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Advancing the Mechanical Performance of Glasses:

Perspectives and Challenges

Lothar Wondraczek,* Eran Bouchbinder, Allen Ehrlicher, John C. Mauro, Roman Sajzew,

and Morten M. Smedskjaer

Glasses are materials that lack a crystalline microstructure and long-range
atomic order. Instead, they feature heterogeneity and disorder on superstruc-
tural scales, which have profound consequences for their elastic response,
material strength, fracture toughness, and the characteristics of dynamic
fracture. These structure—property relations present a rich field of study in
fundamental glass physics and are also becoming increasingly important

in the design of modern materials with improved mechanical performance.

A first step in this direction involves glass-like materials that retain optical
transparency and the haptics of classical glass products, while overcoming
the limitations of brittleness. Among these, novel types of oxide glasses,
hybrid glasses, phase-separated glasses, and bioinspired glass—polymer
composites hold significant promise. Such materials are designed from the
bottom-up, building on structure—property relations, modeling of stresses
and strains at relevant length scales, and machine learning predictions. Their
fabrication requires a more scientifically driven approach to materials design
and processing, building on the physics of structural disorder and its conse-
quences for structural rearrangements, defect initiation, and dynamic fracture
in response to mechanical load. In this article, a perspective is provided on
this highly interdisciplinary field of research in terms of its most recent chal-

in terms of deciphering structure—property
relationships and the nonaffine nature of
glass mechanical behavior, of computa-
tional and computer-assisted methods
for accelerated materials discovery, and
of physicochemical insight at glass for-
mation and synthesis in unconventional
types of materials. Despite this progress,
significant questions remain as to the fun-
damental role of structural heterogeneity
and its consequences for the predictability
of mechanical properties underlying the
many applications of glass. Today's chal-
lenge is to translate new understanding
of the physics of disorder, glass chemistry,
and surface mechanics into tools that
enable future glass products with adapted
elasticity, strength, and toughness. We will
therefore consider fundamental advances
in relation to emerging glass applica-
tions. While the aforementioned physical
insights have mostly been obtained by
computational simulation of model sys-

lenges and opportunities.

1. Introduction

This article aims to offer a perspective on opportunities and
challenges in the design of functional glass materials with tai-
lored mechanical performance. We will review recent advances

tems, and often through the examination
of metallic glasses, we will here focus on
glasses suitable for visible transparency,
in particular silicate glasses, such as a rep-
resentative of today's most prolific glass devices, ranging from
ultrathin substrates to strong and visually transparent cover
materials. We will further consider hybrid glasses and glass-like
composite materials as emerging alternatives that may over-
come the ubiquitous conflict between strength and toughness.!!
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Mechanical performance remains a primary design target
in modern glass technology, given the relatively low strength
levels currently accessible in practical applications. There has
been a consensus that stress amplification and brittleness
(which limit the achievable levels of practical strength) cannot
be overcome by conventional means.?! Yet, a number of recent
discoveries strongly motivate the further search for tools that
would enable glasses with improved mechanical behavior—
from glass physics and the fundamental understanding of dis-
order to glass chemistry, accelerated materials discovery, and a
strongly improved view of the structural rearrangements that
underlie the mechanical response of glasses at different length
scales.

The past decade has seen a broad variety of glass applica-
tions that have been made possible by the enhancement of
mechanical performance, be it through materials chemistry,
(post) processing, or combinations thereof. For example,
strengthened glass covers for handheld electronic devices have
reached unprecedented levels of damage resistance and have
even become foldable.®! As another example, roll-to-roll pro-
cessing of ultrathin and flexible glass substrates has been made
possible;*°l advanced dicing and postprocessing techniques
have led to defect-free and, thus, strong edges to withstand
bending loads.*”) Thermal tempering has been enabled for
thin-walled glass products,® usable in glass—glass solar mod-
ules, flexible mirror substrates, quadruple-glazing, and light-
weight glass containers. Optical fibers with enhanced bending
resistance (both mechanical and in terms of optical loss) are
used for fiber-to-the-X as well as short-haul light transmission
techniques, or even suggested for integration as a functional
component within textile structures.”

At the same time, these and other areas of glass applica-
tions remain limited by the restrictions of glass brittleness and
surface defect propensity. Furthermore, various areas of glass
application for which mechanical performance has been a less
stringent restriction in the past are now experiencing higher
demands in terms of material strength, reliability, and defect
resistance. Sometimes this may be due to the more widespread
use of glass products, for example, in direct, haptic user inter-
action (e.g., interactive displays, smart glasses, or textile struc-
tures). It may also be driven by new levels of functionality and
safety requirements (e.g., smart windows,'” but also pharma-
ceutical packaging!), sustainability goals (lightweight objects
with reduced embodied CO,, enhanced service life), upscaling
efforts (e.g., chemically strengthened glass products, larger and/
or thinner windows or other glass structures in architecture), or
emerging applications of specialty glasses. For example, glasses
with adapted mechanical performance are expected to play
important roles in 5G and mm wave technologies,” as mem-
branes for gas separation,® or as microscale objects!™™ such
as in glass-based microfluidic reactors and sensor components
or capillary devices. This holds in similar ways for the many
other areas, in which glasses are indispensable components.

Given the full breadth of the topic, we will focus here on the
material prospects and challenges en route to functional glasses
with adapted mechanical performance (Section 2). We will start
from the question of how glassy disorder and microscopic non-
affinity in the response to mechanical stimulation contribute to
the observable (macroscopic) mechanical performance, and to
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which extent our recent understanding based on model glasses
can potentially be transferred to the real world (Section 3).
Considering the prominent role of bendable and flexible glass
substrates (and glass fibers) in functional devices and further
emerging applications, we will briefly address glass bendability
and the tailoring of elastic properties beyond classical limits
(Section 4). We will also discuss the practical aspects of surface
defect propensity, including state-of-the-art experimental meth-
odologies from quasi-static to ultrafast testing, with a focus on
dynamic failure (Sections 5 and 6). Computational tools, their
role in the accelerated material discovery, and their limitations
and challenges in terms of studying glass mechanics are the
topic of Section 7.

With these overarching questions in mind, research into new
materials, material fabrication processes, and postprocessing
methods aims for glasses with adapted stiffness and elasticity,
reduced surface defect propensity, enhanced fracture tough-
ness, safety of operation and, eventually, secondary function-
ality. We expect that future progress in these areas will provide
versatile opportunities far beyond the above applications; to this
end, we will consider three primary research directions into
novel kinds of glass materials, from recent advances in oxide
glass chemistry to hybrid glasses and bioinspired glass-like
composite materials (Section 8).

A scholarly review of the mechanical properties of oxide
glasses is provided in ref. [16]. For metallic and chalcogenide
glasses, readers are referred to refs. [17,18], respectively. While
we will point to the importance of environmental (extrinsic)
effects on glass strength, we will not go into detail in relation to
stress corrosion.”2% Finally, here we will not review the broad
field of postprocessing and strengthening methods of glass
products beyond their relevance for glass frangibility, fracture
toughness, tailoring of structural disorder and—as a general
note—defect propensity. A recent account of this subject area
is provided in ref. [21]. Specifically on coatings, we refer the
readers to refs. [22-26].

2. Brittleness, Intrinsic Strength,
and Defect Propensity of Silicate Glasses

Ideally, brittle fracture involves a sequential bond rupture with
limited spatially extended dissipation; the intrinsic strength
of glasses is therefore related to the energy required for bond
cleavage, which in turn is affected by local strain.l””) Reactive
chemical species near the site of defect initiation and growth
may strongly influence the local energetics. For example, in
the presence of water molecules, the activation energy of Si—O
bond cleavage in silica glass reduces from the homolytic disso-
ciation energy of 624.0 to 163.0 k] mol~.[/l While the intrinsic
strength is therefore given by the structure and chemical
composition of the glass itself,[?®! the practical (experimental)
strength is usually very strongly dependent on extrinsic factors
such as the environment of observation and the presence of
surface flaws and defects. Reactive crack propagation resulting
from interactions of the glass network with environmental
species (most prominently, water molecules) is understood
as a corrosion process that leads to sub-critical failure. Excel-
lent reviews of the present state of knowledge on this field are

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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provided in refs. [19,20]. However, beyond the classical model
of Michalske and Freiman,’?”) the specific chemical reactions
occurring at the crack tip remain unclear. This is particularly
the case in the chemically more complex silicate glasses, in
which mobile glass constituents (such as alkali ionsP%) and
environmental or condensate species®! interact at the crack tip,
forming an intricate reaction space whose chemical details are
presently unknown.l*” On this line, very recent efforts to incor-
porate reactive water species directly into the glass matrix (as
opposed to their uncontrolled environmental presence) present
an interesting path towards a new class of glasses with control-
lable crack tip chemistry and, thus, defect propensity.[3334

If environmental effects are reduced to the best possible
degree, for example, by performing strength tests on pris-
tine, nearly flawless materials, in vacuum and at low tempera-
ture, strength values in the range of 10 GPa are observed for
common silicate glasses.* When micro- or nanoscale samples
are studied, the size and frequency of surface flaws or structural
defects can be further reduced, providing another means to
approach intrinsic strength levels in experiments.® Similarly,
techniques that enable observations at small length scale hold
promise for extracting intrinsic data.’”*® For example, instru-
mented indentation using a wedge on glass fiber can provide
information on surface crack initiation in good agreement with
tensile strength testing.’”) Evaluating the surface sink-in during
lateral indentation with a blunt indenter was demonstrated as
a means to evaluate the yielding of glass surfaces.’®3% A major
advantage of such methods lies in their applicability to real-
scale samples, i.e., specimens that do not require microfabrica-
tion or further processing, affecting subsequent data evaluation
and interpretability. Despite such advances, the availability of
intrinsic data is still limited to only a small number of glass
compositions, which presents a serious obstacle in the eluci-
dation of the effect of glass chemistry and atomic structure on
glass mechanics versus the role of extrinsic factors. This holds,
particularly for low-temperature/low-pressure (inert) studies.
Recent experiments on the dynamics of vacuum cracking seem
very timely in this regard.[*"]

www.advmat.de

Bond rupture and cracking generally occur as a result of
stress amplification;!! presumably, the homogeneous stress
field accompanied by a tested glass sample fails to reach a
level at which cooperative structural rearrangements and bond
switching reactions are initiated.*?l Instead, localized structural
rearrangement and, ultimately, bond rupture lead to defect
growth and, hence, further stress amplification. The critical
stress o, at which a glass fails can be described through either
fracture toughness K. (Kj. in the case of mode I fracture) or
fracture energy I (see also Section 6), and it is a direct result of
a combination of the material's elastic constants, the fracture
surface energy and the inverse of the pertinent flaw size /c,
leading to stress amplification. For example, using the homo-
lytic bond dissociation energy of silica and an interatomic dis-
tance equaling the Si—O bond length of =0.14 nm, a stress value
of =40 GPa is estimated. Vitreous SiO,, however, is comprised
of a network of rings of SiO, tetrahedra, so that a more appro-
priate assumption for the intrinsic defect size would be the
size of the voids within these rings,*’l reducing the estimated
intrinsic strength to around 20 GPa—a value which has been
approached experimentally using defect-free silica nanowires
(Figure 1a).3% From such understanding, glasses with higher
packing density would appear to facilitate plastic deformation,
such as in bulk metallic glasses in which plastic deformation
is mediated through pronounced shear transformation zones
(STZs,V*). Indeed, Frankberg et al.*] demonstrated that flaw-
less films of amorphous alumina with a substantially higher
packing density as compared to that of silica can exhibit high
tensile ductility (Figure 1b). They reported an up to 25-times
higher probability of bond switching reactions in this case,
owing to the built-up of a homogeneous stress field, reaching
the threshold level for such reactions.*’!

Interestingly, the structure of glasses depends not only on
their chemistry but also on their thermo-mechanical history, that
is, the cooling rate and the pressure applied when producing the
glass from its parent liquid;*® we will discuss in the following
section how this dependence may lead to vast variations in the
fundamental response of a glass to mechanical stimulation (see
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Figure 1. a) Magnitudes of specific practical strength typically observed for a range of materials, including various glass products. The upper limit of
glassy silica nanofiber is taken from ref. [36] The reported strength values are for uniaxial tensile testing, except for the flat glass data, for which ring-
on-ring values are given. A value reported for carbon nanotubes (CNT) is shown for further comparison.[*l b) Stress—strain curve of bulk silica glass
under tensile load, and of a ductile nanoscale layer of amorphous alumina (data in panel (b) reproduced with permission.2%3)). c) Qualitative property
matrix, shown by way of example for the selection of glass candidates for high-modulus reinforcement fiber.
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Section 3). Initially, it is clear that also brittleness and defect
propensity depend on glass formation history. Indeed, it was
suggested for a broad range of chemistries that the observable
strength of a glass is related to its configurational energy and
the temperature itself at which the glass transition occurred,*’
although the specific relations might be nonintuitive because
of opposing interdependencies between bond switching and
compaction reactions. For example, while higher packing den-
sity—such as achieved by slower cooling!®! or cooling under
pressurel®l—would facilitate plastic deformation in principle,
it was also found that rejuvenation by rapid quenching facili-
tates material deformation through structural compaction,
leading to higher defect resistance.®>% Furthermore, additional
p,T-dependent reactions may occur, such as the tetrahedral-to-
trigonal coordination transition of borate species.”! In the case
of borate-containing glasses, such reactions may significantly
reduce the stress threshold for shear deformation.? However,
the practical potentials of tailoring glass strength, brittleness,
and defect propensity through fictive temperature (and fictive
pressure) remain unclear. As we will discuss in Section 3, this
aspect represents one of the fundamental features of glassy
materials, hence, future studies which connect model under-
standing and real-world opportunities are of great interest.

Due to the presence of defects, the practical strength of glass
products varies over several orders of magnitude (Figure 1la),
while the glass's chemical composition is of only minor impor-
tance.l’) However, a change of paradigm occurred in the early
2000s, when Sehgal and Ito reported that even slight changes
of glass composition may have pronou nced consequences for
the formation of surface defects under sharp contact load, the
glass's defect propensity.®” This stimulated major research
efforts, which have turned—over the past decade—into one of
the most prolific areas of glass research: mostly using instru-
mented indentation testing, the aim is to elucidate the reactions
governing contact energy dissipation by local plastic deforma-
tion (over cracking) and their dependence on glass composition.
For (apparently) equally brittle glass compositions, it was found
that their reaction to sharp contact loads may differ significantly,
leading to versatile defect patterns which depend on the type of
glass and the specific testing conditions (Figure 2). These defect
patterns represent the different routes of stress built-up and
dissipation, which are affected by material composition. The
assumption was made that defect-resistant glasses may be dis-
covered through tailoring the material's ability to (locally) den-
sify or shear (see Section 8); for recent reviews on this subject,
see refs. [*"]. It is, however, presently unclear to which extent
such laboratory experimentation is able to mimic real-world
situations of surface damage. As a consequence, the transfer of
lessons learnt from recent microscale indentation methodology
(often supported through computational simulation, see Sec-
tion 7) to novel glass products is only at its beginning.

3. Glassy Disorder, Elastic Properties, and
Fracture Toughness

As indicated in Section 2, the intrinsic nonequilibrium nature
of the glassy state of matter implies that glasses, even of the
same composition, may feature significantly different proper-

Adv. Mater. 2022, 34, 2109029 2109029 (4 of 25)

www.advmat.de

ties: while elastic properties may vary only within relatively
small ranges, a glass of the same composition might—in prin-
ciple—be either ductile or brittle. The origin of this variability
is the multiplicity of disordered structures that glasses can be
attained as a function of their chemical composition, fictive
temperature, and fictive pressure. Consequently, a major chal-
lenge in glass science is the quantification of glassy disorder
and understanding its effect on the emerging macroscopic
properties. In particular, understanding the relations between
glassy disorder and the mechanical properties of glasses—, e.g.,
stiffness, strength, and fracture toughness—is of prime impor-
tance. Developing our knowledge of such structure—properties
relations is not only central from a fundamental perspective,
but also crucial for conceiving novel processing and chemical
design routes towards improved mechanical performance.
As noted in the previous paragraphs, this could significantly
broaden the range of glass applications. The problem at hand
is that the primary tool for property prediction used for crystal-
line materials—lattice symmetry—is not available for glasses.
For example, this means that one cannot precisely predict bond
energy density in straightforward ways. Furthermore, disorder
leads to spatially fluctuating elastic constants, resulting in non-
affine deformation as a function of observation length.[®>
Due to the inability to quantify this behavior, practical predic-
tions of the mechanical properties of glasses have relied on
empirical or sometimes semiempirical regression methods for
more than a century,®*® and even the more recent efforts to
introduce machine learning for glass property predictions have
as of yet achieved only little progress toward building new phys-
ical insightsl®?! (see Section 8 for a further discussion on the
state-of-the-art regarding glass property design).

Disorder endows glassy materials with universal properties,
for example the temperature dependence of the thermal con-
ductivity and the specific heat in the low-temperature regime, %!
the Boson peak in the reduced vibrational density of states
(VDoS),[*4 localized immobile rearrangements (STZs) that
mediate plastic deformation in metallic glasses,® and the phe-
nomenon of “nanoductility” in silicate glasses.[® Recent pro-
gress has shed new light on both the emergence of universal
glassy behaviors and on the quantification of a specific state of
disorder, as well as on the relations between the latter and a
broad range of mechanical properties. It has been shown, using
molecular dynamics (MD) simulations, that glasses generically
exhibit low-energy excitations that are not spatially extended,
but rather feature spatial localization on a scale of a few atomic
distances in linear size.’%8 Moreover, these low-energy glassy
excitations have been shown to follow a universal non-Debye
vibrational density of states (VDoS) D(w) ~ ®*,7% where w is
the angular vibrational frequency, as suggested since the late
1980s;7%72 however, as of today, such insights remain largely
limited to model glasses.

Examples of the @' VDoS of glassy excitations are presented
in Figure 3a for four different computer glass models. These
include: i) the Stillinger-Weber network glass-former, which
employs a three-body term in the potential energy that favors
tetrahedral structures, ii) a triatomic OTP-like molecular glass
former, which corresponds to the Lewis-Wahnstrém model for
the fragile glass former ortho-terphenyl (OTP), iii) a polymeric
glass-former, which corresponds to soft beads connected by

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH



ADVANCED
MATERIALS

www.advmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Figure 2. Various types of defects artificially produced on glass surfaces. From left to right: sharp Berkovich diamond indentation (1.962 N, 10s loading
time), scratching with a spheroconical tip with a tip radius of 5 um, and impact damage using a 500 um ball tip, respectively. Defects are shown for
four different glasses, from top to bottom: a low-alkali borosilicate glass (Boro33), vitreous silica, an aluminosilicate glass representative for display
cover applications, and a tellurite glass. Young's modulus (E) and Poisson's ratio (V) of the glasses are given. The scratch data depict ramp-load tests
conducted with 50 um s~ tip velocity to variable maximum load in order to remain within the spherical regime of the tip, i.e., 350 mN for the boro-
silicate, 300 mN for vitreous silica, 250 mN for the aluminosilicate, and 100 mN for the tellurite glass. For the impact test, impact energies were at
=50 m) (silicates) and =5 m] (tellurite), respectively. The scale bars are 100 um (for Berkovich imprints and scratch grooves), and 500 um (for impact
defects), respectively.

finite extensible nonlinear elastic nonlinear springs, iv) a CuZr
bulk metallic glass, which corresponds to a binary alloy com-
posed of copper (Cu) and zirconium (Zr) atoms according to
CuysZrs, and where the interactions are calculated using the
embedded-atom method, giving rise to a spherically symmetric,
many-body potential.”’! Tn Figure 3a, small computer glass
samples have been employed in order to avoid hybridization/

Adv. Mater. 2022, 34, 2109029 2109029 (5 of 25)

mixing with low-frequency phonons, which has hampered a
clean identification of the @ VDoS for a long time.[”%8 This
presents an interesting example that for some purposes, the
limited sizes of computer glasses may in fact be advantageous
(see Section 7 for further details).

The universal non-Debye @* VDoS implies that glass-specific
properties are embedded in the prefactor A, defined through D

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. a) Vibrational density of states (VDoS) measured in realistic computer glass models (SW stands for the Stillinger-Weber network glass-
former, OTP stands for a triatomic OTP-like molecular glass-former, PG stands for a polymeric glass-former and BMG stands for a CuZr bulk metallic
glass, see text for additional details). The solid lines indicate D (@) =A,a", clearly observed below the first phonon frequency (dashed vertical lines).l”
b) A, versus y, a quantifier of elastic heterogeneity of glasses, for various simple computer glasses (different colors correspond to different inter-atomic
potentials, see ref. [75] for details). The data indicate a power-law relation of the form A, = ¥'%/° (insets). The shear modulus distributions (bottom-
right), P(us/u), for two computer glasses whose VDoS is shown (top-left). The distributions are obtained by calculating the shear modulus of many
realizations of glasses composed of N particles each.””75! 1 is the mean of the distribution, Azt is its width (a measure of the fluctuations) and y is
defined as ydef (Au | )N 77751 ¢) Snapshots of the nonaffine plastic deformation (darker color represents more intense plastic deformation) during
fracture tests with an initial diamond-shaped crack for ductile-like (left) and brittle-like (right) failure. The color code used follows that of the insets on
panel (b), such that ductile-like failure (orange) corresponds to the larger A, and the wider u distribution (larger ), and brittle-like failure (cyan) cor-
responds to the smaller A, and the narrower u distribution (smaller 7). a) Reproduced with permission.”®l Copyright 2020, American Physical Society.

b,c) Reproduced with permission.”®l Copyright 2021, The Authors, under exclusive license to the Materials Research Society.

(@) = Ay @, which can serve as a quantifier of glassy disorder
once properly nondimensionalized.”! A, is analogous to the
prefactor Ap in Debye's VDoS for phonons, Ap«?, but for glassy
(nonphononic) excitations. Through computational studies, A,
has been shown to vary dramatically as a function of the glass
preparation protocol, by several orders of magnitude,”? using
advanced glass-forming algorithms that allow extremely deep
supercooling (comparable or even surpassing laboratory super-
cooling). A, has also been shown to be related to macroscopic
mechanical properties such as Poisson's ratio ¥ and to con-
tain information about the number of soft spots,”? i.e., spatial
regions with extraordinarily low resistance to shear deforma-
tion, and as such is expected to be also related to the level of
elastic heterogeneity. Elastic heterogeneity plays a central role
in various approaches that aim at explaining basic glass phe-
nomena, such as sound attenuation and the Boson peak.67’]
Recently, a systematic approach for quantifying elastic hetero-
geneity in computer glasses—based on the fluctuations of the
shear modulus 1 —has been developed,”” as demonstrated in
the inset of Figure 3b. The resulting dimensionless measure of
elastic heterogeneity y is defined as ydef(Au/u}/N 7% where
U is the mean of the distribution, Au is its width (a measure
of the fluctuations) and N is the size (particles number) over
which the fluctuations are probed. y has been shown to sys-
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tematically vary with A;, as demonstrated in Figure 3b. Similar
efforts to classify disorder in real-world glasses are ongoing.®!
The effect of varying A, or y on nonlinear and dissipative
glass properties, most notably on the glass damage-tolerance
capabilities as quantified by the fracture toughness, is of prime
importance. As A, quantifies the number of soft spots in a
glass, which have been shown to be the loci of plastic rear-
rangements (STZs),/”) we expect A,—and hence also y—to play
decisive roles in the damage tolerance of a glass. The latter is
intrinsically related to the ability of a glass to mitigate stress
concentration at defects through plastic deformation. In fact,
Ag/x may control a transition from a damage-tolerant, ductile-
like response (Figure 3c, left part) to a catastrophic failure,
brittle-like response (Figure 3c, right part). This question is
particularly interesting in the context of metallic glasses, where
earlier works provided some evidence indicating that there
might exist a critical Poisson's ratio for a brittle-to-ductile tran-
sition, % presumably offering an important practical guiding
principle for selecting tougher glasses. Also for silicate glasses,
experimental indications are available which relate structural
disorder to deformation behavior;®!l however, neither quantita-
tive details nor universality have been demonstrated to date.
Very recently, some new light has been shed on the inter-
play between Poisson's ratio v and the disorder quantifiers

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Ay and y in affecting the toughness of model glasses.”!
It has been shown that v mainly plays an extrinsic role in
the toughness of glasses, i.e., when a glass can undergo
Poisson's contraction under tensile loading, v provides
a measure of the relative magnitude of tensile and shear
deformation, where plastic deformation is mainly sensitive
to the latter.®?] Consequently, the linear response coeffi-
cient v(y) affects the fracture toughness indirectly through
its effect on the geometry of deformation, along with the
intrinsic effect of Ag/y. Indeed, it has been shown that
the brittle to ductile transition is not characterized by a
critical v, but rather by a curved line in the y—v parametric
plane, in a situation where Poisson's contraction is free to
take place.”l When constrained tensile loading is applied—
where Poisson's contraction cannot take place—the fracture
toughness has been shown to be controlled by the intrinsic
effect of A,/y.”>) Related experimental developments using
a thermoplastic forming methodology have been combined
with a significantly improved ability to control the initial
non-equilibrium state of a glass (quantified by the fictive
temperature) and enabled very accurate measurements of
the fracture toughness, demonstrating such brittle-to-ductile
transitions in various metallic glasses®! The incorporation
of these ideas, e.g., regarding the number of soft spots and
its evolution with plastic deformation, into macroscopic the-
ories of glass deformation may lead to enhanced predictive
powers. In particular, it may offer new avenues for relating
glassy disorder to the emerging macroscopic mechanical
properties.

www.advmat.de

4. From Stiff to Bendable and Flexible
Glass Products

While the selection of a certain glass composition for a certain
application depends on a number of factors (Figure 1c), elas-
ticity and stiffness are of prime importance in most applications
of advanced glass devices. For example, automotive glazing
requires rigidity and acoustic performance presently not avail-
able from lightweight alternatives.® Creating hard, yet flexible,
glasses currently push strategies to very thin sheets (Figure 4),
or to composites that incorporate ductile phases, often drawing
from bioinspiration as discussed in Section 8. Such bendable
glasses have been demonstrated as serious alternatives for
plastic substrates (e.g., polyimides!®> used in large-scale trans-
parent and flexible OLED displays). In these applications, inor-
ganic glass substrates do not only offer a unique set of physical
properties; they are also a greatly more sustainable solution.®¢!

Bending exerts stress, which must be accommodated by
the glass material. Hence, high-strength glasses are sought,
and bending stress needs to be kept low (for high flexibility)
or high (for high stiffness). This reduces the available toolbox
to the tailoring of the elastic constants (Young's modulus and
Poisson ratio), installing residual stress to counteract bending
loads (see Section 5) and reducing material thickness. Thereby,
material thickness is the major parameter; at sufficiently low
diameter, virtually any fibrous material becomes bendable.*”!
For example (Table 1), in architectural glasses, bending (e.g.,
caused by a pressure drop between the window's exterior and
cavities in double or triple glazings) is undesired, but low sheet

Figure 4. Bendability of silicate glasses. a) Three-point-bending of a chemically strengthened alkali aluminosilicate glass sheet with a thickness of
0.7 mm. b) Ultrathin silicate glass ribbon (NEG, thickness 20 um, width = 5 mm). c) Bent SiO, glass fiber with 125 um diameter in a two-point
bending setup (inset). The acrylate coated fiber was immersed in glycerol-ethanol mixture and investigated through a microscope with crossed polar-
izer configuration, revealing stress-induced birefringence. d) Finite element simulation of a SiO, glass fiber in two-point bending with indicated stress
distribution and maximum stresses around the apex.
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Table 1. Examples of bendable or flexible glass geometries. Values rep-
resent practical ranges. The stated bending radius is an estimate for a
bending stress of 102 MPa.

Example Bending radius Approximately glass
thickness or diameter

Architectural windows =m 2-6 mm

Dynamic reflectors <Im <2mm

Bendable display covers <0.5m <1 mm

Roll-to-roll processing ~cm <100 um

Telecommunication fiber/ =cm <300 um

FTTx

Textile-integrated optical =cm <200 um

fiber

Foldable displays =mm <50 um

Flexible glass ribbon =mm 3-50 um

Fiberglass fabric, yarn =mm 3-20 um

Glass wool ~mm 3-20 um

Silica nanofiber <0.2 mm <lum

Lightsail (hypothetical) <0.1mm <0.5 um

thickness (<4 mm) would reduce the weight of windows and,
thus, their embodied energy and cost of installation. Hence,
residual stress induced by thermal tempering can be used to
counteract bending. Glass sheets with a thickness of 50 pm
were reported as a substrate material for roll-to-roll processing
of the top electrode for large area, flexible OLED lighting./®®!
When the thickness is further reduced, glass substrates become
highly bendable. For example, glass ribbon made by thermal
drawing has achieved a present record of 3 um in thickness,®
leading to an achievable bending radius in the range of only a
few hundred um. Further thickness reduction to the sub-um
range would enable glass substrates with a specific weight
of <1 g m™2, for example, such as in the specifications of the
hypothetical light sail.®® Some less hypothetical applications
involve thin glass membranes, for example, for gas separa-
tion or storage.'> Aside from the manufacturing technology
for achieving these very low thickness specifications, the
edge strength resulting from cutting, dicing, and other post-

(a)
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processing methods remain a major bottleneck.”%2 Further-
more, a trade-off exists between glass thickness and frangibility,
see following Section 5.

5. Frangibility of Glasses

For an ideally brittle, nearly linear elastic material (such as, by
approximation, vitreous silica), increasing the rupture stress
means a concomitant increase (with slope E) in the amount of
stored energy, which is released upon fracture (see Figure 1b).
Hence, increasing strength levels inevitably lead to increas-
ingly complex fracture patterns, as individual fracture planes
cannot accommodate the accelerated rate of energy release.
Understanding the formation and energetics of such dynamic
fracture patterns is crucial for designing glasses with modi-
fied fracture toughness and cracking behavior, for example, for
more robust glass devices, or for objects which break in con-
trolled ways. There are two common (practical) tools available
for such tailoring, which both address the rupture stress of
glass without changing its chemical composition: as noted in
Sections 2 and 3, microscopic flaws and defects (or structural
disorder as affected by glass history) control local stress ampli-
fication and, hence, the strength of glass. In Figure 5, we show
the fracture surface of an optical-grade silica glass fiber, gener-
ated under tensile loading at variable loads through introducing
a surface defect by in situ wedge indentation. The fiber accom-
panies higher load before fracture when the wedge defect is
smaller, leading to higher energy release at failure (from left to
right). When cleaving the optical fiber (or, similarly, employing
fracture reactions in glass cutting or dicing), a smooth, well-
controlled fracture surface is desired. In turn, the quality of
the fracture surfaces or edges determines the usable strength
of the obtained glass object and the required intensity of post-
processing, for example, by polishing.

Other than controlling the flaw or defect size, the introduc-
tion of residual stress is an established means to enhance the
usable strength levels of glass products.>?!l Most prominently,
thermal and chemical tempering processes enhance the prac-
tical strength of glass articles by installing a layer of com-
pressive stress at their surfaces. To satisfy the force balance

Figure 5. Fracture surface of silica optical fibers (the somewhat darker ring is a fluorine-doped silica cladding having a lower refractive index than the
vitreous silica core). Fracture surfaces were generated by tensile cleaving, using a wedge placed perpendicular to the fiber axis (upper right region of
fiber surface), and a uniaxial tensile stress for breaking the fiber. The wedge generates a surface defect, defining the stress at which the fiber fails under
tensile load (a: 250 gf; b: 500 gf; c: 1000 gf). The differences in the fracture patterns reflect the increasing fracture energy, accompanied by increasingly
unstable crack propagation. The scale bars are 50 um.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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condition, the integrated compressive stress must be balanced
by an equivalent amount of integrated tensile stress in the
interior of the glass.”?l The magnitude of this tensile stress is
denoted as the central tension (CT), which has a large influence
on the fragmentation behavior upon failure.’ A tempered
glass article is generally safe from fracture as long as surface
cracks are contained within the compressive stress layer. How-
ever, once a crack penetrates through the compressive layer and
into the tensile region, the tempered glass will experience spon-
taneous fracture as the stored tensile energy is released from
the interior of the glass.” In practical terms, this tensile energy
acts to accelerate the propagating crack until it reaches its ter-
minal velocity. The terminal velocity of the crack is related to
elastic wave velocities of the glass and to dynamic instabilities;
for typical silicate glasses, the terminal velocity is on the order
of 2 km s7L.1%l The details of this process have been studied
through combinations of physical experimentation and compu-
tational simulation using model glasses; their understanding is
a crucial prerequisite for the knowledge-based design of glasses
with specific fracture dynamics, as will be discussed in the fol-
lowing Section 6. For the moment, we simply state that such
crack branching enables a higher release rate for the stored ten-
sile energy from the interior of the glass article.

After the initial crack branching occurs, the continued release
of tensile energy acts to accelerate the propagation of the two
new cracks until they, in turn, also reach the terminal velocity.
At this point, each crack will bifurcate into two new cracks, i.e.,
for a total of four cracks. This process continues, with each new
crack accelerating due to the release of stored tensile energy
and subsequently bifurcating upon reaching terminal velocity.
The final fragmentation pattern of the broken glass depends on
the amount of stored tensile energy and the total fracture sur-
face area, i.e., the thickness of the glass article. Stress profiles
with high values of CT lead to a faster release rate of the stored
tensile energy, and therefore a faster acceleration of each crack.
In this situation, each crack reaches its terminal velocity after
a short propagation distance. Ultimately, this causes the glass
to fracture into a large number of small fragments, termed
“frangible fracture.” The quintessential example of frangibility
occurs in the Prince Rupert's drop, which, upon fracture, disin-
tegrates into tiny fragments of powdered glass due to the very
high amount of stored tensile energy being released.!”’!

Owing to the catastrophic nature of failure in frangible
glasses, it is desirable for many glass products to stay below
the frangibility limit of CT. However, there are also applica-
tions in which frangible fracture is a desired design criterion,
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e.g., side and backlite automotive glazing or single-sheet safety
glasses, which are tailored for human safety to avoid large,
sharp-cornered glass fragments. Thinner glasses have a lower
threshold for frangibility compared to thicker glasses, i.e., the
amount of CT required to experience frangibility is lower for
thinner glass articles compared to thicker glass articles.”® This
is because a thinner glass has a lower fracture energy for the
same crack distance (due to the lower crack surface area for an
equivalent propagation distance). The lower frangibility limit of
thin glasses places a tighter constraint on the amount of com-
pressive stress that can be safely installed in them. This is a
particular concern, e.g., for foldable electronic devices having
ultrathin chemically strengthened cover glass (see Section 4).

To determine the frangibility limit of a given glass, sam-
ples must be prepared with stress profiles that yield CT values
both above and below the frangibility limit. These samples
must then be fractured in a controlled fashion so that only the
minimal amount of force is applied to introduce a crack that
barely penetrates through the zero-crossing point of stress. In
this manner, the resulting fragmentation pattern depends only
on the release of stored tensile energy from the glass and not
on excess energy applied from the external impact.*” This con-
trolled crack initiation can be applied, e.g., by dropping a rod
with a hard indenter tip from a known height. We note that
the minimum number of fragments required for a sample to
be declared as “frangible” is subjective and depends on the size
and geometry of the sample.

High-speed cameras are especially effective tools for under-
standing the dynamics of fracture in frangible glass speci-
mens.'% Given a terminal velocity of =2 km s\, a camera
with a frame rate of several =10° fps is required to observe
the sequence of crack bifurcation processes. Figure 6 shows
a sequence of frames of a high-speed video for a thermally
strengthened glass sample with a CT value above the frangi-
bility limit. With such video data, the statistics of crack propa-
gation behavior can be obtained, viz., the distribution of crack
lengths, velocities, bifurcation angles, etc. For example, for suf-
ficiently high values of CT, crack trifurcation events can occur
to further accelerate the release of stored tensile energy.l%!
Similar high-speed observations have been applied to study the
highly frangible behavior of Prince Rupert's drops!!®! or crack
front propagation in chemically strengthened glass in various
ring-on-ring loading configurations.[%?

Despite recent progress, several challenges still exist with
respect to glass frangibility, including understanding the tran-
sition from crack bifurcation to trifurcation at high stresses

Figure 6. Video frame sequence of a fracture event observed in a thermally strengthened borosilicate glass sheet of 3.3 mm thickness. Collected in

diffuse transmission mode at a rate of 10° fps. The scale bar is 20 mm.
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and clarifying the role of tailored stress profiles in governing
the shapes of the resulting fragments, for example, as strength-
ened via multistep ion exchange processes, by extreme thermal
quenching, or by a superposition of thermal and chemical
tempering. Another question concerns the role of embedded
secondary phases in modifying the crack branching behavior,
for example, in glass ceramics, glass-like composites, or phase-
separated glasses (see Section 8). While high-speed cameras are
powerful tools for characterizing fracture dynamics, obtaining
sufficiently high image rate and, at the same time, image reso-
lution to allow for statistically relevant kinetic analyses remains
a further challenge.

6. Dynamic Fracture and Intrinsic Length Scales

The fracture toughness of glasses, quantified either by a critical
stress intensity factor or by the fracture energy I, provides a
measure for the critical conditions for the initiation of crack
propagation in the presence of notch defects. While being of
prime importance, it offers very limited information about
the subsequent evolution of the propagating crack, whose
dynamics may ultimately lead to the actual catastrophic failure.
The propagation phase of crack dynamics—as opposed to the
nucleation and initiation phases—which in brittle materials is
associated with high propagation velocities v (of the order of the
elastic wave speeds), is the main focus of the field of dynamic
fracture 103104

The conventional starting point for addressing dynamic frac-
ture in brittle materials is the linear elastic fracture mechanics
(LEFM) theory.l91%4 Within this framework, the deformation
is assumed to be linear elastic to a very good approximation,
except for a small region near the crack edge, where nonlinear
and dissipative processes take place. The intrinsic material
length scales associated with this near-edge region are assumed

@
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to be negligibly small compared to extrinsic length scales (e.g.,
crack length and the geometric dimensions of the sample) and
hence to play no role in fracture dynamics. While it is clear that
nonlinear and dissipative length scales are essential for under-
standing the toughness of glasses, the effect of such intrinsic
material length scales is implicitly embedded in the framework
of LEFM in the fracture energy I', but otherwise they do not
appear in the theory.

Recent progress in understanding dynamic fracture of
amorphous materials has revealed that in fact intrinsic mate-
rial length scales may have profound implications for crack
propagation, especially at high propagation velocities.0>-1"
The effects of such intrinsic material length scales have been
shown to be most pronounced in the context of dynamic frac-
ture instabilities, i.e., in situations where dynamic cracks
undergo spontaneous symmetry breaking, which remain poorly
understood in general."*] An example of such a symmetry-
breaking instability, observed in thin brittle gels,% is shown
in Figure 7a. A straight tensile (mode I) crack undergoes a
transition to an oscillatory crack upon surpassing a very high
propagation velocity (approximately 90% of the Rayleigh wave
speed)."%] Moreover, and most importantly, the wavelength of
oscillations has been shown to be independent of the dimen-
sions of the sample, i.e., it is an intrinsic length scale missing
from LEFM.

The oscillatory instability has been quantitatively explained
based on the weakly nonlinear fracture mechanics (WNFM)
theory, 1% which extends LEFM to account for leading order non-
linear elastic corrections near the propagating crack edge. This
theory gives rise to a new intrinsic material length scale ¢, which
emerges from the competition between linear and nonlinear
elastic near-edge deformation, scaling as ¢ ~ ITv)/u.'01] Here,
Iv) is the velocity-dependent fracture energy, a generalization
of the fracture energy I for dynamic fracture, and u is the shear
modulus (representing the magnitude of the elastic moduli).

Straight Oscillatory Oscillatory to tip-split Tip-splitting

Figure 7. a) Experimental snapshot of the high-velocity oscillatory instability in quasi-2D dynamic fracture, observed in thin brittle gels." The crack propa-
gation velocity is =<90% of the Rayleigh wave-speed and the oscillation wavelength here is on a mm scale, see details in ref. [112] b) The corresponding
theoretical prediction based on large-scale phase-field fracture simulations,"? where the intrinsic nonlinear length £ is incorporated (see text for details).
The color code represents the magnitude of the elastic strain energy (in the unit of 1). The theoretical predictions have been shown to be in quantita-
tive agreement with experiments, where £ controls the wavelength of oscillation. ¢) A sequence of dynamic fracture instabilities predicted in thin brittle
samples.™ From left to right, shown are a straight crack (left most panel), an oscillatory crack (second panel), an oscillatory crack, where subsequent
frustrated and successful tip-splitting take place (third panel), and a direct transition from a straight crack to a tip-split crack (rightmost panel), see addi-

tional details in ref. [114] a,b) Reproduced with permission."d Copyright 2017, Springer Nature. c) Reproduced with permission."l Copyright 2021, Elsevier.
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Incorporating these ideas into a phase-field fracture approach
and performing large-scale numerical simulations have
revealed an oscillatory instability, as shown in Figure 7b."
The instability onset and its subsequent properties have been
shown to quantitatively agree with experiments on various
brittle gels, and in particular, it has been shown that the
intrinsic nonlinear elastic length ¢ determines the wavelength
of the oscillations.[">113]

Very recently,™ it has been shown that in materials in which
near crack edge elastic nonlinearity is negligibly small, i.e., in
the limit ¢ —0, the oscillatory instability persists, but with a
wavelength that is controlled by another intrinsic length scale
that is missing from LEFM, the near edge dissipation length &
(e.g., the plastic zone size).21 The transition from straight
to oscillatory cracks at high propagation velocities, shown in
Figure 7c (two leftmost panels), is not the only instability dis-
covered in thin, quasi-2D amorphous materials. In fact, it has
been predicted that upon increasing the driving force for frac-
ture, oscillatory cracks can undergo frustrated and successful
tip-splitting, which is yet another symmetry-breaking insta-
bility."3 This prediction, demonstrated in Figure 7c (third panel
from left), has been subsequently confirmed experimentally.['3]
Further increasing the driving force for fracture may result
in a direct transition from a straight crack to a symmetrically
tip-split crack, as demonstrated in Figure 7c (rightmost panel).
When thick samples are considered, i.e., when fracture is fully
3D as in most real-life situations, other remarkable symmetry-
breaking instabilities such as the microbranching one have
been observed in a variety of glassy materials."®">!] Under-
standing these 3D dynamic fracture instabilities, and their
possible relations to intrinsic material length scales, remains
a major open challenge. Finally, the intrinsic material length
scales £ and ¢ (and their generalizations) have been shown
to play major roles in the fracture of soft materials that can
undergo large elastic deformation prior to failure.l"® Meeting
the challenge of better understanding dynamic fracture in three
dimensions, which is also directly relevant for the discussion in
the previous Section 5, is required for practical glass develop-
ment, and in particular for tailoring glass properties.

7. Computational Studies of Glass
Mechanical Behavior

In this section, we will focus on challenges and trends con-
cerning silicate and, for their technological importance, boro-
silicate glasses. We note that many of the findings and efforts
reported in the previous Sections 2, 3, and 6 similarly rely on
computational simulations. For a more comprehensive over-
view of computer simulation techniques applied in glass sci-
ence, see refs. [119-121].

7.1. Molecular Dynamics Simulations

While experimental measurements are necessary to determine
the mechanical performance of glass, MD simulations can
provide complementary insights regarding the atomic-scale
response of a glass to mechanical stress.'?2l MD simulations

Adv. Mater. 2022, 34, 2109029 2109029 (11 of 25)

www.advmat.de

follow the trajectories of each atom in a system by integrating
Newton's second law of motion. Such simulations are limited
in length and time scales as well as accuracy by the available
computing power.123l The accuracy depends on the quality of
the interatomic force fields, which describe the interactions
between atoms. For example, chemical accuracy is obtained on
the coupled cluster with singles and doubles level, however, in
this case, the accessible model size is currently limited to only
a few atoms.”’] As noted in Section 3, comparably small com-
puter glass samples (e.g., a few thousand atoms) are benefi-
cial in the study of glassy vibrational excitations, as they avoid
hybridization/mixing with low-frequency phonons.[¢.68]

Recent larger-scale simulations have enabled the study of
the atomic scale response of glass to various loading condi-
tions, including indentation, using systems of up to 1.8 million
atoms.['?Yl The primary difficulty of such models is to integrate
high accuracy and chemical complexity with system size so as
to approach the pertinent length scales of mechanical response.
For example, borosilicate glasses have proved particularly chal-
lenging for MD simulations due to the boron anomaly, i.e., the
conversion of boron from trigonal to tetrahedral coordination
in the presence of modifier cations. Recently, two new sets of
interatomic force fields have been developed by Wang et al.'2%]
and by Deng and Dul*?®l for borosilicate glasses, both of which
accurately capture the boron anomaly across a wide range of
compositions. Since boron can also change coordination in
response to stress, the ability to capture the boron coordina-
tion change with MD simulations is critical for understanding
the mechanical response of these glasses.P"1#128] In particular,
the presence of a high concentration of trigonally coordi-
nated boron provides higher resistance of the glass to defect
formation upon mechanical stimulation (e.g., indentation or
scratching). The improved damage resistance of these glasses
is due to their ability to dissipate energy via plastic deformation
prior to crack initiation.[12%130]

A series of recent studies! applied MD simulations
using both the Wang et al.'®’! and Deng and Dul'?% force
fields to study the mechanical response of two industrial boro-
silicate glasses, SCHOTT Borofloat33 (Boro33) and SCHOTT
N-BK7 (N-BK?7), under different loading conditions to obtain an
atomic-scale understanding of the various deformation mech-
anisms experienced by these glasses. MD simulations of the
cold-compressed glasses revealed that trigonally coordinated
boron facilitates densification in response to applied pressure,
while high-coordinated network formers are mostly unaf-
fected.!3! Investigations of the shear deformation behavior
under different pressures revealed that the addition of alkali
ions lowers the yield stress and changes the pressure depend-
ence of the shear modulus.®¥ A shear-induced densification
mechanism was also observed in both Boro33 and N-BK7 sys-
tems, which is attributed to changes in both the oxygen-cen-
tered bond angle and the coordination number of boron. At
higher pressures, there is also an increase in the population of
five-coordinated silicon atoms. The atomic shear stresses cal-
culated from the MD simulations indicate that boron species
can relax mechanical stresses more readily under pressurized
shear compared to other constituents of the glass. This is espe-
cially true in Boro33, owing to its higher concentration of trigo-
nally coordinated boron compared to N-BK7 In the latter case,

131-134]
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Figure 8. MD-simulated evolution of NBO distributions (atoms nm™) during uniaxial tension tests for Boro33 and N-BK7 borosilicate glasses. The
samples fractured at the strain of 0.21. Reproduced with permission.* Copyright 2020, John Wiley & Sons.

plastic deformation is also facilitated by alkali-rich regions in
the glass.

The plastic response of these borosilicate glasses under
uniaxial tension was also investigated, and for both Boro33
and N-BK7, it is found to be governed by an irreversible bond-
switching mechanism enabled by the production of non-
bridging oxygen (NBO) during the application of uniaxial ten-
sion.3 The B*~0—Si linkages are more effective at creating
NBOs compared to Si—O—Si linkages in borosilicate glasses
when the systems are exposed to uniaxial tension. The presence
of NBOs also reduces the force required for breaking the B*—0O
bond in B*—0—Si units, which in turn lowers the yield strength
of the glass. Figure 8 shows the calculated evolution of the NBO
population in Boro33 and N-BK7 glasses during the uniaxial
tension simulations. Panels (a) and (f) of the figure show that
the initial NBO distributions are heterogeneous in both glasses.
This observed nano-segregation is consistent with Greaves’
modified random network (MRN) model of silicate glass struc-
ture.®] Figure 8 also shows that when uniaxial tension is
applied, high-NBO regions develop. Fracture ultimately occurs
in the weakest cross-section of the sample, viz., containing a
high local concentration of NBOs.

MD simulations of the response of sodium borosilicate
glasses to nanoindentation have shown that a greater amount
of densification is observed in glasses that have initially lower
network connectivity, i.e., a higher fraction of trigonally coor-
dinated boron.*®137] The coordination numbers of boron and
sodium both increase under the indenter, whereas the coordi-
nation number of silicon is unchanged. These simulations thus
further emphasize the important role of threefold-coordinated
boron in enabling plastic deformation under an applied load.

Adv. Mater. 2022, 34, 2109029 2109029 (12 of 25)

7.2. Finite Element and Peridynamics Simulation Methods

MD simulations do not traditionally allow the study of stress dis-
tribution and fracture patterns on scales beyond the nanoscale
due to the high computational cost associated with these
methods. To overcome this difficulty, experimental techniques
are available.'3¥13% On the other hand, the finite element method
(FEM) and peridynamics simulations have been widely suc-
cessful in studying 3D stress and strain distributions in situ on
micro- and macrostructural scales. Furthermore, other methods,
such as the phase-field fracture approach (on which some results
discussed in Section 6 are based™3)), have been developed
and extensively used in glass science. A disadvantage of FEM is
that it cannot handle stress discontinuities, for example, such as
occurring in the vicinity of crack tips. This issue is solved with
the peridynamics technique. Peridynamics involves a nonlocal
reformulation where the partial differential equations of solid
mechanics are replaced with integral equations.!%!

FEM calculations rely on input from material properties and the
selection of a mesh refinement.*!l A very active research field within
FEM simulations on glasses is the modeling of indentation-induced
stress and strain fields with accurate constitutive laws. Various
models, including von Mises, Mohr-Coulomb, and Drucker-Prager
criteria, have been used to numerically analyze load-displacement
curves, elastic recovery, deformation mechanism (densification, pile-
ups), etc.">%] Some of these predictions can be validated experi-
mentally. Also glass fracture has been studied, for example, based
on the introduction of cohesive element planes to the finite element
meshl and the use of discrete element modeling.*! These devel-
opments now make it possible to calculate accurate stress and strain
fields, at least in some selected silicate glasses for which sufficient
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material information is available to construct constitutive laws. Such
simulations have very recently helped to understand glass hardness
and the pertinent deformation routes.™8!

To account for stress discontinuities, and further to allow
for an improved description of crack branching as relevant for
frangibility (Sections 5 and 6), peridynamics simulations are an
attractive alternative to FEM.* Similar to FEM, they require
input from material properties, but do not involve a mesh and
are, therefore, scale invariant. For example, peridynamics simu-
lation has been used to study dynamic crack propagation,™®
impact damage, and the indentation response of glasses.[?
For example, the self-affine growth of cracks in glass upon
impact loading has been shown to lead to a power-law depend-
ence between the total damage and the fracture energy of the
glass plate.> Peridynamics simulations can offer good agree-
ment with experimental load-displacement curves and the
derived indentation stiffness and hardness for a soda-lime sili-
cate glass, despite not capturing shear flow and permanent den-
sification.'? Figure 9 shows the calculated stress distribution
around an indenter, with the butterfly-like shape matching the
elastic stress distribution observed in silicon by micro-Raman
mapping.®3l Overall, these studies demonstrate the suitability
of peridynamics in support of experiments for gaining new
insights into the fracture behavior of glasses upon impact and
sharp-contact loading. Alternatively, phase-field simulations can
be used to model the nucleation, growth, and bifurcation of
cracks,# such as shown in Figure 7. Being based on Griffith's
fundamental work, this method involves the minimization of
an energy functional, with various formulations being pro-
posed.! For example, phase-field simulations have recently
been used to study crack patterns in glass laminates.!>°!

8. Emerging Glass Types with Optical
Transparency and Tailored Mechanics

8.1. Oxide Glasses from the Bottom-Up

In recent years, the design of new oxide glass compositions
with improved mechanical properties has shifted its focus
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toward bottom-up approaches,? as illustrated in Figure 10.
That is, by utilizing knowledge of the deformation mechanism
of oxide glasses under high local stress, and by appropriately
tailoring microstructures, glass materials with improved resist-
ance to crack (defect) formation and growth have been discov-
ered. Where early attempts to produce crack-resistant oxide
glasses focused primarily on maximizing free volume,> it has
become clear that in depth tuning of glass chemistry is crucial
for further progress. For example, pm-sized binary alumino-
silicate glasses made by aerodynamic levitation show in prin-
ciple that the cracking resistance can be increased even with
an increase in atomic packing density."”! To obtain hard and
stiff glasses, the focus has traditionally been on designing net-
works with high atomic packing density and high dissociation
energy of the oxide components.'® For example, this has been
achieved in glasses with high content of Al;O; and high field
strength cations.[1>%160]

Recently, the mixing of five or more oxide components (to
achieve so-called “high-entropy” materials) has also been pro-
posed for glasses, demonstrating the containerless synthesis of
a (La,Sm,Gd),03-Y,03-TiO)—Zr0,-Al,0; glass with high hard-
ness (>12 GPa) and high Young's modulus (>170 GPa).l® For
such ultrastiff glasses (which usually rely on heavy loading of
rare earth oxides), it is challenging is to adapt their composi-
tion in such a way that larger glass objects can be produced.
It typically means that the number of chemical components
must be increased, for example, such as in the popular alkaline
earth aluminosilicate glasses, which may accommodate high
amounts of rare earth doping and still be meltable by regular
laboratory techniques.l%2l Here, the field of optical glasses and,
in particular, high-index or magneto-optical materials pro-
vides a rich resource of glass chemical knowledge, which can
be transferred to the study of mechanical performance (e.g.,
see refs. [163,164]). Given the expected chemical complexity of
these glasses, this area offers a playground for combinatorial
methods and approaches supported by machine learning.

Glasses with high contents of trigonal boron and tetrahe-
dral aluminum, which are prone to undergo an increase in
coordination number even under modest stress, enable facile
stress dissipation and thus high resistance to sharp contact

(b)

-10
(GPa)

Figure 9. Peridynamics calculated a) radial and b) tangential stress distribution in the plane along which the indenter tip enters in contact with the
soda-lime silicate glass. The resulting stress is localized at the vicinity of the indenter (black triangle indicates the extent of the projected contact area
with the indenter). Reproduced with permission.3 Copyright 2021, John Wiley & Sons.
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Figure 10. Bottom-up design of oxide glasses with improved mechanical properties. Examples of design strategies from the atomic- and microstruc-
tural scales are highlighted, resulting in improved macroscale mechanics. The individual figure panels are reproduced under the terms of a Creative
Commons Attribution License (CC BY 4.0).18" Copyright 2018, The Authors, published by Wiley-VCH, Reproduced with permission.®”] Copyright 2017,
American Chemical Society), Reproduced with permission.[7%l Copyright 2018, Elsevier and Reproduced with permission.2”] Copyright 2018, Elsevier),
and Reproduced with permission under the terms of a Creative Commons Attribution License (CC BY-NC-ND 4.0).1'" Copyright 2021, The Authors,

published by AAAS.

crack initiation,19>1%] as discussed in Section 7 This phenom-
enon, which is especially pronounced in aluminoborate glasses
with low field strength modifiers, has been referred to as self-
adaptivity of the glass network.'"”] High crack initiation resist-
ance has also been achieved in so-called intermediate calcium
aluminoborosilicate glasses, which exhibit both densification
and shear flow deformation behavior upon indentation. By
tuning the boron-to-silicon ratio in defect-resistant borosilicate
glasses, 198199 it is possible to enable shear-banding; glasses
with high shear band density are found to be less prone to the
formation of subsurface shear faults.”! Following up on the
study of vibrational disorder (Section 3), nanoscale fluctua-
tions in the network rigidity have been found to mediate the
experimental deformation process, similar to granular media
with pronounced intergranular cohesion.®! The statistics of
such fluctuations might offer a further criterion for property
tailoring,”®l however, the exact nature of heterogeneity remains
unknown for chemically more complex glass formulations. Lat-
eral indentation testing (scratching) experiments offer a prac-
tical view and understanding in this direction, with a focus on
the role of structural cohesion on scratch hardness!”'73 and
deformation modes.[74173]

Beyond hardness, stiffness and indentation response,
designing tough oxide glasses continues to be a major chal-
lenge. The fracture toughness of most oxide glasses, as meas-
ured using self-consistent methods, remains below 1 MPa m®°.
Glass fracture toughness can be estimated from the interatomic
bond strengths and the bond concentration along a fracture
surface, assuming the absence of plasticity.?/] Structural
densification has found to be a promising route, as it can
increase rigidity and crack tip blunting, leading to stress relaxa-
tion.[”8] As shown in simulations, tuning of cooling rates (see
Section 3) or pressure can also be used to induce a brittle-to-
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ductile transition,l””! as can consolidated glassy nanoparticles
in silica.® The latter leads to formation of fivefold coordinated
silicon, which has a higher propensity to carry out local shear
deformation than four-fold coordinated silicon, leading to the
observed nanoscale tensile ductility.’® In experiments, high-
temperature densification of a bulk aluminoborate can lead to a
toughness of 1.4 MPa m®?, as densification enhances the bond
switching dynamics.'®!l The ability of glasses to deform plas-
tically to an extent far beyond the predictions of the classical
cohesive zone model'®)—on nanometer scale—is often termed
nanoductility. It has been observed experimentally in glassy
silica,27184 but also, e.g., in flaw-free thin films of amorphous
alumina at high strain rate,*! as already discussed in Section 2.

Besides compositional adjustments and established post-
processing methodology,?!! other techniques are presently
being explored to improve the mechanical properties of trans-
parent oxide glasses, including nanoscale phase-separation,
partial crystallization to produce glass-ceramics, and (surface)
hydration. Liquid-liquid phase separation has been proposed
as a means to improve fracture toughness, but so far, experi-
mental demonstrations have been relatively limited and mostly
restricted to indentation studies.'®>'8 As shown by computa-
tional simulation, the presence of a secondary phase in glasses
undergoing phase separation can impede crack propagation
through crack arrest, crack deflection, and diversion, which can
increase the fracture toughness.'¥1%8] Using peridynamics, the
extent of toughening was found to be due to a balance between
propensity for crack deflections, effective cohesion of the phase-
separated glass, existence of plastic energy dissipation, and
roughness of the crack surface.™™ Such studies are—in prin-
ciple—related to glass ceramic design, which leads to a sim-
ilar two- or three-phase materials. The mechanical properties
of glass ceramics, typically prepared through a two-step heat
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treatment to induce nucleation and crystal growth, have been
explored through both experiments and simulations, reporting
improvements in both strength and fracture toughness.[89190
Due to the breadth of the topic and a somewhat different
application focus, however, we will not discuss glass ceramics
at this point; a recent overview is provided in ref. [191]. Note-
worthy, glass ceramics have recently been introduced to replace
pure glass covers in mobile phone devices.”? For both glass
ceramics and phase-separated glasses, an important issue for
most applications is to retain transparency, requiring that the
size of the formed structures is small relative to the wavelength
of visible light, and that the refractive indices of the involved
phases are similar and, preferentially, isotropic. Such control
is possible, for example, as shown in the case of phase separa-
tion in calcium aluminosilicate glasses, where the domain size,
morphology, and phase distribution can be finely tuned.*3194
Simulations have shown that soft, yet tough nanoinclusions
may provide for the largest toughening effect,'®”! what now
requires experimental verification and the demonstration of
retained optical transparency. Very similar design considera-
tions have to be made in the context of transparent hybrid and
composite structures, as will be discussed later in this section.
A different route to glasses with enhanced surface defect
resistance focuses on surface hydration.'””l When oxide glasses
are exposed to water (at variable temperature and/or pressure),
their surface is hydrated. This is accompanied by a practical
improvement on performance in crack initiation studies. The
strengthening mechanism remains to be fully understood, but
could involve crack tip shielding,"® stress relaxation,'™ and/
or compressive stress generation.%® The effect has been found
in various glass compositions, from a very soluble cesium alu-
minoborate glass, for which hydration (which renders the glass
surface into a gel-like layer) can lead to record-high crack resist-
ance,'”] to more durable silicate-based glasses treated at higher
humidity and/or temperature, as reported in recent patent
applications.[%8290 Of potentially high interest, glasses that con-
tain water not only on their surface but also in their bulk have
been demonstrated to not only perform well in defect initiation
studies, but to also exhibit highly tunable elastic properties.>*34
Progress on the area of oxide glass development has thus
far been based on knowledge of glass chemistry and struc-
ture; the next level will be to implement this knowledge with
high-throughput methodologies, for example, using machine
learning (ML). For oxide glasses, this involves automated litera-
ture screening to mine model training and validation data from
text, tables, and figures.[?°l ML models, mostly based on neural
networks, have been developed to predict mechanical properties
such as hardness and elastic modulus;2°2l however, improved
predictions will require physical descriptors instead of simple
glass composition data. The search for such descriptors can be
guided by classification-based ML. For example, while struc-
tural descriptors such as local density, free volume, or bond
localization, and orientation have already been linked to flow
defects, they are insufficient to fully predict glass fracture.l2%%!
Alternatively, a nonintuitive structural metric termed “softness”
was found to be strongly correlated with the dynamics of spe-
cific atoms based on their local structural environments,?*4 and
has been successfully linked with creep dynamics and yielding
behavior of disordered materials.?°>%8] Very recently, it has also
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been shown that this metric can be trained from the sponta-
neous dynamics of glass under zero strain, and then used to
predict the glass’ fracture propensity under strain.?%l In par-
ticular, rapid crack propagation occurs upon the local accu-
mulation of high-softness regions. As these studies suggest,
advances in new oxide glass composition design are expected
to come from coupling knowledge of nanoscale deformation
processes with high-throughput ML methods. It remains to
be explored how such understanding can be coupled to par-
allel physical insight as to the nature of elastic disorder (see
Section 3).

8.2. Glasses from Organic—Inorganic Hybrids

Engineering oxide glasses have numerous applications as dis-
cussed in this review, mostly building on their optical transpar-
ency, mechanical stiffness, and chemical inertness, but they
suffer from poor impact and fracture resistance. Glass strength
can be improved through thermal or chemical strengthening,
but these treatments do not significantly increase fracture
toughness (see Section 2) and can lead to frangible fracture,
especially for thin glasses (see Section 5). Compositional tuning
of oxide glasses also has limitations, since around 3/5 of the
atoms are typically oxygens, while conventional metallic glasses
are not transparent and chalcogenide glasses are even less
tough than oxides.””! To overcome these limitations, the possi-
bility to tune the micro- and nanoscale structures of disordered
materials by combining organic and inorganic constituents has
been explored, as these hybrids offer enormous chemical versa-
tility due to their exchangeable building units.

An important family of hybrid materials involves conetworks
of organic and inorganic components with molecular-scale
interactions and covalent links that make them indistinguish-
able at the nanoscale and beyond. They can thus be different
from the transparent composites and bioinspired materials
covered in the following paragraph, and avoid any poor inter-
face bonding.?®®! Such amorphous hybrid materials are usually
made by sol-gel processing, in which a solution (sol) containing
the inorganic precursors undergoes crosslinking reactions
at room temperature to form a gel.??! The gel is a wet inor-
ganic network (typically of covalently bonded silica), which can
be dried and heated to form an amorphous solid. Hybrids are
synthesized by introducing an organic polymer early in the sol-
gel process to enable the inorganic network to form around the
polymer molecules.

To create interpenetrating networks that interact at the
molecular level, a coupling agent is needed to act as a bridge
between the two components.?!! The resulting sol-gel hybrid
amorphous material acts as a single phase with congruent
physiochemical behavior, and it can be used directly as an ink
for 3D printing without the need for additional binders. Jones
et al. made a triple network hybrid sol-gel material (Figure 11a),
showing elastomeric “bouncy” behavior and ability to self-heal
within seconds after fracture without external stimulus, yet with
an ability to biodegrade.?!l Varying the organic component,
e.g., by using tetrahydropyran with an additional C atom instead
of tetrahydrofuran as the monomer, enables a structural con-
trol of the mechanical flexibility and self-healing propensity.l?'?
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Figure 11. Hybrid noncrystalline materials with tailored nanostructures to control their mechanical deformation behavior. a) Bending and micro-
structure of silica/poly(tetrahydrofuran) /poly(e-caprolactone) hybrid material. Reproduced with permission.[l Copyright 2021, Elsevier. b) Simulated
atomic-scale structure of ZIF-62 (Zn(Im),75(blm)g,s) melt-quenched glass. Reproduced with permission.[32l Copyright 2020, American Chemical
Society. ¢) Simulated bond switching mechanism in ZIF-62 glass, showing how the central Zn atom (in red) transitions from fourfold to threefold and
back to fourfold coordination with N upon increasing strain (g) from £=0 (left) to £=0.09 (middle) and £=0.42 (right). Adapted with permission.[220l

Copyright 2021, Royal Society of Chemistry.

Likewise, mixing of silica with titania as the inorganic compo-
nent has been shown to improve the compressive failure strain
and strength.?3l With the proper tuning of their mechanical
properties, such hybrids are attractive bioactive materials, e.g.,
for cartilage regeneration./?*¥

Recently, metal organic framework (MOF) and coordina-
tion polymer (CP) glasses have emerged as further noncrystal-
line, hybrid material families.?> MOF/CP crystals are porous
materials formed from inorganic nodes connected to organic
ligands, but they are not available in bulk pieces. As a concept,
this can be overcome by melting and quenching them to form
MOF/CP glasses. However, despite the fact that around 10° vari-
ations of MOF and CP crystals with diverse structural motifs
have been reported, only a small fraction of these have been
turned into glasses. Unlike the challenge in metallic systems,
where the need for a high critical cooling rate is the main limi-
tation for glass formation, in MOF/CP systems, the limitation
is the access to a stable liquid state. That is, many of the porous
crystals thermally decompose before they melt.*'®l To enable
glass formation, the strategy could be to lower the melting tem-
perature, e.g., by using crystals with large entropy difference
to the liquid state,?] by incorporating an ionic liquid into the
porous interior,?®¥l or increasing the temperature of thermal
decomposition. The latter has been a very successful strategy in
terms of making zeolitic imidazolate framework (ZIF) glasses
with thermally stable ligands (Figure 11b).21%2201 For example,
ZIF-76-mblm glass (Zn(Im);33(mbIm)yg, where Im = imi-
dazolate and mbIm = 5-methylbenzimidazolate) features pro-
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nounced nanoscale porosity,??!! while it has been shown that
ZIF-62 glass (Zn(Im);5(bIm)y,5, where bIm = benzimida-
zolate) avoids the formation of intercrystalline defects in mem-
branes, showing enhanced molecular sieving ability compared
to the crystalline membrane.¥] Understanding the microscopic
deformation and fracture mechanisms of these nascent mate-
rials will be of high importance for their postprocessing and
applications.

While we are not aware of any mechanics studies on CP
glasses, most studies on mechanical properties of MOF glasses
have so far focused on ZIF-62, due to its ultrahigh glass-
forming ability and the possibility to fabricate comparably
large (>10 mm) bubble-free samples suitable for mechanical
testing.1222223] Fracture toughness (Kj,) testing, using the single-
edge precracked beam method, revealed that this glass features
a low Kj. of around 0.1 MPa m®>, which is even lower than that
of traditional oxide and chalcogenide glasses.?*) Compounda-
tion of ZIF-type glasses with inorganic glasses was considered
as a potential means to further improve the mechanical perfor-
mance of this new class of materials.??l Thereby, the inorganic
component was chosen so as to match the melting range of the
ZIF, enabling comelting.

Although the ZIF glasses feature nanoscale ductility via bond
switching??®! and the relatively high Poisson's ratio (=0.34)
might indicate a more ductile fracture behavior,®¥ the low
toughness is ascribed to the preferential breakage of the weak
Zn—N coordination bonds (Figure 11c). Indeed, the coordina-
tion bonds control a wide range of their mechanical behavior
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and have also been associated with indentation-induced shear
bands, which are typically not seen in other network glasses
with a fully polymerized structure.l?”’] Nanoindentation studies
have shown that the elastic modulus of different ZIF glasses is
positively correlated with the pycnometric densityl??®! and hard-
ness.?2l Moreover, their strain-rate sensitivity was found to
be similar to that of glassy polymers and Se-rich chalcogenide
glasses.??’l However, to date, such interpretations remain ten-
tative, given the difficulties of fabricating high-quality samples
at statistically relevant scales, and furthermore, the presently
unknown interplay of intrinsic and extrinsic effects.

As the most recent example of hybrid glasses, glassy mate-
rials derived from organic—inorganic perovskites have been
reported.??230 For example, dicyanamide-based perovskite
glasses have been discovered with Young's modulus of around
6-7 GPa, intermediate between typical values for organic and
inorganic materials.[23]

Overall, these studies suggest that some improvement of
hybrid glass mechanical properties may be needed depending
on the application, but the chemical flexibility of both organic
and inorganic building units should allow for this. Accessing
“forbidden” glass states through high-pressure treatment or
making composite materials are other promising routes for
property tuning.[216]

8.3. Bioinspired Transparent Composites

In a final comment, we would like to turn to glass-like com-
posites, which have been proposed as potential alternatives
to glassy materials, combining the stiffness and scratch hard-
ness of inorganic glasses with the impact resistance of plastic
materials.233234 Research into these materials was originally
driven by potential application in automotive glazing, where
weight reduction and improved impact resistance were sought.
Meanwhile, however, the potential fields of application have
widened, although the major challenges remain: beyond simple
matching of refractive indices, thermal and stress optical dis-
sipation must be considered.’* Furthermore, packing den-
sity and the relative fractions of the involved phases, interface
mechanics and compatibility, and texture cannot be tailored
sufficiently within the limits of conventional methods. On the
other hand, natural biological materials have been an increas-
ingly powerful inspiration for synthetic composites and, poten-
tially, the design of glass-like materials with adapted mechanical
performance. They use an array of strategies that can be grossly
grouped into:12*® fibrous structures (tendons), helical struc-
tures resisting torsional loads (insect exoskeletons), gradients
(human teeth), layered (mollusk shell), tubular-structures
(mammalian horn and hoof), cellular pores (bones of birds),
sutured materials (leatherback turtles), and overlapping plates
(shark skin).

Despite the differences in these approaches, and moreover
the diversity of species, there is one ubiquitous principle
employed by all structural biological materials: their remark-
able mechanics are possible due to their mixture of soft and
hard phases.?’”] To realize such a structured composite, biology
typically utilizes a hierarchical structure, formed through a
bottom-up self-assembly process. The soft component is usu-

Adv. Mater. 2022, 34, 2109029 2109029 (17 of 25)

www.advmat.de

ally a biopolymer protein, such as collagen, elastin, or keratin,
while the hard component is typically an inorganic mineral,
such as calcium carbonate, hydroxyapatite, or silica. When com-
bined, the soft part imbues the material with strength and the
ability to sustain a certain degree of plastic (ductile) deforma-
tion, while the hard part contributes stiffness and toughness.

Here, we will focus on nacre, the tough inner layer produced
by mollusk shells, as an excellent example of a structural bio-
material (Figure 12); its design of geometry asymmetric phases
can lead to remarkable mechanical properties of the composite
structure in comparison with its building blocks. The min-
eral part (aragonite) forms about 95% of its volume, i.e., only
a minor part of the volume is soft biopolymer (Figure 12d).
Thus, although fragile mineral elements form a major part of
nacre, the composite is 3000 times tougher than hard ceramic
platelets?*®l and it can undergo up to 1% of strain, which is
remarkable compared to the ceramic building blocks.[?*! Sev-
eral mechanisms have been proposed to explain the enhanced
performance of nacre under mechanical loads. One of which is
related to the tough organic biopolymer between the tablets, 24!
which resists shear movement of the tablets and often unfolds,
contributing to energy dissipation.?! Nanoasperities on the
tablet surface?*22#] and bridges between the tablets?*2%] also
provide key toughening mechanisms. Interlocking between
the platelets due to their small waviness,?*23% and the peri-
odic tessellation structurel?*->*l in particular, contribute to
toughening. Understanding these mechanisms is critical for
researchers to recreate the enhanced composite mechanics
observed in nature.

The structure and performance of nacre have served as
models for researchers in efforts to create bioinspired tough
composites, with a principal challenge being the methodology
of structuring the phases. Natural biological systems rely on
self-assembly, and researchers have used similar approaches
such as layer-by layer assembly, where a substrate is dipped
sequentially into different solutions. This ensures that each
immersion produces only one layer on the substrate,?*
thus requiring many immersions to reach an acceptable
thickness.[220-2%8]

Freeze casting or ice templating employs a slurry of ceramic
and water. The slurry is frozen from the bottom and the forma-
tion of lamellar ice crystals entraps the ceramic particles. Upon
freeze-drying and water sublimation, a porous template of the
ice structure remains. Then, after sintering of the ceramic
phase, it is possible to infiltrate a second soft phase into the
structure to fill the pores and mimic nacre layering.[?>*-21 The
ceramic particle size, freezing rate, and ceramic concentra-
tion impact the microstructure, 262263 as do additives such as
glycerol, sucrose, sodium chloride, citric water, ethanol, and
PVA, 262681 by controlling the temperature gradient,[263:267-26%]
or external electric?® and magnetic?’"?2 fields. 3D printing
is another important and popular technique which has been
widely used, including stereolithography!?”3)), and fused depo-
sition modeling.?’#?7*l Multimaterial 3D printers are capable
of printing both soft and hard phases of the structure simul-
taneously, producing brick and mortar structures in a single
step.[276.27/

While the vast majority of bioinspired composites have
focused on optimizing mechanics, some of these have also
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Figure 12. Nacreous composites for tough transparent glass. a) PMMA—glass composite with PMMA index matched to glass (top, transparent) or neat
state (bottom, translucent). b) SEM microstructure of glass flakes connected in PMMA continuum. c) Natural nacre surface. d) SEM microstructure
of well-ordered brick and mortar natural nacre structure. The scale bars in (b) and (d) are 20 um and 3 um, respectively.

endeavored to optimize composite transparency, as recently
reviewed by Magrini et al.?’®! Stronger transparent glasses
have tremendous industrial and commercial value, and there
has been a growing need for these in diverse markets. Many
of the strengthening strategies result in optically and mechani-
cally enhanced thin films.?*#?>] Chemically strengthened
glasses have been employed at large as they offer exceptional
strength, however, chemical strengthening does not per se
increase toughness.!l Top-down methods, including laser-
engraving interlocking 3D arrays in glass,?*® lamination of
thin glasses with laser-engraved cross-ply¥” and tablet-like
architectures?*®! have produced composites with increased
fracture toughness and impact resistance, but reduced stiff-
ness and strength. While stiffness and strength can be gener-
ally improved by decreasing the size of the tessellated patterns,
this increases interfaces, decreasing transparency, and further
hampers scalability.?®) A more scalable nacreous composite
was created by infiltrating poly (methyl methacrylate) (PMMA)
into a glass tablet scaffold, yielding a composite with superior
fracture resistance. However, despite employing two trans-
parent materials, the resulting composite is translucent rather
than transparent.”’#l This highlights a general trade-off chal-
lenge that bio-inspired glasses have suffered from between
mechanics, transparency, and fabrication scalability.

Progress has continued with improved transparency in
strong nacreous glasses, yet modest toughness.?®! It was
recently shown that closely index matching the PMMA with the
glass can markedly improve transparency (Figure 12a). Centri-
fuging the glass-PMMA mixture before the PMMA has been
cured increases the glass volume fraction and induces a layered,
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ordered structure (Figure 12b). Together, these processes yield
a leading nacre-like composite in terms of scalability, trans-
parency, toughness, and strength that, unlike other glasses,
can easily be cut and machined.?®” Nevertheless, current
PMMA composite glasses still suffer from easy surface scratch
damage due to the relatively low hardness of PMMA. Future
improvements that combine the scratch resistance of chemi-
cally strengthened glasses, with the scalability and mechanics
of PMMA/glass nacre composites may result in a material with
ideal mechanical and durable optical properties. These strate-
gies demonstrate that truly transparent, rather than translu-
cent, tough, and strong glass composites are not only feasible
but improving yearly. Future challenges in bioinspired compos-
ites will likely incorporate connective phases that are capable of
“healing” postfracture,?#3-28] or that can change their mechan-
ical or optical properties under external stimuli.[286:287]

9. Summary and Outlook

The study of glass mechanics offers exciting challenges and
opportunities toward new material design and applications. In
particular, thin and ultrathin glasses suitable as flexible sub-
strates, microstructured devices, surface layers or structural and
functional components in advanced devices, present a prom-
ising field of exploration. In the last several years, glass chem-
ical research has revealed a surprising number of new avenues
for glass design, from glass-forming hybrids with organic
and inorganic components to high-entropy oxides, hydrated
materials, Dbioinspired materials, and glass formulation
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assisted by computational resources and machine-learning
algorithms. While these new developments hold great promise
toward the next generation of glass applications, their further
advancement will require in depth understanding of structure—
mechanical property relations and their tailoring through com-
positional adjustments and postprocessing. This includes the
development of modeling tools with improved predictive power.

To this end, new insight into the nature of glassy disorder
and the elucidation of physical descriptors and quantifiers for
the statistics of elastic fluctuations require their transfer from
today's computational models to real-world materials. Machine
learning will require physical descriptors instead of simple
compositional data, which can be obtained from simultaneous
advances in computational and analytical or phenomenological
research. Some specific challenges include

i) in situ characterization of stress/strain fields and transient,
as well as permanent, structural rearrangements during load-
ing in both experiment and simulation, including the direct
imaging of elastic fluctuations in experimental scenarios,
experimental advances in environmental and vacuum stud-
ies of glass mechanics, including material characterization
at variable length scale, temperature, observation time, and
loading conditions,
iii) a shift in focus from mean-field approximations to the fun-
damental role of structural disorder, spatial and temporal
fluctuations, and medium-range-order structural features, in-
cluding elucidation of their tailorability through adjustments
of chemical composition and thermomechanical history,
studies across extended length and time scales, for example,
relations between nanoscale deformation and macroscale
fracture,
v) experimental demonstration of tailored disorder, including
order-in-disorder, disorder-in-order, disorder-in-disorder ma-
terial engineering,
nanoscale-engineering of glasses, next-generation glass-like
composites and hybrid materials which retain optical trans-
parency and glass haptics, and
vii)demonstration of material fabrication processes, including
thermal and non-thermal post-processing, fabrication of sub-
pm freestanding and supported membranes and films.

ii

=

iv

=

vi

=

In addition, surface modification by coatings and other post-
processing methods remain areas that hold great opportunities
for glass products with enhanced mechanical performance, in
particular, in terms of early-stage defect propensity, corrosion
protection, and the control of surface tribology and haptics.

In this article, we focused on the most prolific fields of
study toward inorganic and hybrid glasses with visual trans-
parency, the classical (intuitive) attribute of glassy materials.
These are areas at which recent discoveries in glass physics
intersect with the frontiers of glass chemistry, and where the
need for glasses with enhanced mechanical performance is
most obvious. While we did not comment on various other
areas of interest, we note that the mechanical properties of
metallic glasses, subcritical fracture and stress corrosion, or
the interplay between mechanical, optical, and electrical prop-
erties offer further fields of study with exciting opportunities
and challenges.
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