
 
 

 

STUDIES ON GLASS FIBRE FABRIC/EPOXY 

 SELF-HEALING COMPOSITES 

 

 

 

 

 SHILPI SHARMA 

 

 

 

 

DEPARTMENT OF MATERIALS SCIENCE AND ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

AUGUST-2019 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

©Indian Institute of Technology Delhi (IITD), New Delhi, 2019

      



 

 

STUDIES ON GLASS FIBRE FABRIC/EPOXY 

 SELF-HEALING COMPOSITES 

 

by 

 

SHILPI SHARMA 

Department of Materials Science and Engineering 

 

 

Submitted 

in fulfilment of the requirements of the degree of Doctor of Philosophy 

 

to the 

  

   Indian Institute of Technology Delhi  

    August-2019 

 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to my family 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



i 
 

CERTIFICATE 

 

 
This is to certify that the thesis entitled, “Studies on glass fibre fabric/epoxy self-healing 

composites” being submitted by Ms. Shilpi Sharma to the Indian Institute of Technology 

Delhi, for the award of degree of Doctor of Philosophy is a record of bonafide research work 

carried out by her under our supervision. This thesis has been prepared in conformity with the 

rules and regulations of the Indian Institute of Technology Delhi, New Delhi. We further 

certify that the thesis has reached the requisite standard for a Ph.D. degree of this Institute. 

The results contained in this thesis are original and have not been submitted, in part or full, to 

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

 

 

 

Prof. Veena Choudhary     Dr. Leena Nebhani 

Department of Materials Science    Department of Materials Science  

& Engineering, Indian Institute of    & Engineering, Indian Institute of  

Technology, Delhi Hauz Khas,  Technology, Delhi Hauz Khas,  

New Delhi-110016   New Delhi-110016  

 

 

 

 

 

 

 

 



iii 
 

ACKNOWLEDGEMENTS 

 
It gives me immense pleasure to express my deep sense of gratitude to all who have helped 

me along my way through the doctoral studies and a memorable stay at IIT Delhi. 

First and foremost, I would like to convey my sincere gratitude to my thesis supervisor, Prof. 

Veena Choudhary for her invaluable guidance and constant encouragement. I am thankful to 

her for trust and encouragement throughout my Ph.D course. Her caring attitude and co-

operation have been monumental throughout my research. It was a wonderful experience 

working with her. I am thankful to her for the freedom she has given me during my research. 

One of the best things is that she has always busy schedule, even though she found time for 

discussion whenever I needed. She always encouraged me to come up with my own ideas and 

to learn everything in depth. I believe this practice will be an asset for me in my future 

research career. 

I wish to respectfully acknowledge the generous encouragement by Dr. Leena Nebhani (my 

thesis Co-supervisor). I am fortunate enough to receive her guidance and support for my 

research work. 

I sincerely thank my student research committee members, Prof. Manjeet Jassal, Prof. Veena 

Koul and Prof. Josemon Jacob for their valuable suggestions and peer reviews. I am also 

thankful to all the faculty members of Department of Materials Science and Engineering for 

their constant encouragement and help throughout my research work.  

I would like to owe thanks to laboratory staffs Mr. Ashok Kapoor, Mr. Surender Sharma, Mr. 

Shiv Kant, Mr. Ehteshamul Islam and Mr. Gajraj Singh for their timely help and suggestions. 

I would also like to convey my thanks to Mr. Narender Kumar, Ms. Shalini Arora and Mr. 

Sudhir Kumar Pandey and for their all possible support. I am grateful to Mr. D. C. Sharma 

and Mr. Kuldeep Sharma of SEM central facility for teaching and allowing me for doing 

SEM analysis of my samples. 

I express my thanks to Department of Materials Science and Engineering, IIT Delhi, India, 

for providing facilities to carry out experiments in lab.  

I would like to thank my seniors Dr. Pawan Verma, Dr. Sandeep Tripathi, Dr. Meenakshi 

Verma, Dr. Rajender Malik, Dr. Bindu Manchanda,  Dr. Rishi Sharma, Dr. Tahir Zafar, Dr. 

Priyanka Singh, Dr. Astha Garhwal, Dr. Achla, Dr. Ranjana Nehra, Dr. Rajendra Singla, Dr. 

Harjeet Singh Jaggi, for their kind help and care. They spared their valuable time to help me 

getting acquainted with various experimental techniques. I would like to thank my dear lab 

mates Dr. Sampat Singh Chauhan, Dr. V.P. Singh, Mr. Devender Mogha, Dr.Pragati 



iv 
 

Ghalout, Dr. Ritima Banerjee, Ms. Prajesh Nayak, Ms. Bariya Qayyum, Ms Srijita 

Purkayastha, Ms. Savita Meena, Dr. Debang Konwar, Dr. Bhavana Sharma, Ms Sumbul 

Hafeez, Ms Ifra, Mr. Agni Kumar Biswal, and Ms Smruti Mishra for their cooperation and 

friendly attitude and making Cheerios lab environment. 

I am especially thankful to Dr. Taruna Bansala Satwal, Ms. Savita Meena, Dr. Sabapathy 

Sankarpandi, Dr. Parag Sharma and Jyoti for their constant encouragement throughout and 

immediate help whenever needed. 

I will always be indebted to my Aunty (Shanti Devi Sharma) only due to her constant 

encouragement, care and support. Without her blessings, I would not have been able to finish 

my research work. I am extraordinarily fortunate to have the blessings of my father Shri 

Ramesh Kumar Sharma and my mother Smt. Shobha Sharma who always bless me with the 

shower of their love, providing inner strength, emotional support, patient and making 

sacrifices for my successful carrier. I am also thankful to my parents-in law Shri Satyapal 

Sharma and Smt. Kaushalya Sharma, my uncle Rakesh Mohan Sharma, my brothers Vivek 

Sharma, Himanshu Sharma, Prashant Sharma and Nishant Sharma, my sister Anjali Sharma, 

my sister-in-law Rani Sharma, Kuhu Tiwari, Ritu Sharma, my niece Diti Sharma, Yashika 

Sharma, my nephew Kush Sharma for their unwavering love, support and patience. It all was 

possible only because of their constant encouragement, care and inspiration, which helped 

me through the hard times of this program.  

Finally, and most importantly, I would like to thank my husband Ashvani Kumar Sharma and 

my son Ayansh Sharma. Their constant sacrifices, encouragement, motivation, quiet patience 

and unconditional love were incontestably the foundation, upon which the past years of my 

life have been built. 

I wish to acknowledge Ministry of Human Resource Development (MHRD), Government of 

India, for providing me financial assistance to carry out my research work smoothly.  I would 

also like to acknowledge Naval Physical and Oceanographic Laboratory (NPOL), Defence 

Research and Development Organisation (DRDO), Ministry of Defence, Government of India 

as a funding agency for this project. 

 

 

Shilpi Sharma 

 



v 
 

Abstract 

The present research work was focused upon the fabrication of glass fibre fabric/epoxy self-

healing composites, where the healing functionality is bestowed by the inclusion of healant 

loaded microcapsules/or hollow glass fibre fabric. Healant loaded microcapsules have been 

prepared by in-situ polymerization using emulsion technique which resulted in microcapsules 

with poly(melamine-formaldehyde) [PMF] shell and by solvent evaporation technique which 

resulted in microcapsules with poly(methyl methacrylate) [PMMA] shell. In the development 

of epoxy loaded PMF/PMMA microcapsules, percent yield, core content and controlling the 

shell wall thickness, stability, smooth and stable morphology of microcapsules are the key 

issues. Thus, the aim of this work is to study the influence of various parameters on the 

properties of epoxy loaded PMF and PMMA microcapsules. The resulting epoxy 

loaded/amine loaded microcapsules were characterized by Fourier-transform infrared 

spectroscopy (FTIR), nuclear magnetic resonance spectroscopy (
1
H-NMR), optical 

microscopy (OM), scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), particle size analyser for mean particle size and particle size distribution (PSD) and 

differential scanning calorimeter (DSC) etc. 

The effect of reaction parameters such as microencapsulation temperature, melamine-to-

formaldehyde (M/F) ratio, surfactant concentration and core-to-shell ratio taken in the 

synthesis of epoxy loaded PMF microcapsules on percent yield, core content, shell wall 

thickness, shell wall stability etc. was investigated by one-at-a-time approach and optimized. 

The effect of various process parameters, such as surfactant concentration, core-to-shell ratio 

taken in the initial feed, temperature and agitation speed in the synthesis of epoxy loaded 

PMMA microcapsules were investigated by statistical method. Taguchi orthogonal array with 

L25 matrix was implemented to optimize the experimental parameters for such microcapsules. 
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The signal-to-noise ratio (SNR) and analysis of variance (ANOVA) were also performed to 

determine the optimum parameters and significance of various parameters. FTIR and 
1
H-

NMR spectra confirmed the presence of epoxy as the core material in PMF/PMMA 

microcapsules. From these studies, the optimum process conditions for the preparation of 

epoxy filled PMF microcapsules were 80 °C temperature , 1:9 melamine-to-formaldehyde 

ratio, 5 wt% surfactant concentration and 1:1 core-to-shell ratio (in moles). SNR analysis 

identified the optimum levels of various parameters for the preparation of epoxy filled 

PMMA microcapsules as: surfactant concentration-10 wt%, core-to-shell ratio-3:1, 

temperature-40 °C and agitation speed-300 rpm.  ANOVA analysis showed that surfactant 

concentration was the most significant parameter in improving the core content of epoxy 

filled PMMA microcapsules. 

The effect of inclusion of healant loaded hollow glass fibre fabric/PMF/PMMA 

microcapsules or their combination on the mechanical, morphological and self-healing 

properties of glass fibre fabric/epoxy composites was also carried out in the present research 

work. All composites were prepared using eleven layers of fabric with warp fibres alignment 

by hand lay-up (HLU) method. Fiber content of all the composites was determined using 

ignition loss method. The mechanical (impact, flexural and dynamic mechanical analysis) 

and self-healing test of composites were carried out and the effects of inclusion of healant 

loaded hollow glass fibre fabric/healant loaded microcapsules were analyzed. The inclusion 

of epoxy and amine loaded hollow glass fibre fabric in the epoxy composites resulted in a 

significant ~82.3% improvement in impact strength. The morphological analysis of impact 

fractured samples showed the oozing out of healing agent from the glass fibres and curing of 

healing agents at the surface of the fibres. The surface morphology of the healed samples 

showed that the healing agent leaks into the crack region and heal this region by initiation of 

curing reactions. These studies showed that PMF and PMMA microcapsules at 2.5 and 5 wt% 
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could be used as an effective self-healing material, respectively. PMMA microcapsules based 

self-healing composites showed better performance as compared to PMF microcapsules 

based compositions. This study clearly demonstrated that the inclusion of healant (epoxy and 

amine) loaded PMF, PMMA microcapsules and hollow glass fibre fabric meet the 

fundamental requirements of the commercial applications such as aerospace and marine 

industries.   
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साय 

वर्तभान शोध कामत ग्रास पाइफय पैब्रिक/एऩॉक्सी सेल्प-हीलरिंग किं ऩोजिट्स के ननभातण ऩय कें द्रिर् 

था, िहािं हीर रोडडे भाइक्रोसेऩल्स/मा खोखरे ग्रास पाइफय पैब्रिक के सभावेश द्वाया हीलरिंग की 

कामतऺ भर्ा को ऩूया ककमा िार्ा है। हीरेंट रोडडे भाइक्रोकैप्सल्स को इभल्शन र्कनीक का उऩमोग 

कयके इन-सीटू ऩोरीभयाइिेशन द्वाया र्ैमाय ककमा गमा है, जिसके ऩरयणाभस्वरूऩ ऩॉरी 

(भेराभाइन-पॉभतजल्डहाइड) [ऩीएभएप] शरे के साथ भाइक्रोकैप्सल्स औय ववरामक वाष्ऩीकयण 

र्कनीक के ऩरयणाभस्वरूऩ ऩॉरी (लभथाइर भेथकैक्ररेट) [ऩीएभएभए] शरे के साथ भाइक्रोकैप्सूर 

का ऩरयणाभ हुआ। एऩॉक्सी बयी हुई ऩीएभएप/ऩीएभएभए भाइक्रोकैप्सुरस के ववकास भें प्रनर्शर् 

उऩि, कोय साभग्री औय शरे दीवाय की भोटाई को ननमिंब्रिर् कयना, भाइक्रोकैप्सल्स की जस्थयर्ा, 

चिकनी औय जस्थय आकृनर् ववऻान प्रभुख भुद्दे हैं। इस प्रकाय, इस काभ का उद्देश्म एऩॉक्सी रोड 

ऩीएभएप औय ऩीएभएभए भाइक्रोकैप्सुर के गुणों ऩय ववलबन्न भाऩदिंडों के प्रबाव का अध्ममन 

कयना है। ऩरयणाभस्वरूऩ एऩॉक्सी रोडडे/एभाइन रोडडे भाइक्रोकैप्सल्स को पूरयमय-ट्ािंसपॉभत 

इिंफ्रायेड स्ऩेक्ट्ोस्कोऩी (एपटीआईआय), ऩयभाणु िुिंफकीम अनुनाद स्ऩेक्ट्ोस्कोऩी (१एि-

एनएभआय), ऑजप्टकर भाइक्रोस्कोऩी (ओएभ), स्कैननिंग इरेक्ट्ॉन भाइक्रोस्कोऩी (एसईएभ), 

ट्ािंसलभशन इरेक्ट्ॉन भाइक्रोस्कोऩी (टीईएभ) की ववशषेर्ा थी। भाध्म कण आकाय औय कण 

आकाय ववर्यण (ऩीएसडी) औय अिंर्य स्कैननिंग कैरोयीभीटय (डीएससी) आद्रद के लरए कण आकाय 

ववश्रेषक। 

प्रनर्कक्रमा भाऩदिंडों का प्रबाव िैसे कक भाइक्रोएन्कैप्सुरेशन र्ाऩभान, भेराभाइन-टू-पॉभेजल्डहाइड 

(एभ/एप) अनुऩार्, सपैक्टेंट एकाग्रर्ा औय कोय-से-शरे अनुऩार् प्रनर्शर् उऩि, कोय साभग्री, 

शरे की दीवाय की भोटाई ऩय एऩॉक्सी रोड ऩीएभएप भाइक्रोकैप्सुरस के सिंश्रेषण भें लरमा गमा 

है। शरे दीवाय जस्थयर्ा आद्रद की िािंि एक फाय के दृजष्टकोण औय अनुकूलरर् द्वाया की गई थी। 

ववलबन्न प्रकक्रमा भाऩदिंडों के प्रबाव, िैसे कक सपैक्टेंट एकाग्रर्ा, प्रायिंलबक फीड भें लरमा गमा कोय-

टू-शरे अनुऩार्, एऩॉक्सी रोड ऩीएभएभए भाइक्रोकैप्सुरस के सिंश्रेषण भें र्ाऩभान औय आिंदोरन 
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की गनर् सािंजयमकीम ववचध द्वाया िािंि की गई थी। र२५ भैद्रट्क्स के साथ टैगुचि ऑथोगोनर 

सयणी को ऐसे भाइक्रोसेप्स्मूर के लरए प्रमोगात्भक भाऩदिंडों को अनुकूलरर् कयन े के लरए रागू 

ककमा गमा था। ववलबन्न भाऩदिंडों के इष्टर्भ भाऩदिंडों औय भहत्व को ननधातरयर् कयने के लरए 

सिंकेर्-टू-शोय अनुऩार् (एसएनआय) औय ववियण (एनोवा) का ववश्रेषण बी ककमा गमा था। 

एपटीआईआय औय १एि-एनएभआय स्ऩेक्ट्ा ने ऩीएभएप/ऩीएभएभए भाइक्रोकैप्सूर भें भुयम 

साभग्री के रूऩ भें एऩॉक्सी की उऩजस्थनर् की ऩुजष्ट की। इन अध्ममनों स,े एऩॉक्सी से बये 

ऩीएभएप भाइक्रोकैप्सुर की र्ैमायी के लरए इष्टर्भ प्रकक्रमा की जस्थनर् ८० डडग्री सेजल्समस 

र्ाऩभान, १:९ भेराभाइन-टू-पॉभतरडडहाइड अनुऩार्, ५ वट% सपेक्टेंट एकाग्रर्ा औय १:१ कोय-

टू-शरे अनुऩार् (भोल्स भें)। एसएनआय ववश्रेषण ने एऩॉक्सी से बये ऩीएभएभए भाइक्रोकैप्सुर 

की र्ैमायी के लरए ववलबन्न भाऩदिंडों के इष्टर्भ स्र्यों की ऩहिान की: सपेक्टेंट सघनर्ा-१० 

वट%, कोय-टू-शरे अनुऩार्-३:१, र्ाऩभान-४० डडग्री सेजल्समस औय आिंदोरन की गनर्-३०० 

आयऩीएभ। एनोवा ववश्रेषण से ऩर्ा िरा है कक एऩॉक्सी से बये ऩीएभएभए भाइक्रोकैप्सल्स की 

भुयम साभग्री को फेहर्य फनान ेभें सपेक्टेंट एकाग्रर्ा सफसे भहत्वऩूणत ऩैयाभीटय था। 

हीर रोडडे खोखरे ग्रास पाइफय पैब्रिक/ऩीएभएप/ऩीएभएभए भाइक्रोकैप्सुल्स मा ग्रास पाइफय 

पैब्रिक/एऩॉक्सी किं ऩोजिट के भैकेननकर, रूऩात्भक औय स्व-चिककत्सा गुणों ऩय उनके सिंमोिन के 

प्रबाव को बी वर्तभान शोध कायम् भें शालभर ककमा गमा था। सबी किं ऩोजिट्स को हैंड रे-अऩ  

(हर)ु  ववचध द्वाया र्ाना-फाना सिंयेखण के साथ कऩड ेकी ग्मायह ऩयर्ों का उऩमोग कयके र्ैमाय 

ककमा गमा था। सबी किं ऩोजिट की पाइफय साभग्री इजग्नशन रॉस ववचध का उऩमोग कयके 

ननधातरयर् की गई थी। मािंब्रिक (प्रबाव, फ्रेक्सयुर औय गनर्शीर मािंब्रिक ववश्रेषण) औय किं ऩोजिट 

के आत्भ-चिककत्सा ऩयीऺण ककए गए थे औय हीरेंट रोड ककए गए खोखरे ग्रास पाइफय पैब्रिक/ 

हीरेंट रोडडे भाइक्रोकैप्स्मूल्स के शालभर ककए िाने के प्रबावों का ववश्रेषण ककमा गमा था। 

एऩॉक्सी किं ऩोजिट भें एऩॉक्सी औय अभाइन रोड खोखरे ग्रास पाइफय पैब्रिक को शालभर कयने 

से प्रबाव शजक्र् भें एक भहत्वऩूणत ~८२.३% सुधाय हुआ। प्रबाव खिंडडर् नभूनों के रूऩात्भक 
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ववश्रेषण न ेग्रास पाइफय से हीलरिंग एिेंट के फाहय ननकरने औय पाइफय की सर्ह ऩय हीलरिंग 

एिेंटों के इराि का ऩर्ा रगामा। ििंगा नभूनों की सर्ह आकारयकी न ेद्रदखामा कक उऩिाय एिेंट 

दयाय ऺेि भें रीक कयर्ा है औय प्रनर्कक्रमाओिं को ठीक कयन ेकी दीऺा द्वाया इस ऺेि को ठीक 

कयर्ा है। इन अध्ममनों से ऩर्ा िरा कक क्रभशः २.५ औय ५ वट% ऩय ऩीएभएप औय ऩीएभएभए 

भाइक्रोकैप्सल्स को एक प्रबावी आत्भ-चिककत्सा साभग्री के रूऩ भें इस्र्ेभार ककमा िा सकर्ा है। 

ऩीएभएभए भाइक्रोकैप्सल्स आधारयर् सेल्प-हीलरिंग किं ऩोज़िट्स न े ऩीएभएप भाइक्रोकैप्सल्स 

आधारयर् यिनाओिं की र्ुरना भें फेहर्य प्रदशतन द्रदखामा। इस अध्ममन न ेस्ऩष्ट रूऩ स ेप्रदलशतर् 

ककमा कक हीरेंट (एऩॉक्सी औय अभाइन) को शालभर कयने से ऩीएभएप, ऩीएभएभए 

भाइक्रोकैप्सल्स औय खोखरे ग्रास पाइफय पैब्रिक रोड होर् े हैं, िो एमयोस्ऩेस औय सभुिी 

उद्मोगों िैसे वाणणजयमक अनुप्रमोगों की भूरबूर् आवश्मकर्ाओिं को ऩूया कयर् ेहैं। 
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