
 

 

 

REPLACEMENT OF PHENOLIC RESIN 

BY NOVEL ECO-FRIENDLY RESINS IN 

COPPER-FREE BRAKE PADS 
 

 

BHASKARANAND BHATT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CENTRE FOR AUTOMOTIVE RESEARCH AND TRIBOLOGY  

(Formerly ITMMEC) 
 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

OCTOBER 2022 

  



 

 

 

 



 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Indian Institute of Technology Delhi (IITD), New Delhi, 2022 
 

 

 

 

 

 

  

 



 

 

 

 

Replacement of Phenolic Resin by Novel Eco-Friendly 

Resins in Copper-Free Brake Pads 

by 

BHASKARANAND BHATT 

 

CENTRE FOR AUTOMOTIVE RESEARCH AND TRIBOLOGY  

(Formerly ITMMEC) 

 

Submitted 

in fulfilment of the requirements of the degree of 

Doctor of Philosophy 

to the 

 

 

 

 

 

 

 

 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

OCTOBER 2022



 

 

 

 

  



 

 

 

i 

 

CERTIFICATE 

 

This is to certify that the thesis entitled "Replacement of Phenolic Resin by Novel Eco-

Friendly Resins in Copper-Free Brake Pads" being submitted by Mr. Bhaskaranand Bhatt 

to the Indian Institute of Technology Delhi for the award of the degree of Doctor of 

Philosophy, is a record of bonafide research work carried out by him. Mr. Bhaskaranand 

Bhatt has worked under my guidance and supervision and has fulfilled the requirements for 

the thesis submission. The results contained in this thesis have not been submitted in part or 

whole to any other University or Institute for the award of any degree or diploma.  

 

 

 

 

Prof. Jayashree Bijwe 

(Supervisor) 

Professor 

Centre for Automotive Research and Tribology 

Formerly-ITMMEC                                         

Indian Institute of Technology Delhi 

 

 

 

 

 

 

 

Date:  

New Delhi 

 



 

 

 

 

 



 

 

 

ii 

 

Acknowledgments 

Without the assistance of many positive-minded people that surround me with a fierce attitude 

toward attaining goals, I would not be able to accomplish this thesis. I wish to express my 

gratitude to everyone who helped me with this thesis and supported me during my Ph.D. studies 

with their advice and suggestions. 

With great honor, inexpressible thankfulness, and affection, I would like to express my extreme 

gratitude to my supervisor Prof. Jayashree Bijwe who allowed me to work with her group to 

pursue my Ph.D.  She has been my beacon light, scientific supporter, and motivator throughout 

my Ph.D. studies, and beyond this, she also taught me how to become a better human being. 

I am very much thankful to Prof. B. K. Panigrahi, Head of CART, for providing me with the 

facilities to pursue my Ph.D. in the Centre. I wish to extend my sincere thanks to Prof. N. 

Tandon (the chairman of S. R. C.). Prof. R. Alagirusamy (outside expert of S. R. C), and Dr. 

Deepak Kumar (expert S. R. C. member from CART) for their support and timely suggestions.  

I'd like to thank Prof. Bimlesh Lochab, Shiv Nadar University, for her support in providing 

novel monomers synthesized in her laboratory for brake pad development. This was the main 

aim of my research work, which could not be possible without her kind and persistent 

assistance. 

I sincerely thank Prof. P. R. Bijwe and Prof. Ashish K. Darpe for their helpful discussions and 

consistent support. 

Mr. Avtar Singh's broad technical knowledge in overcoming the day-to-day technical 

challenges that arose during experimentation is greatly appreciated. I'm also grateful for their 

friendly encounters and assistance. 

Very special thanks to Dr. Umesh Marathe for valuable discussions and dedicated time to the 

fabrication of pads with new resins. My sincere thanks are to Dr. Meghashree Padhan, who 

stood by me in my most difficult times. My heartfelt gratitude goes to Dr. Navnath Kalel for 

all of your kind assistance during my Ph.D., especially with data analysis. 

I am further thankful to Dr. Vinay Saini for motivating me to keep my spirits high in demanding 

situations. 

I am very much thankful to Dr. P D Trivedi, Head R & D Gharda Chemicals Ltd Mumbai, for 

providing PAEK thermoset for my work. I am very much grateful to Mr. Gianni Mineto (Sales 

& Product Manager Friction & Sintering CAME srl Itali) for supplying Diatomite for this 

research work. 



 

 

 

iii 

 

My sincere thanks to Mr. B. S. Tomar (Allied Nippon), Mr. Raj Khanolkar (Masu Brakes), 

Mr. Anil Gupta and Shishir Gupta (PAN Exim Agencies), Mr. Pravin Jain (Director Super 

Circle Auto Limited Delhi), and Mr. Sudhir Dixit (Corporate Business Head, Super Circle 

Auto Limited Delhi), and Johan Decrock (Promat International N. V. Belgium) for extending 

their helping hands right from technical suggestions to making facilities and materials 

available during the research work 

It brings me great pleasure to convey my thanks and devotion to my parents, family, and friends 

for their unconditional love and moral support; this has kept me focused and engaged 

throughout my work. 

Finally, I'd like to express my gratitude to my wife Vanita, for her patience, understanding, 

unshakable love, and cooperation during the research process.  

Finally, I wish to express my profound gratitude to God for guiding me through this 

challenging journey. 

 

 

 

 

 

 

Bhaskaranand Bhatt 

 

 

 

 

 

 

 

 

 



 

 

 

iv 

 

ABSTRACT 

Replacement of Phenolic Resin by Novel Eco-Friendly Resins in Copper-free 

Brake Pads 

 

Friction materials (FMs) in brake pads/brake shoes, clutch facings, etc., play a crucial role in 

meeting the vehicles' desirable and reliable braking performance. Their formulations make up 

a well-balanced combination of resin/binder and other ingredients, such as fibers, friction 

modifiers, and space fillers. Phenolic resins (a family of thermosetting polymers) are invariably 

used as binders. They provide structural integrity by holding the multiple ingredients together 

firmly and efficiently to perform their intended tasks. However, phenolics have serious 

problems, including those related to environmental pollution.  

• Short shelf life renders them useless during transportation and storage unless extra care 

(preserving in cold and humid - free storage) is taken to extend the life to a small extent. 

It adds to the cost. This is the most challenging problem in the friction industry. 

• During product molding, noxious volatiles (ammonia, formaldehyde, etc.) evolve, 

causing pollution and cracks, cavities, and fissures in the molded product. 

• During curing, condensation products are evolved, leading to shrinkage and 

dimensional changes in the molded product  

• During its synthesis, harsh chemicals such as NaOH are required as catalysts. 

As a result, one of the most pressing problems in the friction industry is the successful 

replacement of phenolic resins with a new resin that would not have the same problems with 

equal or better performance.  

This thesis has attempted to address these issues to the extent possible. New resins, such as 

high-performance epoxy, thermosetting poly aryl ether ketone (PAEK), Polybenzoxazines 

(PBZs), and cardanol-based PBZs were explored for developing eco-friendly (Cu-free) brake 

pads with eco-friendly resins and compared with the pads with identical composition but 

containing straight phenolic resin (benchmark samples). 

Another challenge was to improve the performance of existing phenolic-based brake-pads by 

surface treatments (siloxane and plasma) of a selected novel functional filler (Diatomite) and 

to assess the comparative potential of both treatments.  

Additionally, two functional fillers with porous structures (hollow inside), viz. particulate 

Diatomite and Promaxon-D (PD) were selected to compare the potential to improve brake-
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pads' performance. Promaxon pads performed better; as a result, the proportion of Promaxon-

D in the formulation was optimized for tribo and noise vibration performance.  

With these considerations, the following themes were selected for the research studies. The 

work was organized into nine chapters. The first was the introduction, and the second was 

experimental. The chapters 3rd to 8th were based on working on the following themes. 

• Optimization of the amount of a functional filler, Promaxon-D, to enhance the 

performance of Cu-free brake-pads – (Chapter 3) 

• Performance enhancement of brake pads by surface treatments of Diatomite- a 

functional filler- and to evaluate the comparative potential of Promaxon D and 

Diatomite particles as tribo and NV fillers – (Chapter 4) 

• Novel high-performance epoxy resin as a replacement for phenolic resin in Cu-free 

brake-pads – (Chapter 5) 

• PAEK, a high-performance thermoset polymer as a replacement for phenolic resin in 

Cu-free brake-pads – (Chapter 6) 

• Petro-based Polybenzoxazine resins as a replacement for phenolic resin in Cu-free 

brake pads – (Chapter 7) 

• Cardanol based Polybenzoxazine resins as a replacement for phenolic resin in Cu-free 

brake pads – (Chapter 8) 

The thesis ends with the last chapter, conclusions, and scope for future work. 

The first chapter addresses issues related to phenolic resins and the need to replace them. It 

then focuses on relevant literature pertaining to the selected themes, followed by research gaps, 

motivation to work, problem definition, objectives, and implementation strategy. 

The second chapter details materials selected in parent formulations. The theme ingredients are 

discussed in individual chapters. The chapter discusses the experimental techniques for 

formulating and fabricating brake pads, their characterization, performance evaluation, and 

analysis. 

In each chapter (3rd to 8th), several series of brake-pads were developed, keeping parent 

ingredients fixed and changing the theme ingredients, either type or amount. Each chapter starts 

with an introduction related to the theme, brake pad formulation characterization, analysis of 

results, etc. It ends with salient conclusions. 

A series of five types of brake-pads was developed by varying Promaxon-D content from 0-20 

wt.% in step 5. The PD content of 15 wt.% in the brake-pads proved best for overall 

performance. In another theme, three types of brake pads were developed by adding 10 wt.% 
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untreated Diatomite particles, treated Diatomite particles, and plasma-treated Diatomite 

particles, and one more series uses 10 wt.% Diatomite and Promaxon-D. The results showed 

that pads with siloxane-treated particles excelled in all performance properties, and Promaxon-

D performed better than Diatomite in all performance properties in the other series. 

To identify an alternative for phenolic resin, high-performance epoxy resin is used as a binder 

with varying amounts (15, 20, and 25 vol.%) to develop brake-pads and compared with 

phenolic pads (20 vol.%). Overall, brake-pads with 15 vol.% epoxy resin performed the best. 

In another study, the thermosetting PAEK is used as a binder in brake-pads by altering the 

percentage from 4-12 wt.% in step 2 and, finally, compared with 8 wt.% phenolic resin. The 

results showed the best overall performance is achieved with 6-8 wt.% PAEK binder. 

The five types of BZ monomers were employed to fabricate brake pads and compare all 

performance with phenolic pads. The PBZ-dma pads excelled in almost all tribological 

performance and NV performance. In addition, BZ monomer has an infinite shelf life and no 

harmful gases throughout the manufacturing process, making it a safer choice. 

Finally, cardanol was used for resin synthesis, and three distinct monomers were used to 

fabricate brake pads and compared with the phenolic pads. In terms of tribology and noise-

vibration characteristics, PBZ-trisapm pads surpassed all other pads. Additionally, it is derived 

from biosources and has an infinite shelf life.  

 In the last chapters of the conclusion and scape for future work, salient conclusions of 

individual chapters were compiled, and scope was highlighted. 

The cardanol-based PBZs proved to be the most successful alternative for phenolics, followed 

by Petro-based PBZs, and PAEK -thermoset. All three resins have full potential to replace 

phenolics with a little compromise on minor properties. Epoxy resin, however, did not prove 

that successful. 

Plasma treatment to functional filler Diatomite proved to be very promising. 
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 सार 

तााँबा-फ्री बे्रक पैड में नोवेल इको-फ्रें डली रेजिन द्वारा फेनोजलक रेजिन का प्रजिस्थापन  

 

बे्रक पैड/बे्रक शूज, क्लच फेस िंग आसि में घर्षण  ामग्री वाहन िं के वािंछनीय और सवश्व नीय 

बे्रसकिं ग प्रिशषन क  पूरा करने में महत्वपूणष भूसमका सनभाती है। उनके फॉमूषलेशन रेसजन / बाइिंडर 

और अन्य अवयव िं, जै े फाइबर, घर्षण  िंश धक, और से्प  सफल ष का एक  िंतुसलत  िंय जन 

बनाते हैं। फेन सलक रेसजन (थमो ेस िंग पॉसलमर का एक पररवार) क  हमेशा बाइिंडर के रूप में 

उपय ग सकया जाता है। वे अपने इच्छित कायों क  करने के सलए कई  ामसग्रय िं क  एक  ाथ 
मजबूती  े और कुशलता  े पकड़कर  िंरचनात्मक अखिंडता प्रिान करते हैं। हालािंसक, फेन सलक्स 
में गिंभीर  मस्याएिं  हैं, सजनमें पयाषवरण प्रिूर्ण  े  िंबिंसधत  मस्याएिं  भी शासमल हैं। 

▪ अल्प शैल्फ जीवन उन्हें परिवहन औि भंडािण के दौिान बेकाि कि देता है जब तक कक जीवन को 

कुछ हद तक बढाने के किए अकतरिक्त देखभाि (ठंड औि आर्द्र  - मुक्त भंडािण में संिक्षण) नही ं

ककया जाता है। यह िागत में जोड़ता है। घर्रण उद्योग में यह सबसे चुनौतीपूणर समस्या है। 

▪ उत्पाद मोल्डंग के दौिान, हाकनकािक वाष्पशीि (अमोकनया, फॉमरिाडेहाइड, आकद) कवककसत होते 

हैं, कजससे मोड ककए गए उत्पाद में प्रदूर्ण, गुहाएं औि दिािें  होती हैं। 

▪ इिाज के दौिान, संघनन उत्पाद कवककसत होते हैं, कजससे मोड ककए गए उत्पाद में संकोचन औि 

आयामी परिवतरन होते हैं 

▪ इसके संशे्लर्ण के दौिान, उते्प्रिक के रूप में NaOH जैसे कठोि िसायनो ंकी आवश्यकता होती 

है। 

नतीजतन, घर्रण उद्योग में सबसे अकिक दबाव वािी समस्याओ ंमें से एक नए िेकजन के साथ फेनोकिक 

िेकजन का सफि प्रकतस्थापन है कजसमें समान या बेहति प्रदशरन के साथ समान समस्याएं नही ंहोगंी। 

इस थीकसस ने इन मुद्ो ंको यथासंभव दूि किने का प्रयास ककया है। नए िेकजन, जैसे उच्च-प्रदशरन वािे 

एपॉक्सी, थमोसेक ंग पॉिी एरिि ईथि की ोन (पीएईके), पॉिीबेन्जोक्साकजन (पीबीजेड), औि काडारनॉि-

आिारित पीबीजेड को इको-फ्रें डिी (तााँबा -फ्री) बे्रक पैड को इको-फ्रें डिी िेकजन के साथ कवककसत 

किने के किए खोजा गया था औि इसकी तुिना की गई थी। समान संिचना वािे पैड के साथ िेककन 

सीिे फेनोकिक िेकजन (बेंचमाकर  नमूने) युक्त। 

एक अन्य चुनौती एक चयकनत उपन्यास कायारत्मक भिाव (डाय ोमाइ ) की सतह के उपचाि (कसिोके्सन  
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औि प्लाज्मा) द्वािा मौजूदा फेनोकिक-आिारित बे्रक-पैड के प्रदशरन में सुिाि किना औि दोनो ंउपचािो ं

की तुिनात्मक क्षमता का आकिन किना था। 

इसके अकतरिक्त, झिझिा संिचनाओ ंके साथ दो कायारत्मक भिाव (अंदि खोखिा) अथारत। बे्रक-पैड के 

प्रदशरन में सुिाि किने की क्षमता की तुिना किने के किए पाक रकुिे  डाय ोमाइ  औि प्रोमैक्सन-डी 

(पीडी) का चयन ककया गया था। प्रोमैक्सन पैड ने बेहति प्रदशरन ककया; नतीजतन, फॉमूरिेशन में 

प्रोमैक्सन-डी का अनुपात  र ाइबो औि शोि कंपन प्रदशरन के किए अनुकूकित ककया गया था। 

इन बातो ंको ध्यान में िखते हुए शोि अध्ययन के किए कनम्नकिल्खत कवर्यो ंका चयन ककया गया है। कायर 

को नौ अध्यायो ंमें व्यवल्स्थत ककया गया था। पहिा परिचय था, औि दूसिा प्रायोकगक था। तीसिे से आठवें 

अध्याय कनम्नकिल्खत कवर्यो ंपि काम किने पि आिारित थे। 

• तााँबा -फ्री बे्रक-पैड के प्रदशरन को बढाने के किए कायारत्मक कफिि, प्रोमैक्सन-डी की मात्रा का 

अनुकूिन - (अध्याय 3) 

• डाय ोमाइ - एक कायारत्मक भिाव- के सतही उपचाि द्वािा बे्रक पैड के प्रदशरन में वृल्ि औि  र ाइबो 

औि एनवी कफिसर के रूप में प्रोमैक्सन डी औि डाय ोमाइ  कणो ंकी तुिनात्मक क्षमता का मूल्ांकन 

किने के किए - (अध्याय 4) 

• तााँबा -फ्री बे्रक-पैड में फेनोकिक िेकजन के प्रकतस्थापन के रूप में उपन्यास उच्च-प्रदशरन एपॉक्सी िेकजन 

- (अध्याय 5) 

• PAEK, तााँबा -फ्री बे्रक-पैड्स में फेनोकिक िेकजन के प्रकतस्थापन के रूप में एक उच्च-प्रदशरन थमोसे  

पॉिीमि - (अध्याय 6) 

•तााँबा -मुक्त बे्रक पैड में फेनोकिक िेकजन के प्रकतस्थापन के रूप में पे र ो-आिारित पॉिीबेन्जोक्साकजन 

िेकजन - (अध्याय 7) 

• तााँबा -फ्री बे्रक पैड में फेनोकिक िेकजन के प्रकतस्थापन के रूप में काडारनॉि आिारित 

पॉिीबेन्जोक्साकजन िेकजन - (अध्याय 8) 

थीकसस अंकतम अध्याय, कनष्कर्र औि भकवष्य के काम की गंुजाइश के साथ समाप्त होती है। 

पहिा अध्याय फेनोकिक िेकजन से संबंकित मुद्ो ंऔि उन्हें बदिने की आवश्यकता को संबोकित किता 

है। इसके बाद यह चयकनत कवर्यो ंसे संबंकित प्रासंकगक साकहत्य पि ध्यान कें कर्द्त किता है, इसके बाद 

अनुसंिान अंतिाि, काम किने की पे्रिणा, समस्या की परिभार्ा, उदे्श्य औि कायारन्वयन िणनीकत। 

दूसिा अध्याय मूि योगो ंमें चयकनत सामग्री का कवविण देता है। कवर्य सामग्री पि व्यल्क्तगत अध्यायो ंमें 

चचार की गई है। अध्याय बे्रक पैड बनाने औि बनाने के किए प्रयोगात्मक तकनीको,ं उनके िक्षण वणरन, 

प्रदशरन मूल्ांकन औि कवशे्लर्ण पि चचार किता है। 
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प्रते्यक अध्याय (तीसिे से आठवें) में, बे्रक-पैड की कई शंृ्खिाएं कवककसत की गईं, मूि अवयवो ंको ल्स्थि 

िखते हुए औि कवर्य सामग्री को बदिते हुए, या तो प्रकाि या िाकश। प्रते्यक अध्याय कवर्य से संबंकित 

परिचय, बे्रक पैड कनमारण िक्षण वणरन, परिणामो ंके कवशे्लर्ण आकद के साथ शुरू होता है। यह मुख्य 

कनष्कर्ों के साथ समाप्त होता है। 

प्रोमैक्सन-डी सामग्री को 0-20 wt.% से अिग किके पांच प्रकाि के बे्रक-पैड की एक शंृ्खिा कवककसत 

की गई थी। बे्रक-पैड में 15 wt.% की PD सामग्री समग्र प्रदशरन के किए सवोत्तम साकबत हुई। एक अन्य 

कवर्य में, 10 wt.% अनुपचारित डाय ोमाइ  कणो,ं उपचारित डाय ोमाइ  कणो ं औि प्लाज्मा-

उपचारित डाय ोमाइ  कणो ंको जोड़कि तीन प्रकाि के बे्रक पैड कवककसत ककए गए, औि एक औि 

शंृ्खिा में 10 wt.% डाय ोमाइ  औि प्रोमैक्सन-डी का उपयोग ककया गया। परिणामो ंसे पता चिा कक 

कसिोके्सन-उपचारित कणो ंवािे पैड सभी प्रदशरन गुणो ंमें उतृ्कष्ट थे औि प्रोमैक्सन-डी ने अन्य शंृ्खिाओ ं

में सभी प्रदशरन गुणो ंमें डाय ोमाइ  से बेहति प्रदशरन ककया। 

फेनोकिक िेकजन के किए एक कवकल्प की पहचान किने के किए, उच्च-प्रदशरन वािे एपॉक्सी िाि को 

बे्रक-पैड कवककसत किने के किए अिग-अिग मात्रा (15, 20, औि 25 वॉलू्म%) के साथ बाइंडि के 

रूप में उपयोग ककया जाता है औि फेनोकिक पैड (20 वॉलू्म%) के साथ तुिना की जाती है। कुि 

कमिाकि, 15 वोल्ट% एपॉक्सी िेकजन वािे बे्रक-पैड ने सबसे अच्छा प्रदशरन ककया। 

एक अन्य अध्ययन में, थमोसेक ंग PAEK का उपयोग बे्रक-पैड में बाइंडि के रूप में चिण 2 में 4-12 

wt.% से प्रकतशत को बदिकि औि अंत में, 8 wt.% फेनोकिक िेकजन की तुिना में ककया जाता है। 

परिणामो ंने कदखाया कक सवरशे्ष्ठ समग्र प्रदशरन 6-8 wt.% PAEK बाइंडि के साथ हाकसि ककया गया है। 

पांच प्रकाि के बीजेड मोनोमसर को बे्रक पैड बनाने औि फेनोकिक पैड के साथ सभी प्रदशरन की तुिना 

किने के किए कनयोकजत ककया गया था। PBZ-dma पैड ने िगभग सभी जनजातीय प्रदशरन औि NV 

प्रदशरन में उतृ्कष्ट प्रदशरन ककया। इसके अिावा, BZ मोनोमि में अनंत शेल्फ जीवन है औि कनमारण 

प्रकिया के दौिान कोई हाकनकािक गैस नही ंहै, कजससे यह एक सुिकक्षत कवकल्प बन जाता है। 

अंत में, काडारनॉि का उपयोग िेकजन संशे्लर्ण के किए ककया गया था, औि तीन अिग-अिग मोनोमसर 

का उपयोग बे्रक पैड बनाने औि फेनोकिक पैड के साथ तुिना किने के किए ककया गया था।  र ाइबोिॉजी 

औि शोि-कंपन कवशेर्ताओ ंके मामिे में, PBZ-trisapm पैड अन्य सभी पैड से आगे कनकि गए। इसके 

अकतरिक्त, यह जैव स्रोतो ंसे प्राप्त होता है औि इसकी अनंत शेल्फ िाइफ होती है। 

कनष्कर्र के अंकतम अध्यायो ंमें औि भकवष्य के काम के किए, अिग-अिग अध्यायो ंके मुख्य कनष्कर्ों को 

संककित ककया गया था, औि दायिे पि प्रकाश डािा गया था। 



 

 

 

x 

 

काडारनॉि-आिारित पीबीजेड, कफनोकिक्स के किए सबसे सफि कवकल्प साकबत हुए, इसके बाद पे र ो-

आिारित पीबीजेड औि पीएईके-थमोसे  हैं। तीनो ं िेकजन में मामूिी गुणो ंपि थोड़ा समझौता किके 

फेनोकिक्स को बदिने की पूिी क्षमता है। एपॉक्सी िेकजन, हािांकक, यह सफि साकबत नही ंहुआ। 

कायारत्मक भिाव डाय ोमाइ  के किए प्लाज्मा उपचाि बहुत आशाजनक साकबत हुआ।
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(a) storage modulus (b) damping factor/ loss factor 

Figure 5.4 μ- pressure sensitivity of pads at (a) 50 kmph (b) 80 kmph and (c) 100 kmph; 

Figure 5.5 Average coefficients of friction during effectiveness cycles of brake-pads under 

different speeds 

Figure 5.6 % speed spread during effectiveness cycles vs. deceleration at (a) mild condition, 

(b) severe condition, and (c) average speed spread % 

Figure 5.7 Δμ of brake-pads during effectiveness cycles at 50, 80, and 100 kmph 

Figure 5.8 Continuous variations of µ with braking during fade and recovery (a) F & R I (b) 

F & R II. 

Figure 5.9 (a) µfade (b) µrecovery for brake-pads in F & R I and II 

Figure 5.10 (a) % fade ratio (b) % recovery ratio for Cu free brake-pads 

Figure 5.11 Maximum rise in the disc temperature during fade and recovery 
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Figure 5.12 Volume loss of brake-pads after 200 brakes 

Figure 5.13 SEM micrographs of worn pads (placed in the order of decreasing wear) 

Figure 5.14 Overall SPL dB(A) for performance cycles for 10 bar, 20 bar and 30 bar at (a) 50 

kmph and (b) 80 kmph 

Figure 5.15 RMS vibration for performance cycles for 10, 20, and 30 bar at (a) 50 kmph and 

(b) 80 kmph 

Figure 5.16 Overall SPL dB(A) (drag cycles) for 10, 20 and 30 bars at (a) 10 and (b) 20 kmph 

Figure 5.17 RMS vibration (drag cycles) for 10, 20, and 30 bar at (a) 10 and (b) 20 kmph 

Figure 6.1 Studies on Phenolic resin and Modified PAEK; (a) Thermogravimetric analysis 

(TGA) (ramp rate of 10 °C/min, from 40 °C to 250 °C, in air environment) and 

(b and c) Differential scanning calorimetric (DSC) scans (ramp rate of 10 °C/min, 

from 40 °C to 250 °C, in N2 environment) 

Figure 6.2 A two-cavity mold. 

Figure 6.3 Hardness of 8 wt.% RPEK based pads (annealed at 400-420 0C) as a function of 

annealing duration 

Figure 6.4 Thermal conductivity of Pads as a function of temperature 

Figure 6.5 Sensitivity of μ towards pressure at (a) 50 kmph (b) 80 kmph and, (c) 100 kmph 

Figure 6.6 Average coefficient of friction ineffectiveness cycles for braking speeds of 50, 

80, and 100 kmph. 

Figure 6.7 % Speed spread (SS) (a) mild condition (b) severe condition under deceleration 

(0.1 to 0.8) (b) average SS at mild and severe condition 

Figure 6.8 Friction stability (∆µ) at 50 kmph, 80 kmph, and 100 kmph 

Figure 6.9 Fade and recovery cycles of brake-pads (a) F& R I (b) F & R II 

Figure 6.10 (a) Average F&R μ (a) fade cycles I-II (b) recovery cycles I-II 

Figure 6.11 (a) Fade ratio (%) and (b) Recovery ratio (%) for brake-pads 

Figure 6.12 Maximum disc temperature of brake disc during fade cycle 

Figure 6.13 Wear of brake-pads after 200 brakes; Loss as (a) weight and (b) volume 

Figure 6.14 SEM micrographs of worn surfaces of brake-pads as per increasing wear 

Figure 6.15 Damping factor of pads 

Figure 6.16 Overall sound pressure level during performance cycles(a) 50 kmph (b) 80 kmph 

Figure 6.17 Root mean square (RMS) vibrations during performance cycles (a) 50 kmph (b) 

80 kmph 

Figure 6.18 Overall sound pressure level during drag cycles (a) 10 kmph (b) 20 kmph 

Figure 6.19 Root mean square (RMS) vibrations during drag cycles (a) 10 (b) 20 kmph 

Figure 7.1 Generalized synthetic scheme of the BZ monomers. Structure of the components 

and abbreviation of monomers. 

Figure 7.2 Structure of BZ monomers. Variation in methyl substitution in the amine 

component. 

Figure 7.3 Stacked DSC curve of monomers. 

Figure 7.4 TGA thermograms of polymers (PBZs) Full view and (b) Zoomed-in view. 
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Figure 7.5 TGA and DTG curves of polymers (in the air). 

Figure 7.6 Heat treatment of PBZ-dma pads at 200-2100C 

Figure 7.7 Variation in thermal conductivity of brake-pads with temperature. 

Figure 7.8 (a) Storage modulus as a function of temperature (b) tan δ as a function of 

temperature 

Figure 7.9 μ- pressure sensitivity of pads at (a) 50 kmph (b) 80 kmph and (c) 100 kmph; (d) 

% pressure spread for pads at selected speeds 

Figure 7.10 Average coefficients of friction of brake-pads under different speeds 

Figure 7.11 % speed spread vs. deceleration at (a) mild condition, (b) severe condition, and 

(c) average speed spread % 

Figure 7.12 Variation in µ with brakings during fade and recovery (a) F & R I (b) F & R II. 

Figure 7.13 (a) µfade (b) µrecovery for brake-pads in F & R I and II 

Figure 7.14 (a) % fade ratio (b) % recovery ratio for brake-pads 

Figure 7.15 Maximum rise in disc temperature during fade and recovery 

Figure 7.16 Volume loss of brake-pads after 200 brakes according to JASO C406 

Figure 7.17 SEM micrographs worn pads (placed in order of increasing wear) 

Figure 7.18 Overall SPL dB(A) for performance cycles for 10, 20 and 30 bar at (a) 50 kmph 

and (b) 80 kmph 

Figure 7.19 RMS vibration for performance cycles for 10, 20, and 30 bar at (a) 50 kmph and 

(b) 80 kmph 

Figure 7.20 Overall SPL dB(A) for drag cycles for 10 bar, 20 bar and 30 bar at (a) 10 kmph 

and (b) 20 kmph 

Figure 7.21 RMS vibration for drag cycles for 10 bar, 20 bar and 30 bar at (a) 10 kmph and 

(b) 20 kmph 

Figure 8.1 Chemical structure of Cardanol 

Figure 8.2 Generalized synthetic scheme. Structure of components and abbreviation of 

monomers. 

Figure 8.3 Chemical structures of Cardanol-based benzoxazine monomers: (a) BZC-a (b) 

BZC-ddm and (c) BZC-trisapm. 

Figure 8.4 Thermal behavior of monomers and polymers: (a) DSC and (b) TGA and (c) inset 

shows the zoomed-in region of thermal stability of monomers. 

Figure 8.5 Differential thermogravimetric analysis (DTG) traces of polymers 

Figure 8.6 μ- pressure sensitivity of pads at (a) 50 kmph (b) 80 kmph, and (c) 100 kmph; (d) 

% pressure spread for pads at selected speeds 

Figure 8.7 Average coefficients of friction of brake-pads under different speeds 

Figure 8.8 % speed spread vs. deceleration at (a) mild condition, (b) severe condition, and 

(c) average speed spread % 

Figure 8.9 Fluctuations in µ for effectiveness cycle 

Figure 8.10 Frictional response during entire fade and recovery cycles 

Figure 8.11 (a) µfade (b) µrecovery for brake-pads in F & R I and II 

Figure 8.12 (a) % fade ratio (b) % recovery ratio for brake-pads 



 

 

 

xxv 

 

Figure 8.13 Maximum rise in disc temperature during fade and recovery 

Figure 8.14 Wear pads after the entire test (a) weight loss and (b) volume loss 

Figure 8.15 SEM micrographs of worn surfaces of pads with decreasing wear resistance 

Figure 8.16 Worn surfaces of phenolic pads at higher magnification. 

Figure 8.17 Damping factor of the brake-pads using logarithmic decrement method. (Inset 

showed the amplitude and time variation) 

Figure 8.18 Overall SPL dB(A) for performance cycles for 10 bar, 20 bar and 30 bar at (a) 50 

kmph and (b) 80 kmph 

Figure 8.19 RMS vibration for performance cycles for 10 bar, 20 bar, and 30 bar at (a) 50 

kmph and (b) 80 kmph 

Figure 8.20 Overall SPL dB(A) for drag cycles for 10 bar, 20 bar and 30 bar at (a) 10 kmph 

and (b) 20 kmph 

Figure 8.21 RMS vibration for drag cycles for 10 bar, 20 bar, and 30 bar at (a) 10 kmph and 

(b) 20 kmph 
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