base oil. Nomenclatures of the samples are provided 

in Table 6.1                                                                                                                             100 

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

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



xviii 
 

tribometer having counterface of EN31 steel at 12N load, speed 1m/s at the nominal pressure 

of 0.611 MPa. The wear tests were conducted for 1 million cycles which corresponded to a 

sliding distance of 95 Km                                                                                                        102 

6.5: Wear track images on steel surface after polymer composites pin tribological test at 12 N 

load, speed 1 m/s, at nominal pressure of 0.611 MPa for 1 million cycle, stable transfer film 

was formed in each case but EU slid wear track showed more wear debris unattached to the 

transfer film                                                                                                                             105 

6.6 (a) Average coefficient of friction of different polymer composites tested at the normal load 

of 12 N and sliding speed 1 m/s (b) Specific wear rate of different bulk polymer composite pins 

tested against the same (TP 2) polymer composite at 12 N load, speed 1m/s (nominal pressure 

0.611 MPa)                                                                                                                            105 

6.7: Specific wear rate with progressive sliding cycles for M13 polymer composites with 

counterface EN31 steel (cross symbol) and for M5 polymer compoistes (triangle symbol) with 

counterface of M5 polymer composites disk at normal load of 12N, speed 1m/s till 1 million 

cycles                                                                                                                                       108 

6.8 FESEM Image of (a) Epoxy pin (b) EU pin (c) MS pin and (d) M13 pin (e) steel disc before 

wear test (f) steel disc within wear track, and EDX Image of (g) Epoxy (h) EU (i) MS and (j) 

M13 (k) steel disc before wear test (l) steel disc within wear track. The arrow marks on (a), (b), 

(c) and (d) indicate the sliding direction                                                                                  111 

6.9 EDX image showing elemental distribution of polymer M13 transfer layer deposited on 

steel EN31 disk                                                                                                                       112 

6.10 TGA data of pure epoxy and the composites heated from 50 °C to 800 °C at a heating rate 

of 10 °C/minute in air. The inset graph shows the dotted area of the plots in magnified version                                                                                                                                    

                                                                                                                                                113 

6.11 (a) Average coefficient of friction at different pressure of M13 composite against steel 

(EN31) disk at speed 1m/s (b) average coefficient of friction at different speed of M13 sample 

against steel (EN31) for a fixed no of running cycles, 35000 (c) shear strength vs speed on 

logarithmic scale for M13 polymer composite (d) Average coefficient of friction vs (η N/P) on 

logarithmic scale for M13 polymer composite (Stribeck curve)                                            114 



xix 
 

7.1 Elastic modulus and yield strength of polymer composites in compression test at the platen 

speed of 2.0 mm/min. (a) and (b) are the variations in the yield strength and elastic modulus, 

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

7.2 Thermal analysis of polymer composites with a variation in volume% of in-situ different 

liquid lubricants. Tg was measured through DMA under single cantilever mode with heating 

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

                                                                                                                                               123 

7.3 (a) Average coefficient of friction and (b) Specific wear rate of bulk polymer composites 

with a variation in vol% of in-situ liquid lubricants tested on pin-on-disc machine having 

counter surface of steel at 12 N load, speed 1 m/s at the apparent pressure of 0.611 MPa and 

sliding distance 21.6 km.                                                                                                         127 

7.4 Photographic images of the wear tracks on steel surfaces after tribological tests at 12 N load 

and speed 1 m/s, for a sliding distance 21.6 km, adhering transfer film was formed in each case. 

S1, S2, S3, S4 and B contain 18 vol% of the respective liquid lubricant                               128 

7.5. Contact angles (a), (b) and surface energy (c) of different polymer composites with 18 

vol% of in situ liquid lubricants; Contact angle (d), (e) and surface energy (f) after polymer 

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

7.6 SEM and EDX Image of (a), (b) steel disc outside wear track (c), (d) transfer layer of MS 

(e), (f) transfer layer of S1 (g), (h) transfer layer of S2 (i), (j) transfer layer of S3 (k), (l) transfer 

layer of S4 (m), (n) transfer layer of B. All the transfer layers are on the EN31 steel disc after 

tribology test                                                                                                                            134 

7.7 SEM and EDX Image of (a), (b) MS pin (c), (d) S1 pin (e), (f) S2 pin (g), (h) S3 pin (i), (j) 

S4 pin (k), (l) B pin. All the SEM and EDX of sample are after tribology tests                      136 

8.1 Typical Force – Displacement graphs of polymer composite ‘MS’, ‘K’ and ‘B’ in 

compression test at the cross head speed of 2.0 mm/min. Nomenclatures of the samples are 

provided in Table 8.1                                                                                                             140 

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



xx 
 

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

temperature and elevated temperature                                                                                  141 

8.4 (a) Thermal analysis of polymer composites measured through DMA under single 

cantilever mode with heating ramp of 5°C/min and temperature range of 30℃ to 200°C, 

frequency 1 Hz in nitrogen environment (b) TGA data of polymer composites heated from 50 

◦C to 800 ◦C at a heating rate of 10 ◦C/min in air                                                                  143 

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

8.6 (a) coefficient of friction and (b) specific wear rate of ‘MS’ composite at different load (20 

N, 50 N, 70 N) and variable speed (0.5 m/s – 2.5 m/s). (c) coefficient of friction and (d) specific 

wear rate of different polymer composite (‘MS’, ‘K’, ‘B’) at different load (20 N, 50 N, 70 N), 

speed 2 m/s and sliding distance 10 km. (e) coefficient of friction and (f) specific wear rate of 

different composites at variable PV (19.8 MPa-m/s to 52.5 MPa-m/s) for sliding distance 10 

km. (g) coefficient of friction and (h) specific wear rate of polymer composites at wide range 

of PV (9.9 MPa-m/s - 52.5 MPa-m/s). (i) Change in interfacial temperature of different polymer 

composites with respect to PV (9.9 MPa-m/s - 52.5 MPa-m/s) (j) failure map of composites (k) 

failed ‘MS’ composite at 50 N load and 2.5 m/s (l) Scuffing of ‘MS’ composite due to frictional 

heating and high adhesive wear at 50 N load                                                                        146 

8.7 Coefficient of friction and specific wear rate of different composites (a), (b) MS composite 

(c), (d) ‘K’ composite (e), (f) ‘B’ composite at variable PV (19.8 MPa-m/s to 52.5 MPa-m/s) 

and variable temperature (25 ℃, 50 ℃, 90 ℃) for a total sliding distance of 10 km for each 

test                                                                                                                                         151 

8.8 (a) coefficient of friction and (b) specific wear rate of B composites at room temperature at 

variable speed (1 m/s, 1.5 m/s and 2 m/s). The total sliding distance was 15 Km at 50 N load 

for each test                                                                                                                          153 

8.9 (a), (b) shows the SEM image and the corresponding EDX of steel block on which transfer 

layer of ‘MS’ composite was present on the wear track. (c), (d) SEM image and the 

corresponding EDX of steel block on which transfer layer of ‘K’ composite was present on the 

wear track. (e), (f) SEM image and the corresponding EDX of steel block on which transfer 

layer of ‘B’ composite was present on the wear track. (g), (h) SEM and EDX of ‘MS’ 



xxi 
 

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

All the SEM and EDX of sample are after tribology tests                                                      155 

8.10 Polymer bearing installed in the front wheel of a cycle                                                 156 

8.11 Systematic image of wheel for free drop test                                                                  157 

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

motor                                                                                                                                         157 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxii 
 

List of Tables: 

 

3.1 Specifications of Epoxy and Hardener                                                                                 44 

3.2 Mechanical and physical properties of cured pure epoxy coating and bulk                                  45 

3.3 Grades of Kevlar and its properties                                                                                     48 

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

[Sigma Aldrich]                                                                                                                        49 

3.5 Specifications of LGMT grease [SKF]                                                                                51 

3.6 Chemical Composition of EN 31 steel                                                                                 53 

3.7 Physical and mechanical properties of EN 31 steel                                                             53 

3.8 Sample names and their compositions                                                                                  56 

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

case was epoxy with hardener, UHMWPE (21.30 vol%) and MoS2 (0.66 vol%)                     59 

4.1 Coating sample Nomenclature                                                                                            65 

4.2 Contact angle and the calculated surface energy of pure epoxy and the composites                69 

4.3 Elemental composition of prepared coating                                                                         71 

4.4 Parameters of Scratch test                                                                                                    73 

5.1 Diffusivity (D), activation energy (Q) and maximum liquid weight% gain (Wm) of bulk 

polymer composite (MS) pin after soaked in liquid lubricants base oil, water, ionic liquid and 

grease at room temperature for different interval of days                                                          86 

6.1 Nomenclature of specimen                                                                                                   96 

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

method                                                                                                                                        101 

6.3 Difference in the room temperature and interfacial temperature between the epoxy- 

UHMWPE composites with different percentages of UHMWPE (left table), tribo-pair 



xxiii 
 

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

speed                                                                                                                                         107 

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

case was epoxy with hardener, UHMWPE (21.30 vol%) and MoS2 (0.66 vol%)                           119 

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

7.3 Interfacial temperature rise above the room temperature between the tribo-pair steel disk 

and hybrid epoxy-based polymer composites with different in-situ liquid lubricants (Silicone 

oil 1, Silicone oil 2, Silicone oil 3, PAO and base oil) after tribology test (21.6 km of sliding 

distance) at 0.611 MPa pressure and sliding speed of 1 m/s                                                     128 

8.1 Nomenclature of polymer composites                                                                                 138 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxiv 
 

List of Abbreviations: 

 

μ – Coefficient of friction 

tanθ - Tangential angle of interlocking asperities 

F- Frictional force 

Fa - Interfacial component  

Fp - Ploughing component of friction 

τ - shear stress 

τo - initial shear stress 

α - constant  

P - contact pressure 

DLC - Diamond like carbon 

TiAlN- Titanium aluminium nitride 

CrAlN- Chromium aluminium nitride 

ZrC- Zirconium carbide 

ZrN- Zirconium nitride 

PTFE - Polytetrafluroethylene 

PEEK - Polyetheretherketone 

PAEK- Polyaryletherketone 

PAO- Polyalphaolefins  

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


xxv 
 

UHMWPE - Ultra high molecular weight polyethylene 

MoS2 – Molybdenum disulphide 

SU-8 - Epoxy 

Ti - Titanium  

Cr – Chromium 

Sb2O3 – Antimony oxide 

HMW-HDPE – High density Polyethylene 

LixMoS2 - Lithium intercalated molybdenum di-sulphide  

WPU - Waterborne polyurethane 

PA - Polyamide 

MoO3 - Molybdenum trioxide 

SiO2 – Silicon dioxide 

ODA - Octadecylamine  

PPS - Polyphenylene sulfide 

POM - Polyoxymethylene 

WS2 - Tungsten disulphide  

Rpm – Revolution per minute 

PDMS - Polydimethylsiloxane  

PIB - Porous thermosetting benzimidazole-containing aromatic polyimide 

SEM - Scanning Electron Microscopy 

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


xxvi 
 

EDX - Energy Dispersive Spectroscopy  

TGA - Thermo-Gravimetric analysis 

DMA- Dynamic Mechanical analyser 

HSS - High Speed Steel 

RF - Radio frequency  

Wt% - Weight percentage 

Vol% - Volume percentage 




