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Abstract 
The ubiquitous presence of glasses in our daily lives emphasizes their importance, yet their 

susceptibility to contact damage, such as indents and scratches, remains a significant drawback. 

Specifically, a scratch encompasses a larger vicinity on the glass surface, leaving behind a trail 

of micro-crack defects. These scratch-induced defects further act as nucleation centers for 

mechanical fracture and atmospheric corrosion, both of which are detrimental to the 

functionality and life of a glass product. Hence, understanding the mechanisms of glass 

deformation preceding scratch-associated flaw formation is vital to developing better scratch-

resistant glasses. To this extent, this dissertation focuses on investigating the structural changes 

in the amorphous silica network accompanying shear and explores the burgeoning potential of 

atomically thin two-dimensional (2D) materials in enhancing scratch damage resistance.  

Ideally, 2D material-based coatings seem like a perfect candidate for protecting glasses—they 

are atomically thin and minimally affect the transparency and mechanical tolerances; their 

flexibility allows for conformal contact with the glass substrate, promoting higher adhesion; 

and the weak van der Waals forces enable easy shearing against sliding counterfaces. Moreover, 

specific 2D materials such as graphene are known to be chemically impermeable and act as 

stable barrier layers to both liquids and gases. Additionally, the chemical inertness and thermal 

stability of graphene render it durable in environmentally extreme conditions. Nevertheless, 

the applicability of such 2D coatings is hindered by uniform, large-area, and high-quality 

deposition requirements and is inadequately explored for glass substrates. 

First, employing atomistic simulations and multiscale experiments, the scratch damage of silica 

glass is examined. The glass surface is pre-indented to a constant depth and then dragged to 

simulate a linear scratch, and the structural impact in the indent-to-scratch transitioning phase 

is examined. It is observed that despite the differences in length and timescales, the simulated 

values of indentation hardness and coefficient of friction (COF) exhibit excellent agreement 

with experimental values from nanoindentation and atomic force microscopy (AFM) 

experiments, respectively. Interestingly, analysis of the subsurface deformation in the scratched 

region reveals densification and shear flow, in contrast to pure densification, as in the case of 

indentation. Furthermore, similar volume recovery percentages from experiments and 

simulation reveal that the reversible component of plastic deformation owing to densification 

is comparable in both cases. Finally, in contrast to the common hypothesis, it is demonstrated 

that while the bond angles recover, the medium-range ring structure does not recover upon 



annealing, although they exhibit some relaxation. Overall, this study sheds new light on the 

crucial role of the medium-range structure of glasses subjected to scratch deformation. 

Next, it is shown that the interfacial friction and wear on glasses during scratch in a liquid 

environment can be significantly reduced using aqueous graphene oxide (GO) dispersion. This 

is made possible by the in situ tribological generation of a GO-derived film from its dispersion 

during the repeated scratching of silica glass. The formation of the dense GO tribofilm on the 

scratch track is confirmed by micro-Raman spectroscopy and AFM analysis. Interestingly, the 

lubricious GO tribofilm is observed to reduce the frictional forces by ~80% compared to pure 

water. This reduced friction, in turn, limits the shear-induced tensile stresses in the vicinity of 

sliding contact, thereby minimizing the density of partial Hertzian cone cracks. The optical 

micrographs confirm the contrasting crack density and wear severity in conjunction with the 

protective GO tribofilm. Furthermore, the effect of frictional forces on the wear and cracking 

behavior is established theoretically to highlight friction’s role in determining the extent of 

damage. Overall, this study shows that the scratch resistance of glass surfaces in aqueous 

conditions could be significantly enhanced through a hitherto unknown tribofilm generation 

mechanism. 

In the following study, it is demonstrated that silica glasses protected with mechanically 

exfoliated few-layer graphene sheets can exhibit a remarkable improvement in scratch and 

tribocorrosion resistance. The friction and wear characteristics of graphene-coated silica 

glasses are evaluated at the nanoscale with AFM-based scratch experiments in dry and wet 

conditions. For the dry case, the friction forces recorded while scratching the graphene-glass 

surfaces against diamond tips exhibit ~98% reduction compared to the bare silica glass, with 

the COF falling in the superlubric regime. This superlubricity, combined with the stress-

shielding nature of graphene, shifts the glass damage mode from aggressive plastic plowing to 

milder densification-type deformations, as corroborated by atomistic simulations. Further, the 

graphene-glasses are scratched in water to study the environmental influence on friction and 

wear. Intriguingly, in wet conditions, graphene is shown to enhance the resistance to not only 

the mechanical damages with inert diamond tips but also against mechanochemical wear 

occurring with chemically reactive Si-DLC tips. The chemical pathways of hydration and 

tribocorrosion interactions at the glass interface are evaluated with reactive simulations, which 

establish the chemical passivity of graphene protecting against tribochemical wear. Altogether, 

this work provides a new fillip for developing glasses with enhanced scratch and tribocorrosion 

resistance exploiting graphene coatings. 



Finally, the possibility of depositing and employing large-area 2D films of WS2 as anti-scratch 

coatings for glass substrates is investigated. Nanometer-thick monolayers of WS2 are uniformly 

grown on silica glass with minimal topographic and chemical heterogeneity via the chemical 

vapor deposition (CVD) method. Nanoscale AFM scratch experiments reveal a notable ~95% 

reduction in the COF with WS2, although being almost twice as high as graphene. However, 

unlike graphene, the rupture and delamination endurance of WS2 films is found to be 

distinguishably high. Further, the scratch morphology on WS2-glass indicates no plowing 

damage but rather a weak non-wear distortion that is ~75% lower than that on graphene-glass. 

Similar to graphene, this structural distortion is revealed to be of the densification type with 

atomistic simulations. Interestingly, it is seen that the WS2 monolayer can absorb a significant 

magnitude of stresses, shielding the glass from densification under normal indentation. Only 

when the indentation is translated to a scratch does the densification set in, implying that the 

resulting densification is inherently associated with the shearing of bonds. In summary, the 

objective of the dissertation is to investigate and understand the mechanical and 

mechanochemical scratch damage of bare and 2D material-coated silica glass at multiple length 

scales. 

 

 

 

 

 

 

 

 

 

 

 

 



सार 
हमारे दैिनक जीवन म� कांच की सव��ापी उप�स्थित उनके मह� पर जोर देती है, िफर भी इंड�ट और 

खरोचं जैसे संपक�  �ित के िलए उनकी संवेदनशीलता एक मह�पूण� कमी बनी �ई है। िवशेष �प से, 

एक खरोचं कांच की सतह पर एक बड़े �ेत्र को घेर लेता है, िजससे सू�-दरार �ित का िनशान पीछे रह 

जाता है। ये खरोचं-पे्र�रत �ित आगे संरचना�क फै्र�र और वायुमंडलीय �रण के िलए �ू��एशन 

क� द्रो ंके �प म� काय� करती ह�, जो दोनो ंएक कांच उ�ाद की काय��मता और जीवन के िलए हािनकारक 

ह�। इसिलए, बेहतर खरोचं-प्रितरोधी कांच के िवकास के िलए खरोचं से संबंिधत �ित िनमा�ण से पहले 

कांच िव�पण के तंत्र को समझना मह�पूण� है। इस हद तक, यह शोध प्रबंध अप�पण के साथ 

अमोफ�स िसिलका नेटवक�  म� संरचना�क प�रवत�नो ंकी जांच करने पर क� िद्रत है और खरोचं �ित 

प्रितरोध को बढ़ाने म� परमाणु �प से पतले दो-आयामी (2डी) पदाथ� की बढ़ती �मता की खोज करता 

है।  

आदश� �प से, 2डी पदाथ�-आधा�रत आवरण कांच की सुर�ा के िलए एक आदश� उ�ीदवार की तरह 

लगता है-वे परमाणु �प से पतले होते ह� और पारदिश�ता और यांित्रक सिह�ुता को �ूनतम �प से 

प्रभािवत करते ह�; उनका लचीलापन कांच के स�ट� ेट के साथ अनु�प संपक�  की अनुमित देता है, उ� 

आसंजन को बढ़ावा देता है; और कमजोर वैन डेर वा� प्रभाव �ाइिडंग काउंटरफेस के �खलाफ आसान 

कतरनी को स�म करता है। इसके अलावा, ग्राफीन जैसे िविश� 2डी पदाथ� रासायिनक �प से अभे� 

होने के िलए जाने जाते ह� और तरल और गैसो ंदोनो ंके िलए �स्थर बाधा परतो ंके �प म� काय� करते ह�। 

इसके अित�र�, ग्राफीन की रासायिनक अभे�ता और तापीय �स्थरता इसे पया�वरण की चरम �स्थितयो ं

म� िटकाऊ बनाती है। िफर भी, इस तरह के 2डी आवरण की प्रयो�ता समान, बड़े �ेत्र और उ� गुणव�ा 

वाले िन�ेपण आव�कताओ ंसे बािधत होती है। इसके अलावा, कांच के स�ट� ेट के िलए इस तरह के 

2डी आवरण पर अपया�� �प से शोध िकया गया है। 

सबसे पहले, परमाणु अनुकरण और ब��रीय प्रयोगो ंको िनयोिजत करते �ए, िसिलका �ास के खरोचं 

�ित की जांच की गई है। कांच की सतह को एक िनरंतर गहराई तक पूव�-इंड�ट िकया जाता है और िफर 

एक रै�खक खरोचं का अनुकरण करने के िलए खीचंा जाता है, और इंड�ट-टू-�ैच प�रवत�न के दौरान 

संरचना�क प्रभाव की जांच की जाती है। यह देखा गया है िक लंबाई और समय-सीमा म� अंतर के 

बावजूद, इंड�टेशन हाड�नेस और घष�ण के सै�ांितक मू� नैनोइंड�टेशन और परमाणु बल सू�दश� (ए. 

एफ. एम.) प्रयोगो ंके साथ उ�ृ� सहमित प्रदिश�त करते ह�। िदलच� बात यह है िक खरोचं वाले �ेत्र म� 

उपसतह िव�पण के िव�ेषण से केवल घन� के बजाय घन� और अप�पण प्रवाह दोनो ंका पता 



चलता है। इसके अलावा, प्रयोगो ंऔर अनुकरण से समान मात्रा वसूली प्रितशत से पता चलता है िक घन� 

के कारण �ा��क िव�पण का प्रितवत� घटक दोनो ंमामलो ंम� तुलनीय है। अंत म�, सामा� प�रक�ना 

के िवपरीत, यह प्रदिश�त िकया जाता है िक जब बॉ� कोण ठीक हो जाते ह�, तो म�म दूरी की �रंग संरचना 

थम�ल एनीिलंग पर ठीक नही ंहोती है, हालांिक वे कुछ हद तक िवश्राम प्रदिश�त करते ह�। कुल िमलाकर, 

यह अ�यन खरोचं िव�पण के अधीन कांच की म�म-सीमा संरचना की मह�पूण� भूिमका पर नई 

रोशनी डालता है। 

इसके बाद, यह िदखाया गया है िक जलीय ग्राफीन ऑ�ाइड (GO) तरल का उपयोग करके तरल 

वातावरण म� खरोचं के दौरान कांच पर अंतरफलक घष�ण और िघसाव को काफी कम िकया जा सकता 

है। यह िसिलका �ास के बार-बार खरोचंने के दौरान एक GO-�ु�� परत के इन सीटू ट� ाइबोलॉिजकल 

गठन से संभव �आ है। खरोचं माग� पर घने GO ट� ाइबोिफ� के गठन की पुि� माइक्रो-रमन �े�� ो�ोपी 

और ए. एफ. एम. िव�ेषण �ारा की जाती है। िदलच� बात यह है िक �ेहन GO ट� ाइबोिफ� शु� 

पानी की तुलना म� घष�ण बलो ंको ~80% तक कम कर देता है। यह कम घष�ण, बदले म�, �ाइिडंग संपक�  

के आसपास कतरनी-पे्र�रत त�ता तनाव को सीिमत करता है, िजससे आंिशक हट्�िज़यन शंकु दरारो ंके 

घन� को कम करता है। ऑि�कल माइक्रोग्राफ सुर�ा�क GO  ट� ाइबोिफ� के साथ कम दरारो ंऔर 

िघसाव की पुि� करते ह�। इसके अलावा, �ित की सीमा िनधा��रत करने म� घष�ण की भूिमका को उजागर 

करने के िलए िघसाव और दरारो ंपर घष�ण का प्रभाव सै�ांितक �प से स्थािपत िकया जाता है। कुल 

िमलाकर, इस अ�यन से पता चलता है िक जलीय प�र�स्थितयो ंम� कांच की सतहो ंके खरोचं प्रितरोध को 

एक अ�ात ट� ाइबोिफ� उ�ादन तंत्र के मा�म से काफी बढ़ाया जा सकता है।  

अगले अ�यन म�, यह िदखाया गया है िक यांित्रक �प से ए�फोिलएटेड कुछ-परत वाली ग्राफीन शीट 

से संरि�त िसिलका �ास खरोचं और ट� ाइबोकोरोज़न प्रितरोधन म� उ�ेखनीय �प से सुधार कर सकते 

ह�। ग्राफीन-संरि�त िसिलका कांच के घष�ण और िघसाव का मू�ांकन नैनो�ेल पर परमाणु बल 

सू�दश� (ए. एफ. एम.) आधा�रत खरोचं प्रयोगो ंके साथ शु� और गीली प�र�स्थितयो ंम� िकया गया है। 

सूखे मामले के िलए, डायमंड की नोको ंके �खलाफ ग्राफीन-�ास सतहो ंको खरोचं करते समय दज� िकया 

गया घष�ण नंगे िसिलका �ास की तुलना म� ~98% की कमी प्रदिश�त करता है, िजसम� घष�ण गुणांक 

सुपरलुिब्रक र�ज म� पड़ता है। यह सुपरलुिब्रिसटी, ग्राफीन की तनाव-प�रर�ण प्रकृित के साथ िमलकर, 

कांच की �ित को आक्रामक �ा��क जुताई से ह�े घन�-प्रकार की िवकृितयो ंम� बदल देती है, जैसा 

िक परमाणु अनुकरण �ारा पुि� की गई है। इसके अलावा, घष�ण और िघसाव पर पया�वरणीय प्रभाव का 

अ�यन करने के िलए ग्राफीन-�ास को पानी म� खरोचं कर िदया गया है। िदलच� �प से, गीली 



प�र�स्थितयो ंम�, ग्राफीन न केवल िन��य डायमंड की नोको ंके �खलाफ यांित्रक �ित प्रितरोध को बढ़ाता 

है, ब�� रासायिनक �प से प्रितिक्रयाशील Si-DLC नोको ंके साथ होने वाले यांित्रक-रासायिनक िघसाव 

के प्रितरोध को भी बढ़ाता है। �ास इंटरफेस पर हाइड� ेशन और ट� ाइबकोरोज़न इंटरै�न के रासायिनक 

माग� का मू�ांकन प्रितिक्रयाशील िसमुलेशन के साथ िकया गया है, जो ट� ाइबोकेिमकल िघसाव से बचाने 

वाले ग्राफीन की रासायिनक िन��यता को स्थािपत करते ह�। कुल िमलाकर, यह काम ग्राफीन कोिटं� 

का उपयोग करके बढ़े �ए खरोचं और ट� ाइबोकोरोिज़न प्रितरोधी कांच के िवकास के िलए एक नया 

प्रो�ाहन प्रदान करता है। 

अंत म�, कांच के स�ट� ेट के िलए एंटी-�ैच कोिटं� के �प म� ड�ूएस2 की बड़े �ेत्र की 2D िफ�ो ं

को िवकिसत करने और उपयोग करने की संभावना की जांच की जाती है। ड�ूएस2 के नैनोमीटर-मोटे 

एकल परतो ंको रासायिनक वा� िन�ेपण (सी. वी. डी.) िविध के मा�म से �ूनतम स्थलाकृितक और 

रासायिनक िवषमता के साथ िसिलका �ास पर समान �प से उगाया जाता है। नैनो�ेल एएफएम खरोचं 

प्रयोगो ंसे ड�ूएस2 के साथ घष�ण म� उ�ेखनीय ~95% की कमी का पता चलता है, हालांिक यह ग्राफीन 

से लगभग दोगुना अिधक है। हालांिक, ग्राफीन के िवपरीत, ड�ूएस2 िफ�ो ंके टूटने और प�रसीमन 

की सहनश�� िविश� �प से अिधक पाई गई है। इसके अलावा, ड�ूएस2-�ास की �ैच मॉफ�लॉजी 

कोई जुताई �ित का संकेत नही ंदेती है, लेिकन इसके बजाय एक कमजोर गैर- िघसाव वाली िवकृित देखी 

गई है जो ग्राफीन-�ास की तुलना म� ~75% कम है। ग्राफीन के समान, यह संरचना�क िव�पण परमाणु 

िसमुलेशन से घन� प्रकार का पता चलता है। िदलच� �प से, यह देखा गया है िक ड�ूएस2 मोनोलेयर 

बड़े पैमाने पर तनाव को अवशोिषत कर सकता है जो इंड�टेशन के तहत कांच को घन� से बचा सकता 

है। केवल जब इंड�टेशन को खरोचं म� अनुवािदत िकया जाता है, तो घन� स्थािपत होता है, िजसका अथ� 

है िक प�रणामी घन� �ाभािवक �प से रासायिनक बंधनो ंके कतरनी से जुड़ा होता है। सं�ेप म�, शोध 

प्रबंध का उ�े� कई लंबाई के पैमाने पर नंगे और 2डी पदाथ�-लेिपत िसिलका �ास के यांित्रक और 

यांित्रक-रासायिनक खरोचं �ित की जांच करना और समझना है। 

 

 

 

 

  



Table of Contents 
 

Chapter 1 - Introduction ................................................................................................................... 1 

1.1 Glasses: definition and types ............................................................................................ 1 

1.2 Mechanical limitations of glasses .................................................................................... 4 

1.3 Contact damage on glasses – Indentation vs. scratch....................................................... 8 

1.4 Improving contact durability of glasses ........................................................................... 9 
1.5 Organization of the thesis ............................................................................................... 11 

Chapter 2 - Literature Review ...................................................................................................... 13 

2.1 Introduction .................................................................................................................... 13 

2.2 Contact deformation in oxide glasses............................................................................. 13 
2.3 Scratch at the macroscale ............................................................................................... 17 

2.4 Scratch at the nanoscale ................................................................................................. 20 

2.5 Scratch at the atomic scale ............................................................................................. 23 

2.6 Tribochemical wear of glasses ....................................................................................... 26 
2.7 2D materials as coatings on glasses ............................................................................... 30 

2.8 Summary and conclusions .............................................................................................. 34 

Chapter 3 - Motivation and Objectives ....................................................................................... 36 

3.1 Motivation ...................................................................................................................... 36 

3.2 Objectives ....................................................................................................................... 38 
Chapter 4 - Methodology ................................................................................................................ 40 

4.1 Introduction .................................................................................................................... 40 

4.2 Atomistic modeling and simulations .............................................................................. 40 

4.2.1 Introduction ............................................................................................................. 40 
4.2.2 Glass preparation simulations .................................................................................. 45 

4.2.3 Indentation and scratching simulations ................................................................... 47 

4.3 Atomic Force Microscopy .............................................................................................. 49 

4.3.1 Introduction ............................................................................................................. 49 
4.3.2 Calibration of normal and lateral forces .................................................................. 52 

4.3.3 Contact mode imaging ............................................................................................. 55 

4.3.4 Nanoscale scratch experiments ................................................................................ 55 

4.4 Nanoindentation ............................................................................................................. 57 
4.4.1 Introduction ............................................................................................................. 57 

4.4.2 Nanoindentation-based scratch experiments ........................................................... 58 



4.5 Tribometry ...................................................................................................................... 60 

4.5.1 Introduction ............................................................................................................. 60 

4.5.2 Tribometer scratch experiments .............................................................................. 61 
4.5.3 Friction data processing ........................................................................................... 62 

4.6 Optical microscopy ........................................................................................................ 63 

4.7 Micro-Raman spectroscopy............................................................................................ 64 

4.8 Summary ........................................................................................................................ 65 
Chapter 5 - Scratch Deformation Mechanisms in Silica Glass .............................................. 66 

5.1 Introduction .................................................................................................................... 66 

5.2 Methodology .................................................................................................................. 67 

5.2.1 Experimental specimen preparation ........................................................................ 67 
5.2.2 Thermal treatment of scratched specimens ............................................................. 67 

5.2.3 Volume analysis of scratched and annealed specimens .......................................... 68 

5.2.4 Annealing simulations and analysis ........................................................................ 68 

5.2.5 Ring statistics and conformation analysis ............................................................... 69 
5.3 Glass preparation and indentation analysis .................................................................... 70 

5.4 Scratch deformation and friction analysis ...................................................................... 72 

5.5 Annealing recovery of the densified scratch volume ..................................................... 76 

5.6 Medium-range order analysis ......................................................................................... 80 
5.7 Conclusion ...................................................................................................................... 84 

Chapter 6 - Tribological Behavior of Silica Glass in Graphene-Based Aqueous 
Dispersions ......................................................................................................................................... 86 

6.1 Introduction .................................................................................................................... 86 

6.2 Methodology .................................................................................................................. 88 

6.2.1 Synthesis and characterization of GO dispersion .................................................... 88 
6.2.2 Experimental specimen preparation – Silica glass .................................................. 89 

6.2.3 Experimental specimen preparation – SLS glass .................................................... 89 

6.2.4 Tribometer scratch experiments on silica glass ....................................................... 90 

6.2.5 Deposition of GO on SLS glass ............................................................................... 91 
6.2.6 Tribometer scratch experiments on GO-coated SLS glass ...................................... 92 

6.3 Chemical and structural characterization of GO ............................................................ 92 

6.4 Friction of silica glass in water and GO dispersion ....................................................... 94 

6.5 Characterization of the GO-derived tribofilm on silica glass ........................................ 95 
6.6 Surface damage evolution of silica glass during scratching .......................................... 99 

6.7 Mechanics of the microwear damage in silica glass .................................................... 103 



6.8 Energetics of the surface damage mechanism in silica glass ....................................... 107 

6.9 Tribology of GO-coated SLS glass .............................................................................. 110 

6.9.1 Characterization of GO depositions on SLS glass ................................................. 110 
6.9.2 Friction and wear performance of GO-coated SLS glass ...................................... 112 

6.10 Conclusion .................................................................................................................. 115 

Chapter 7 - Nanotribology and Tribochemistry of Graphene-Coated Silica Glass ........ 117 

7.1 Introduction .................................................................................................................. 117 
7.2 Methodology ................................................................................................................ 118 

7.2.1 Experimental specimen preparation ...................................................................... 118 

7.2.2 Mechanical exfoliation of graphene on silica glass ............................................... 119 

7.2.3 Simulations of water-glass interactions ................................................................. 120 
7.3 Characterization of mechanically exfoliated graphene on silica glass ......................... 122 

7.4 Nanotribology of graphene-coated silica glass ............................................................ 125 

7.4.1 Superlubricity and scratch resistance of graphene-glass surfaces ......................... 125 

7.4.2 Simulation of contact damage over graphene-glass surfaces ................................ 129 
7.5 Tribochemistry of graphene-coated silica glass ........................................................... 134 

7.5.1 Wet scratch tests with diamond tips ...................................................................... 134 

7.5.2 Wet scratch tests with DLC tips ............................................................................ 137 

7.5.3 Simulations of tribochemical interactions ............................................................. 141 
7.6 Conclusion .................................................................................................................... 146 

Chapter 8 - Nanotribology of CVD-Grown WS2-Coated Silica Glass ............................... 148 

8.1 Introduction .................................................................................................................. 148 

8.2 Methodology ................................................................................................................ 149 

8.2.1 CVD growth of WS2 monolayers on silica glass ................................................... 149 
8.2.2 X-ray photoelectron spectroscopy (XPS) .............................................................. 150 

8.3 Characterization of the WS2-glass specimen ............................................................... 150 

8.4 Nanoscale AFM scratch experiments ........................................................................... 154 

8.5 Atomistic simulation of scratch on WS2-glass surfaces ............................................... 157 
8.6 Conclusion .................................................................................................................... 162 

Chapter 9 - Conclusions and Future Work .............................................................................. 164 

9.1 Conclusions .................................................................................................................. 164 

9.2 Future work .................................................................................................................. 166 
9.2.1 Selection of appropriate 2D materials as glass coatings ........................................ 166 

9.2.2 Large scale 2D material fabrication techniques .................................................... 167 

9.2.3 Characterization of other functionalities of 2D material-coated glasses ............... 167 



References ........................................................................................................................................ 169 

Appendices ....................................................................................................................................... 198 

Appendix 1 ......................................................................................................................... 198 
Appendix 2 ......................................................................................................................... 203 

List of Publications, Patents, and Conferences ....................................................................... 213 

Publications from dissertation work ................................................................................... 213 

Publications outside dissertation work ............................................................................... 213 
Patents applied.................................................................................................................... 214 

Conferences attended ......................................................................................................... 214 

Curriculum Vitae ........................................................................................................................... 217 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



List of Figures 
 

Figure 1.1 Cross-sectional electron micrograph of the surface flaws on a 19th-century stained 

glass window of the German Cologne Cathedral (Roemich et al., 2008); The schematic of flaw 

propagation mechanism under external stresses. ....................................................................... 5 

Figure 2.1 (A) Cross-sectional optical micrograph of the subsurface densification in an 

indented alkali boroaluminosilicate glass. Reprinted with permission from ref. (Varshneya et 

al., 2022), Copyright (2022) John Wiley and Sons. (B) SEM micrograph of a sharp indent 

impression in an alkali silicate glass showing the shear pileup formation around the edges. 

Reprinted with permission from ref. (K. W. Peter, 1970), Copyright (1970) Elsevier.............16 

Figure 2.2 (A) The distribution of tensile stress 𝜎𝜎 (relative to the normal stress 𝜎𝜎𝜎𝜎) with 

position (relative to the contact radius 𝑎𝑎𝑎𝑎) on the surface for a range of friction coefficients in 

the case of elastic sliding with a spherical indenter. Reprinted with permission from ref.   

(Hamilton, 1983), Copyright (1983) SAGE Publications Ltd. Journals. (B) FEM-computed 

principal stresses on fused silica glass without (top) and with (bottom) friction highlighting the 

tensile stress intensification at the read sliding edge. Reprinted with permission from ref. 

(Suratwala et al., 2019), Copyright (2019) John Wiley and Sons. .......................................... 19 

Figure 2.3 The plastic, cracking, chipping, and microabrasive regimes of scratch damage 

observed in silicate glasses with linearly increasing loads. Adapted from ref. (Moayedi & 

Wondraczek, 2017) under CC BY-NC-ND. ............................................................................. 20 

Figure 2.4 (A) Optical micrograph of AFM cantilever and nanoscratch lines, and the schematic 

illustration of the nano-IR setup used to acquire the chemical spectra from the scratched region. 

Reprinted with permission from ref. (He, Chen, et al., 2021), Copyright (2021) Elsevier. (B) 

The AFM topography maps (top) of nanoscratch in silica glass before and after annealing, and 

the corresponding line profiles (bottom) showing the extent of annealing relaxation. Reprinted 

with permission from ref. (Shen et al., 2016), Copyright (2016) John Wiley and Sons. ......... 22 

Figure 2.5 (A) Color map showing the distribution of over-coordinated silicon representing 

the damaged subsurface layers in scratched silica glass. Reprinted with permission from ref. 

(T. Liu et al., 2017), Copyright (2017) Trans Tech Publications Ltd. (B) Surface profiles of the 

scratch track on alkali aluminosilicate glass made with conical indenters having varying tip 

apex angles, progressing from a sharp (60°) to a blunt (136°) geometry. Reprinted with 

permission from ref. (Y. N. Ahn & Harris, 2020), Copyright (2020) Elsevier. ....................... 25 



Figure 2.6 (A) AFM micrographs and line profiles of nanoscale tribochemical wear tracks on 

soda lime silica glass surfaces made against silica tips at conditions of increasing relative 

humidity (across) and increasing normal loads (down). Reprinted with permission from ref.  

(He, Hahn, et al., 2022), Copyright (2022) Elsevier. (B) Simulation snapshots showing the 

mechanism of interfacial bridging bond formation – (i) initial state, (ii) dehydrogenation of 

Si1—O2H3, (iii) formation of Si1—O2—Si4 bond. Reprinted with permission from ref. (Guo et 

al., 2020), Copyright (2020) Elsevier. ..................................................................................... 29 

Figure 2.7 (A) Photographs comparing the bare borosilicate glass (leftmost) with the graphene-

deposited glasses having different sheet thicknesses obtained by increasing the precursor gas 

amount during CVD growth. Reprinted with permission from ref. (Sun, Chen, Priydarshi, et 

al., 2015a), Copyright (2015) American Chemical Society. (B) Schematic showing the 

prevention of water-induced corrosion of silicate glass with graphene coating; the AFM 

micrographs on right represents the topography of the bare (top) and graphene-coated glass 

(bottom) after the static corrosion tests in water. Reprinted with permission from ref. (B. Wang 

et al., 2016a), Copyright (2016) American Chemical Society. ................................................ 33 

Figure 4.1 Scheme of silica glass structure preparation using the melt-quench technique.....47 

Figure 4.2 Schematic of the atomistic simulation model representing the indentation and 

scratch trajectories for (A) the bare glass, (B) the graphene-glass, and (C) the WS2-glass. ... 49 

Figure 4.3 (A) Schematic of the components involved in an AFM setup. Reprinted with 

permission from ref. (Tien et al., 2005), Copyright (2005) IEEE. (B) The effect of the normal 

(left) and lateral (right) cantilever bending on the laser beam spot position on the four-quadrant 

photodiode (Mironov, 2004). ................................................................................................... 52 

Figure 4.4 (A) Schematic of the nanoscale scratch test in dry (air) and wet (water) ambience, 

(B) The experimental AFM setup used for nanoscale scratch experiments. ............................ 56 

Figure 4.5 (A) Schematic of the nanoindentation-based scratch test. Adapted from ref. (N. Xue 

et al., 2023) under CC BY 4.0, (B) The components of the universal nanomechanical tester 

used for scratch experiments. ................................................................................................... 59 

Figure 4.6 Tribometer experimental setup showing the principal components ...................... 62 

Figure 4.7 (A) The optical microscopy setup, (B) Transparent 500 μm grids attached to the 

bottom side of the glass for locating the sites of 2D material deposition, (C) The 20× 

micrograph of the gridded glass containing exfoliated graphene as observed from the AFM 

optical viewport. ...................................................................................................................... 64 



Figure 4.8 The confocal laser micro-Raman spectrometer used for the chemical 

characterization of graphene and WS2. .................................................................................... 65 

Figure 5.1 Load-displacement (P-h) curve of silica glass recorded during the indentation phase. 

The grey and black lines represent the raw and time-averaged normal forces, respectively. The 

red line shows the non-linear fit of the unloading portion of the P-h curve. The inset images 

show the cross-sectional view during different stages (contact, peak, and unload) of the 

indentation process…………………………………………………………………………...71 

Figure 5.2 The simulated and experimental coefficient of friction values for diamond sliding 

against silica glass at peak normal loads of 123 nN (simulated, grey color; left and bottom axes) 

and 325 nN (experimental, red color; right and top axes). ...................................................... 73 

Figure 5.3 (A) The topography of the scratch track highlighting the scratch groove and pileups, 

(B) Top view of the shear strain map of the scratched surface, (C) Cross-sectional densification 

map of the scratch track representing the local densities in the subsurface region of pre-indent 

and drag sites, (D) The cross-sectional view of volumetric strain map beneath the scratch. .. 76 

Figure 5.4 AFM micrographs (A, B) and simulated color maps (C, D) of the as-scratched and 

annealed-after-scratched silica glass surfaces, respectively, (E) The O–Si–O (intra-tetrahedral) 

and Si–O–Si (inter-tetrahedral) bond angle distributions in the as-scratched, annealed-after-

scratched, and pristine (non-scratched) silica glasses (The annotated values represent the 

maximum peak positions), (F) Cross-sectional densification map representing the local 

densities in the subsurface region of pre-indent and drag sites after annealing. ...................... 79 

Figure 5.5 Distributions of primitive ring sizes in pristine (non-scratched), as-scratched, and 

annealed-after-scratched silica glasses. The inset schematic shows the methodology of 

calculating the area and circumference of a ring to characterize its geometry. ....................... 81 

Figure 5.6 Statistical distribution of the area:circumference ratios of the rings characterizing 

their morphology in the pristine, scratched, and annealed-after-scratched silica glasses. The 

inset images represent the exemplar ring structure for a particular ratio shown by dotted lines.

.................................................................................................................................................. 84 

Figure 6.1 (A) Steps in the synthesis of GO, (B) Chemical structure of GO......................... 89 

Figure 6.2 Schematic of the tribometer experimental setup designed for reciprocating scratch 

tests on fused silica glasses in a liquid environment................................................................ 91 

Figure 6.3 (A) FTIR, (B) zeta potential (inset shows the image of the aqueous GO dispersion), 

(C) XRD pattern, and (D) electron micrograph of synthesized GO. ....................................... 93 



Figure 6.4 (A) COF with respect to time for different reciprocating scratch test conditions on 

fused silica glass substrate with sapphire probe in DI water and GO dispersion, (B) Variation 

of friction coefficient values as a function of the applied normal load in DI and GO 

environments. ........................................................................................................................... 95 

Figure 6.5 (A) Micro-Raman spectra of a region inside the scratch track showing the 

characteristic D and G peaks (inset shows the micrograph at the center of which spectral signals 

were acquired), (B) Optical micrograph (40x) showing the mapping region along the edge of 

the track, (C) and (D) Intensity map of the 1360 cm-1 (D) and 1600 cm-1 (G) peak signals, 

respectively, from the corresponding mapping region. ............................................................ 97 

Figure 6.6 (A) AFM topographical image showing the wear track obtained after scratching 

fused silica glass with sapphire probe at 7 N normal load in GO dispersion, (B) AFM friction 

map of the same region of the wear track showing the frictional contrast between the bare 

unscratched (left) and scratched (right) portions, (C) Line profiles, collected across the white 

dotted lines in (A) and (B), illustrating the friction signal and topography as a function of X-

distance, (D) three-dimensional optical profilometry image of the GO tribofilm formed within 

the wear track. .......................................................................................................................... 99 

Figure 6.7 The optical micrographs (10x) of the reciprocating scratch tracks on fused silica 

glass at varying test conditions in DI (A, C, E) and in GO (B, D, F) showing the differences in 

the severity of sliding and density of partial Hertzian cone cracks along the track............... 101 

Figure 6.8 Plot showing the variations of the average partial Hertzian cone crack length 

(formed at the trailing edge of the probe) and average track width under different sliding contact 

conditions in the presence of DI water and GO dispersion. .................................................. 102 

Figure 6.9 Column plot showing the variation of maximum tensile stress 𝜎𝜎𝜎𝜎 and critical cone 

crack initiation load 𝑃𝑃𝑃𝑃 under sliding in DI water and GO dispersion environments as a function 

of applied normal load. The numbers represent the quantitative values of stress and critical load 

for each applied load. The hatched columns represent the corresponding values for GO-

lubricated sliding conditions. ................................................................................................. 106 

Figure 6.10 Schematic showing the mechanism of GO tribofilm deposition under normal and 

shear stresses exerted by a sliding indenter over the silica glass substrate. ........................... 107 

Figure 6.11 Column plot showing the variation of calculated fracture energy per crack (red) 

and the total energy dissipated per unit sliding length (blue) as a function of applied normal 

load in the presence of DI water and GO dispersion. The hatched columns represent the energy 

values for GO-lubricated sliding conditions. ......................................................................... 110 



Figure 6.12 (A) Images of SLS glass before (top) and after (bottom) GO coating deposition, 

(B) UV-visible transmission spectra of bare and GO-glasses, (C) Optical micrograph of the 

surface of GO-glass, (D) AFM topography map of the GO deposition, (E) Micro-Raman 

spectra of the pristine GO, bare SLS glass, and GO-glass..................................................... 112 

Figure 6.13 Variation of the COF with sliding time for the bare SLS glass and the GO-glass at 

applied loads of 7, 10, and 15 N. ........................................................................................... 114 

Figure 6.14 The optical micrographs and cross-section profiles (across dotted lines) of the 

scratch tracks on GO-glass and bare SLS glass at loads of (A, B, C) 7 N, (D, E, F) 10 N, and 

(G, H, I) 15 N. ....................................................................................................................... 115 

Figure 7.1 Process flow of the steps involved in the mechanical exfoliation of graphene on 

silica glass surfaces............................................................................................................... 120 

Figure 7.2 The simulation model for static water-glass interactions without (A) and (B) with 

graphene at the interface, (C) The simulation model for dynamic interactions between a silicon 

slab (top) pressing and shearing against a silica glass block (bottom) with entrapped water 

molecules. Matching the static simulations, parallel dynamic simulations involving/excluding 

graphene were conducted. ...................................................................................................... 122 

Figure 7.3 (A) Gridded silica glass specimen used as the substrate for graphene exfoliation, 

(B) 100× optical micrograph of the exfoliated graphene sheets on the glass surface, (C) AFM 

topography, and (D) friction micrographs showing multi-layer and few-layer graphene 

deposition, (E) Extracted line profile showing the step height of an exemplar few-layer 

graphene sheet (shown in inset image) along the edge, (F) Micro-Raman spectra of graphene 

layers with an increasing thickness (bottom-to-top) along with their respective I2D/IG ratios.

................................................................................................................................................ 124 

Figure 7.4 (A) Schematic of the AFM scratch experimental setup, (B) Variation of friction 

force with normal load for glass and graphene-glass (inset shows the zoomed-in curve for 

graphene-glass before sheet rupture), (C) The AFM topography micrographs of the worn 

region post scratch experiments on glass (left) and graphene-glass (right), (D) The Z-axis line 

profiles corresponding to the dotted lines drawn across the scratched region as shown in (C).

................................................................................................................................................ 129 

Figure 7.5 (A) Atomistic simulation model of scratch on the graphene-glass surface, (B) Load-

displacement curves recorded during the indentation of glass and graphene-glass surfaces (inset 

shows the calculated elastic modulus and indentation hardness of both surfaces), (C) Simulated 

coefficient of friction (COF) with respect to the scratch distance for glass vs. graphene-glass 



surface, (D) Scratch morphologies of the underlying glass in the absence (left) and in the 

presence (right) of monolayer graphene (overlayed profile represents the depth for 

comparison), (E) Top view of the shear strain maps and (F) Side cross-sectional view of the 

volumetric strain maps comparing the glass response without vs. with monolayer graphene.

................................................................................................................................................ 133 

Figure 7.6 (A) The friction vs. normal load variation during the wet scratch tests on glass and 

graphene-glass (inset shows the zoomed-in plot for graphene-glass), the topography 

micrographs of the worn region over (B) glass and (C) graphene-glass surface (white dotted 

box represents the test region), the TGT-1 calibration grating profile of the diamond tip before 

(D) and after (E) wet scratch tests on the bare glass surface. ................................................ 137 

Figure 7.7 (A) The friction vs. normal load variation during the wet scratch tests on glass and 

graphene-glass (inset shows the zoomed-in plot for graphene-glass), the topography 

micrographs of the worn region over (B) glass and (C) graphene-glass surface (white dotted 

box represents the test region), the TGT-1 calibration grating profile of the DLC tip before (D) 

and after (E) wet scratch tests on the bare glass surface. ....................................................... 141 

Figure 7.8 The evolution in the count of (A) Si—OH hydration bonds, and (B) Si—O—Si 

bridging bonds across the water-glass junction during the static and dynamic interactions, 

respectively, without/with graphene; the color maps representing the magnitudes of atomic 

displacement vectors after sliding the silicon tip against the (C) bare glass and the (D) 

graphene-glass in the presence of interfacial water. .............................................................. 145 

Figure 7.9 The variation in the frictional forces acting on the silicon tip while sliding against 

bare glass (blue) and graphene-glass (red). The light and dark lines represent the raw and time-

averaged forces, respectively. ................................................................................................ 146 

Figure 8.1 (A) The experimental CVD setup for 2D materials growth, (B) Schematic of the 

deposition process of monolayer WS2 on a silica glass substrate...........................................150 

Figure 8.2 (A) The silica glass specimen before (bottom) and after (top) the CVD growth of 

WS2 film, (B) the AFM topography micrograph of WS2-glass surface, and (C) the 

corresponding friction micrograph showing the lateral force contrast between WS2 and glass, 

(D) a 50× optical micrograph and (E) the corresponding fluorescence micrograph of the WS2-

glass surface, and (F) 3D projection of the step height along the edge of monolayer WS2 

(overlay plot shows the extracted 2D line profile across the step region). ............................ 152 



Figure 8.3 (A) The micro-Raman spectra of monolayer WS2 recorded at multiple locations, 

(B) XPS survey scan showing the presence of W, S, C, and O elements in the as-grown WS2 

monolayers, and the deconvoluted XPS spectrum of (C) W and (D) S. ............................... 153 

Figure 8.4 (A) Variation in the friction with the normal load applied during AFM scratching of 

the glass and WS2-glass surfaces (inset shows the zoomed-in WS2-glass plots along with the 

graphene-glass trend for comparison), the topography micrograph of the worn surface of (B) 

glass and (C) WS2-glass after scratch tests, (D) comparison of the linear cross-section profiles 

of the worn-out glass and deformed WS2-glass (extracted across dotted lines shown in panel B 

and C),  and (E) the equivalent line profile comparison between deformed WS2-glass and 

graphene-glass........................................................................................................................ 156 

Figure 8.5 (A) Atomistic model for scratch simulations on the WS2-glass surface, (B) top view 

of the scratch track terrain (left) and atomic shear strain (right) for the silica glass in the absence 

(top row) and the presence (bottom row) of protective monolayer WS2 film, the X-section (C) 

and Y-section (D) topography profiles of WS2-glass assembly (extracted along the white and 

yellow dotted lines, respectively, in panel (B) showing the morphology of WS2 and the 

underlying silica glass at the instances of peak indentation (t = 0 ps) and complete scratch (t = 

750 ps), (E) cross-sectional densification map highlighting the local atomic densities in the 

subsurface region after the completion of scratch, and (F) the evolution of sheared 

(broken/switched) Si—O bond count with scratch distance (inset images represent bond 

breaking (top-left) and switching (bottom-right)). ................................................................. 161 

Figure 8.6 The methodology of computing the sheared Si—O bonds in silica glass during 

scratch underneath WS2. The left images represent the two configurational snapshots (reference 

and current) which are compared at multiple timesteps. The reference frame is the peak 

indentation configuration, while the current frame is the instantaneous configuration at a 

particular timestep ‘N’ during scratch. A given Si—O bond is termed “sheared” when the near-

coordination environment about the central Si atom is altered with respect to the reference 

frame. As shown in the diagram, bond switching involves the replacement of one/more of the 

coordinating oxygen, while bond breaking reduces the number of coordinating oxygen. .... 162 

 

 

 

 


	LibraryCopy_FinalRev_SouravSahoo_PhD_THESIS.pdf
	Acknowledgments
	Abstract
	सार
	Table of Contents
	List of Figures
	Chapter 1 - Introduction
	1.1 Glasses: definition and types
	1.2 Mechanical limitations of glasses
	1.3 Contact damage on glasses – Indentation vs. scratch
	1.4 Improving contact durability of glasses
	1.5 Organization of the thesis

	Chapter 2 - Literature Review
	2.1 Introduction
	2.2 Contact deformation in oxide glasses
	2.3 Scratch at the macroscale
	2.5 Scratch at the atomic scale
	2.6 Tribochemical wear of glasses
	2.7 2D materials as coatings on glasses
	2.8 Summary and conclusions

	Chapter 3 - Motivation and Objectives
	3.1 Motivation
	3.2 Objectives

	Chapter 4 - Methodology
	4.1 Introduction
	4.2 Atomistic modeling and simulations
	4.2.1 Introduction
	4.2.2 Glass preparation simulations

	4.3 Atomic Force Microscopy
	4.3.3 Contact mode imaging
	4.3.4 Nanoscale scratch experiments

	4.4 Nanoindentation
	4.4.1 Introduction
	4.4.2 Nanoindentation-based scratch experiments

	4.5 Tribometry
	4.5.1 Introduction
	4.5.2 Tribometer scratch experiments

	4.6 Optical microscopy

	Chapter 5 - Scratch Deformation Mechanisms in Silica Glass
	5.1 Introduction
	5.2 Methodology
	5.2.1 Experimental specimen preparation
	5.2.2 Thermal treatment of scratched specimens
	5.2.3 Volume analysis of scratched and annealed specimens
	5.2.4 Annealing simulations and analysis
	5.2.5 Ring statistics and conformation analysis

	5.3 Glass preparation and indentation analysis
	5.4 Scratch deformation and friction analysis
	5.6 Medium-range order analysis

	Chapter 6 - Tribological Behavior of Silica Glass in Graphene-Based Aqueous Dispersions
	6.1 Introduction
	6.2 Methodology
	6.2.1 Synthesis and characterization of GO dispersion
	6.2.4 Tribometer scratch experiments on silica glass
	6.2.6 Tribometer scratch experiments on GO-coated SLS glass

	6.3 Chemical and structural characterization of GO
	6.4 Friction of silica glass in water and GO dispersion
	6.7 Mechanics of the microwear damage in silica glass

	Chapter 7 - Nanotribology and Tribochemistry of Graphene-Coated Silica Glass
	7.1 Introduction
	7.2 Methodology
	7.2.1 Experimental specimen preparation
	7.2.2 Mechanical exfoliation of graphene on silica glass

	7.4 Nanotribology of graphene-coated silica glass
	7.4.1 Superlubricity and scratch resistance of graphene-glass surfaces

	7.5 Tribochemistry of graphene-coated silica glass
	7.5.1 Wet scratch tests with diamond tips

	7.6 Conclusion

	Chapter 8 - Nanotribology of CVD-Grown WS2-Coated Silica Glass
	8.1 Introduction
	8.2 Methodology
	8.2.1 CVD growth of WS2 monolayers on silica glass

	8.4 Nanoscale AFM scratch experiments
	8.5 Atomistic simulation of scratch on WS2-glass surfaces

	Chapter 9 - Conclusions and Future Work
	9.1 Conclusions
	9.2 Future work
	9.2.1 Selection of appropriate 2D materials as glass coatings
	9.2.2 Large scale 2D material fabrication techniques
	9.2.3 Characterization of other functionalities of 2D material-coated glasses


	References
	Appendices
	Appendix 1

	List of Publications, Patents, and Conferences
	Publications from dissertation work
	Publications outside dissertation work
	Patents granted
	Conferences attended

	Curriculum Vitae




