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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 WS; as anti-scratch
coatings for glass substrates is investigated. Nanometer-thick monolayers of WS; 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 WS, although being almost twice as high as graphene. However,
unlike graphene, the rupture and delamination endurance of WS, films is found to be
distinguishably high. Further, the scratch morphology on WS»-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 WS> 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.
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