
PHYSICAL REVIEW MATERIALS 10, 065603 (2026)
Editors’ Suggestion

Fracture initiation in silicate glasses via a universal shear localization mechanism
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Shear bands lie at the root of fracture initiation in bulk metallic glasses and amorphous polymers. For
silicate glasses, in contrast, studies have largely emphasized permanent volumetric strain, commonly referred
to as densification. Here, we systematically investigate indentation-induced fracture in two distinct families of
aluminoborosilicate glasses. The results demonstrate that plastic shear flow plays a decisive role in governing
fracture initiation. In addition, molecular dynamics simulations reveal a pronounced composition dependence of
softening associated with plastic shear flow, closely mirroring the experimentally observed propensity for strain
localization. We conclude that silicate glasses conform to a universal pattern of rupture initiation governed by the
localization of shear-deformation, aligning with a broad range of amorphous materials, including bulk metallic
glasses and glassy polymers.
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I. INTRODUCTION

Despite decades of intensive research, a comprehensive
understanding of the rupture properties of silicate glasses
remains a significant challenge [1], constraining mitigation
strategies. A range of conceptual frameworks has been ad-
vanced, including the tailoring of network connectivity [2],
the notion of optimal topological rigidity [3] (often illustrated
by highly connected networks such as silicon oxynitrides or
carbides [4]), or, from a quite different perspective, the ideas
of nanoscale ductility [3] or adaptive network structures [5].
These approaches, however, offer limited predictive capabil-
ity and have yet to establish clear, quantitative relationships
between glass composition, underlying deformation mecha-
nisms, and macroscopic mechanical performance.

One of the difficulties is that, in very practical terms, the
fracture sensitivity of silicate glasses is usually probed by
indention, indeed a technique of choice for characterizing the
nonlinear deformation, damage, and fracture processes in brit-
tle materials [6]. In particular, indentation cracking provides a
convenient and quantitative measure of crack resistance (CR),
the resistance to indentation-induced damage [7,8]. In fact,
although CR, defined as the threshold load required to initiate
median or radial cracks beneath a Vickers indenter tip, may
seem somewhat primitive at first glance, it has proven to be
highly discriminating for silicate glasses [9].

The strain field under the tip is complex, but extensive
studies over more than half a century [10–13] have pro-
vided a robust foundation for a general understanding of
the ensuing damage and fracture processes. Silicate glasses,
however, undergo irreversible volumetric deformation, or den-
sification [14], which reduces indentation-induced stresses
and can therefore partially suppress crack initiation and
propagation [15,16]. As a result, over the past decades, con-
siderable effort has been devoted to quantifying the role of

densification in decreasing the cracking sensitivity of silicate
glasses [17,18]. Notably, low atomic packing density and a
low Poisson’s ratio, both linked to enhanced densification,
have been reported to correlate with improved crack resis-
tance [4,19].

In contrast to this densification-oriented perspective, an al-
ternative framework was developed in the 1980s, highlighting
localized shear deformation as the primary mechanism gov-
erning fracture initiation. Experimental studies showed that
cracks often originate at discrete shear events, referred to as
shear faults or slip events, which appear during loading and
serve as deformation-induced crack nuclei [20–22]. This line
of investigation, however, has received comparatively little
attention in recent years, with only one notable exception [23].

To clarify the relative contributions of the different mech-
anisms proposed for fracture initiation in silicate glasses in
relation to their composition and structure, we conducted
a systematic investigation of indentation cracking across
two families of glass compositions spanning a broad range
of crack resistances. One of these families comprises Ca
alumino-boro-silicate glasses: the influence of silicon sub-
stitution by boron on crack resistance is well established
and has been extensively studied [24], although a complete
understanding of the mechanisms underlying boron-induced
strengthening remains elusive. To broaden the scope of our
conclusions, we also examined the effect of network modifier
field strength, substituting Mg for Ca, another well-known
strategy for drastically improving crack resistance [25,26].

Within these compositional ranges, we find compelling
evidence that crack resistance correlates strongly with the
morphology of shear bands, while exhibiting no significant
dependence on Poisson’s ratio or on the densification be-
havior. This finding demonstrates that, in silicate glasses,
the intrinsic resistance to localized shear faulting con-
trols the macroscopic cracking response under sharp-contact
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FIG. 1. (a)–(c) single alkaline earth (Ca or Mg) ABS glasses with varying B2O3 content: (a) Young’s Modulus E and Poisson’s ratio ν;
(b) micro-indentation Vickers hardness HV ; (c) densification (CABS only) at 25 GPa (multianvil cell) [28]; (d)–(e) mixed alkaline earth ABS
glasses (5% or 15% B2O3) as a function of Mg vs Ca content: (d) Young’s Modulus E and Poisson ratio ν; e) micro-indentation Vickers
hardness HV ; (f) all glass compositions: RID as a function of Poisson ratio including some (LS, SLS, ABS) glasses from Kato et al. [29] and
from Barlet et al. [18]. Error bars are not shown if smaller than the marker size.

loading. Shear flow and the associated material instabilities
thus emerge as a unifying paradigm of fracture behavior in
amorphous materials, one that silicate glasses, despite their
capacity for densification, share with, e.g., metallic glasses
and glassy polymers.

II. RESULTS

Eighteen glass samples were melted (see [27] Sec. I) with
the nominal composition (15 − y)CaO · yMgO · 15Al2O3 ·
xB2O3 · (70 − x)SiO2 (CMABS glasses). The boron content
(x) was varied as 0, 5, 15, and 25 mol% (Table S1 [27]).
For compositions with x = 5 and 15 mol%, CaO was pro-
gressively substituted by MgO, with y = 0 (CABS), 2.5, 5,
7.5, 10, 12.5, and 15 (MABS) mol% (Table S2). In addition,
reference glasses previously reported by Kato et al. [24] were
also prepared for comparison.

A. General mechanical properties

Key mechanical properties were systematically charac-
terized and are presented in Fig. 1, with numerical values
provided in Supplemental Material, Sec. SI [27]. Young’s

modulus E and shear modulus G were measured with the res-
onance method and hardness H with microindentation under
a load of 100 gf.

Overall, the property evolutions were moderate across the
present compositional changes. Incorporating 25 mol% B2O3

led to a 20% reduction in both Young’s modulus and hardness.
Conversely, substituting Mg2+ for Ca2+ resulted in a marginal
5% increase in E and a 10% increase in H . Regarding Pois-
son’s ratio, the 25 mol% B2O3 addition caused a 20% increase
in the CABS system and a 10% increase for the MABS sys-
tem, while the Mg2+ for Ca2+ substitution had a negligible
effect on ν.

The ability of the glasses to densify was also investigated.
For the CABS series, densification under hydrostatic pres-
sure was measured up to 25 GPa using a multianvil cell
(MAC) [28]. As is common with borosilicates, an intermedi-
ate value of the densification at saturation of approximately
10% was observed. There is no measurable dependence of
this value on boron content [Fig. 1(c)]. Due to the difficul-
ties associated with MAC measurements, another quantity is
often used as an approximate quantification of densification,
the recovery of indentation depth (RID) method [9,26,30].
This method relies on the understanding that the recovery of
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indentation depth observed upon annealing an indent close to
Tg is predominantly due to density recovery, and not to shear
flow recovery. In contrast to the MAC measurements, it is not
a direct measurement of densification, but is often used for
a simple, approximate evaluation. Vickers indentation depths,
dbefore and dafter, were measured before and after annealing at
0.9 Tg for 2 h, and the RID was calculated as

RID = dbefore − dafter

dbefore
. (1)

The measured RID values are approximately 0.3 and ex-
hibit minimal variation across the compositions studied in
this work [Fig. 1(f)]. A correlation with Poisson’s ratio is
observed, characterized by a slight decrease in RID with
increasing Poisson’s ratio, consistent with previous observa-
tions [31]. Overall, these results agree well with those reported
by Barlet et al. [18] for glasses of similar compositions.

B. Crack resistance

To determine the crack resistance (CR), the pristine glass
samples were indented using a Vickers indenter under con-
trolled environmental conditions (25 °C and 30% relative
humidity). Radial crack formation at the indentation corners
was systematically recorded. The applied load was incremen-
tally increased from 100 gf to 6 kgf, with 40 indentations
performed at each load. The probability of crack initiation PCI

was calculated as the total number of observed radial cracks
nRC over 4, the total number of indentation corners. The crack
resistance, CR, was defined as the applied load corresponding
to PCI = 50%.

The measured CR values for all compositions are plotted
in Fig. 2. In contrast to the other mechanical properties, CR
exhibited a strong compositional dependence. For the CABS
series [Fig. 2(a)], increasing the B2O3 content from 0 to 25
mol% resulted in a significant ten-fold increase in CR. Simi-
larly, when the B2O3 content was fixed at 5 mol% [Fig. 2(b)],
substituting MgO for CaO initially caused a slight decrease
in CR between 0 and 5 mol% MgO, followed by a substan-
tial three-fold increase between 5 mol% and 15 mol% MgO.
However, at the maximum B2O3 content of 25 mol%, the CR
remained high (approximately 30 N) and was virtually un-
affected by the MgO for CaO substitution. This insensitivity
was mirrored when B2O3 content was varied in the presence
of 15 mol% MgO. Collectively, these results strongly suggest
that the strengthening mechanisms induced by the addition of
boron and the addition of magnesium represent two distinct
and independent effects.

The CR is plotted as a function of RID in Fig. 2(c). As
expected from the weak variation of RID and the large vari-
ation of CR across the composition range, we observe only
a very weak dependence of CR on RID, in contrast to previ-
ous reports [4,32]. Interestingly, the slope of this dependence
is negative, which is unexpected in the light of presently
accepted trends. For completeness, data for the same com-
mercial glass compositions (LS, SLS, and ABS) investigated
by [9] have been added to the plot (black markers). For these
three glasses, a clear positive correlation between CR and RID
is observed, conforming to the accepted ideas. These opposing
trends are summarized in Fig. 2(d), where arrows indicate the

(a) (b)

(c) (d)

FIG. 2. (a) and (b) Crack resistance CR of (a) single alkaline
earth network modifier ABS glasses and (b) mixed alkaline earth
network modifiers ABS glasses. If no error bar is shown, it is less
than the marker’s size. (c) Crack resistance (CR) as a function of
recovered indentation depth (RID) and (d) recovered indentation
depth for different silicate glasses compositions, including some (LS,
SLS, ABS) from Kato et al. [29]. Arrows show how crack resistance
increases with compositions.

direction of change in crack resistance. These observations
reinforce the view that the correlation between CR and RID
postulated, e.g., in Ref. [17] is only partial, as previously
noted [2].

C. Indentation cross sections and shear bands

Plastic flow under indentation was investigated as a
function of glass composition using the bonded interface
technique [23,33]: indentation over a pre-existing crack near
the crack tip, followed by full crack opening, provided cross
sections of 1 kgf indents for a wide range of compositions.

Figure 3 presents the results for both series of composi-
tions, revealing a gradual evolution in the cross-section mor-
phologies. The CAS glass (boron- and magnesium-free)
exhibits pronounced shear localization, manifested as a fairly
regular network of darker lines within the plastic zone. As
B2O3 gradually substitutes for SiO2 (from top to bottom),
these shear faults progressively disappear and are replaced by
a homogeneous area with a lighter grey shade. This transfor-
mation first appears in the central part of the plastic zone and
subsequently extends towards the edges. A similar transition
is observed when Mg2+ is substituted for Ca2+ (from left
to right). In the high boron, high magnesium composition,
the plastic zone, which is easily discernible by its lighter
gray shade, appears completely homogeneous. Remarkably,
this evolution closely parallels the progressive increase of
the crack resistance reported in the previous section, from
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FIG. 3. Sum up of all cross sections through 1 kgf Vickers indents.

approximately 300 gf for CAS to 3350 gf for the 25 mol%
B2O3 and 15 mol% Mg2+ compositions.

Figure 4 displays cross sections at 1 kgf for four mixed
network modifier compositions, providing a clearer visual-
ization of the distribution of shear faulting within the plastic
zone. In the magnesium-free composition with 5 mol% B2O3

(CABS2), shear faults are observed across the entire plastic
zone, exhibiting the concentric distribution of shear bands
under indentation and the symmetric sets of secondary ’spi-
ral’ bands characteristic of normal silicate glasses [33] or
BMGs [34]. This composition exhibits a low CR of approx-
imately 900 gf, and both median and lateral cracks are visible.
Upon the addition of 10 mol% MgO (CMABS4), the CR
doubles, and the central part of the deformation zone con-
tains fewer visible shear faults, while the edges show similar
shear patterns to the CABS2 composition. A similar trend is
observed for the CABS glass with 15 mol% B2O3 (CABS3),
where the central part of the indent is shear-fault free, yet the
edges of the deformation zone still display a high density of
shear bands/faults. Finally, with the addition of both boron and
magnesium (CMABS9), the central part of the plastic zone
becomes smoother, minimal shear localization is discernible

FIG. 4. Cross sections through 1 kgf Vickers indents in
(a) CABS2, (b) CMABS4, (c) CABS3, and (d) CMABS9.

on the edges, and the lateral crack has disappeared. In this
glass, the CR exceeds 3000 gf.

Finally, the commercial compositions studied in [9] have
also been investigated, and their cross-sectional views for
1 kgf indents are provided in Supplemental Material ([27]
Fig. S3) along with their CR taken from [9], confirming that
the correlation between CR and shear banding also holds for
these compositions.

These observations extend the work of Gross et al. [23]
by demonstrating that CR systematically increases as shear
faults become less pronounced, a behavior observed across all
compositions studied.

D. Roughness measurements of the plastically deformed region

In the bonded interface method, shear bands intersect the
original crack faces as slip steps [35] [Figs. 5(a) and (zoom)
5(b)]. As a result, in our experiments, the characteristics of
the shear bands affect the corrugation of the cross section. To
quantify shear band activity under loading, we measured the
surface roughness of the cross section using standard topog-
raphy parameters: roughness amplitude Ra and characteristic
lateral size RSm. These measurements were performed on the
central region beneath the indenter using laser scanning mi-
croscopy. Multi-lines used to measure roughness were drawn
vertically onto the center of the deformation zone where shear
bands intersect each other horizontally.

Figure 5(c) illustrates the relationship between CR and the
mean roughness Ra, measured from cross sections of 1 kgf
Vickers indents. This correlation indicates that more crack-
resistant glasses, such as the high-boron compositions, exhibit
lower roughness over the center of the plastic zone, suggesting
less pronounced shear localization. Conversely, compositions
with low crack resistance display higher roughness, i.e., more
significant shear bands, as exemplified by the lead silicate
glass.

We also investigated the effect of indentation load. Since
shear bands initiate on the edge of the plastic zone, by ge-
ometrical invariance, a shear band that initiates under higher
load develops a larger slip [34]. Consequently, we find a larger
surface roughness at the bottom of the plastic zone for a 1 kgf
indent than for 500 gf [Fig. 5(d)]. The ratio of approximately
1.2 in Ra between the two loads is consistent with the

√
2

scaling expected from the self-similarity of the indentation
process.

Finally, we have also calculated the characteristic correla-
tion distance RSm in the roughness profiles, which is expected
to reflect the spacing between shear bands. Stronger shear
bands associate with larger slip and increased spacing, result-
ing in a decrease of crack resistance with RSm [Fig. 5(e)].

E. Structural rearrangements and shear
deformation mechanisms

To corroborate these macroscopic observations and re-
late them to the intrinsic structural features of the glass,
we employed molecular dynamics (MD)–or more precisely
molecular statics–simulations. MD is a well-established tool
for probing the mechanical response of model amorphous
materials.
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(a) (b)

(c) (d)

(e)

FIG. 5. (a) Scanning electron image of 1kgf Vickers indentation cross section in soda-lime silicate glass and (b) magnified image of shear
bands from the cross section. The sample has been tilted to 35° to observe shear bands from the bottom. (c) and (d) Relationship between crack
resistance (CR) and roughness (Ra) for Vickers indentation cross sections at 1 kgf (c) and 500 gf (d), including some commercial compositions
(black markers) from Kato et al. [9]. The vertical dashed line is determined as the bulk roughness. (e) Crack resistance as a function of the
average spacing RSm between shear bands from Vickers indentation cross sections at 1 kgf for all glass compositions. Data are available at [36].

For generic amorphous systems, MD studies have shown
that shear localization initiates through the percolation of
shear transformation zones (STZs) along planes of maximum
shear stress [37]. This process often triggers a vortex-like
mechanism described by MD [38] as well as more mesoscale
models [39]. It also leads to structural rejuvenation within
the shear band, which subsequently stabilizes the flow [40].
Moreover, MD investigations have demonstrated that the
resulting failure mode—brittle localization versus ductile
flow—is fundamentally governed by the thermodynamic sta-
bility of the glass [41]. In highly stable glasses, yielding

occurs as a sharp phase transition with a characteristic stress
overshoot, whereas in poorly annealed glasses, it manifests as
a smooth crossover to plastic flow [42].

More specifically, for silicate glasses, other MD studies
have investigated their mechanical properties with partic-
ular focus on the relationship between network topology,
plastic flow [43,44], and rupture behavior [45,46]. More re-
cently, significant attention has been devoted to borosilicate
glasses [47,48] and their network rearrangement mechanisms.
Under tensile loading, it was found that plastic flow promotes
the concentration of nonbridging oxygens (NBOs) through
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FIG. 6. Stress-strain curves in shear for Ca alumino silicate
glasses with increasing boron content.

bond-switching, with fracture initiating preferentially within
these NBO-rich, mechanically weakest regions [49,50].

Here, we have employed large-scale molecular dynamics
simulations using the SHIK potential [51] to investigate the
mechanical behavior of generic borosilicate glasses. More
details on the simulation technique can be found in the Sup-
plemental Material [27] Sec. SII. The resulting stress–strain
curves under pure shear were calculated as in our previous
work [46]. The results are shown in Fig. 6. The addition
of boron leaves the flow stress largely unchanged but pro-
gressively lowers and broadens the yield-stress peak, thereby
reducing the amplitude of strain softening. These combined
effects are expected to decrease the susceptibility of the glass
to shear banding. Indeed, the localization of mechanical de-
formation requires a reduction in either strength or stiffness.
Compositions exhibiting weaker softening are therefore less
prone to shear-band formation, as their shear resistance is only
weakly affected by deformation-induced structural transfor-
mations. As a result, the shear strength is only marginally
influenced, preventing any significant reduction. Shear lo-
calization is thus inhibited, leading to more homogeneous
deformation, in agreement with the experimental observa-
tions.

III. DISCUSSION

There is a longstanding paradox in the fracture behavior
of silicate glasses. Classical models of indentation crack-
ing [8,15,52–54] describe fracture in terms of three intrinsic
material parameters: elasticity (Young’s modulus E ), plas-
tic yielding (hardness H), and fracture resistance (toughness
KIC). Yet glasses with very similar values of E , H , and KIC

can display crack resistances that differ by more than an order
of magnitude [9,32,55]. This discrepancy has increasingly
directed attention toward a deformation mechanism specific
to silicate glasses: irreversible volumetric strain, or densifica-
tion [14], which accompanies the more conventional volume-
conserving shear plastic flow [56,57] during indentation.

Densification is thought to influence crack resistance by
modifying the residual stress field generated upon unloading.
In this context, the analytic indentation model proposed by

Yoffe [15] was indeed able to account for a densification-
induced reduction of tensile residual stresses, and thus for a
reduction of crack initiation. Because direct measurements of
densification remain experimentally challenging [13], it has
often been inferred from more accessible proxies, most com-
monly the recovery of indentation depth at 0.9, Tg (RID) [30].
Several studies have indeed reported strong correlations be-
tween crack resistance and RID [4,9,17,32], reinforcing the
view that densification plays a central role in glass cracking.

However, this interpretation has recently been questioned.
The emphasis placed on densification, and its proxies such
as RID or Poisson’s ratio, has been challenged [2,55], and
Yoffe’s model itself has been shown to provide only a crude
description of the true indentation stress field [12,13]. These
developments suggest that while densification contributes
to crack resistance, its role should be more nuanced than
previously assumed: additional mechanisms or stress-field
complexities must be considered to fully resolve the paradox
of glass fracture.

With the present series of glasses, we find no significant
correlation between crack resistance and either Poisson’s ratio
or RID, confirming that neither the composition dependence
of elastic properties nor the permanent volumetric deforma-
tion modes can be regarded as the primary factors governing
crack initiation under indentation. In contrast, by extending
earlier approaches [23,33], we observe a broad and robust
relationship between crack resistance and the morphology of
shear bands in the region where median/radial cracks initiate:
glasses exhibiting high crack resistance display homogeneous
permanent deformation within the plastic zone.

Note that although plastic flow in silicate glasses is of-
ten associated with shear banding, homogeneous irreversible
shear deformation has clearly been demonstrated in pillar
compression experiments on pure amorphous silica [58]. As
composition varies, we observe that shear bands become in-
creasingly pronounced as crack resistance decreases. More
precisely, as already noted by Gross et al. [23], glasses with
greater crack resistance are found to accommodate deforma-
tion through a denser network of fine shear bands, implying
smaller slip amplitude per band and effectively delaying or
preventing the evolution of these bands into critical shear
faults.

Because in the present experiments, shear band formation
emerges as a key factor affecting crack resistance in silicate
glasses, we have leveraged the surface steps left by shear
bands at intersecting planes [35] to quantify shear band ac-
tivity. We have found that indeed the roughness of indent
cross sections in crack initiation regions correlates strongly
with crack resistance. This relationship provides a quantita-
tive measure of shear localization and is robust across the
two glass series studied here, whether strengthened through
Mg-for-Ca or B-for-Si substitution. However, this approach
has some limitations. The resolution of the laser scanning
microscope can not distinguish between glasses with very
low roughness due to minimal shear localization. Addition-
ally, fused silica, exhibiting homogeneous plastic shear flow
along with densification, is not expected to conform well to
this relationship. In this case, minimal roughness is expected
while crack resistance measurements are complicated by the
prevalence of cone cracks.
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This picture is consistent with a broad framework for
glassy materials. In many amorphous solids deformed be-
low their glass transition temperature, the dominant mode
of plastic deformation is indeed shear bands, which concen-
trate plastic flow within narrow zones of intense shear strain,
whether in glassy polymers [59–61] or in BMG [35,62]. The
transition from a stable shear band that accommodates plastic
strain to a rapidly propagating crack is triggered by intense
localized flow, which may drive severe structural evolution
within the band [35,63,64].

Consequently, to reduce shear localization and fracture
in bulk metallic glasses, a variety of strategies have been
developed. Reducing sample size can induce a brittle to
ductile transition by limiting the extent of shear band devel-
opment [65]. For macroscopic samples, most approaches fall
under the general concept of diffusing localization, including
the introduction of structural heterogeneity [66], which pro-
motes the nucleation, branching, and intersection of multiple
shear bands, the incorporation of nanocrystalline or dendritic
inclusions [67], which can nucleate and arrest shear bands but
may reduce strength, or even the design of the material for
shear induced crystallization in the bands, which adds a strain
hardening mechanism [68] thereby mitigating catastrophic
localization and enhancing toughness.

The picture is more or less the same for glassy poly-
mers. The morphology of shear bands governs the resulting
macroscopic fracture behavior [59]. At high strain rates or
low temperatures, deformation typically leads to the forma-
tion of individual, coarse ‘slip’ bands [59,60]. Once these
coarse bands extend across the specimen, they serve as
brittle failure initiators [61,69]. In contrast, at low strain
rates or elevated temperatures, deformation can be accommo-
dated by fine bands organized within broader, diffuse shear
zones [59,60,70]. This diffuse mode enables the material
to sustain large plastic strains, ultimately producing ductile
fracture. As in BMG, a common strengthening mechanism
resorts to inclusions with contrasted mechanical properties:
soft nanoparticles, for example, can trigger and arrest dilation
bands, a specific form of shear bands, with strong enhance-
ment of the fracture toughness [71].

The strong anticorrelation between crack resistance and
shear band formation in silicate glasses thus reinforces the
broader framework linking plastic flow localization to fracture
behavior in silicate glasses. A fully consistent analysis of
crack initiation begins at the continuum scale with indenta-
tion mechanics. For silicate glasses, this framework may be
provided, for example, by Yoffe’s model [15], by the more
comprehensive formulation of Chiang, Marshall, and Evans
(CME) [11], or by more recent finite-element approaches
based on constitutive relations [12,55]. From the resulting
stress and strain fields, crack-initiation criteria can be pos-
tulated and their predictions compared with experimental
observations. As an illustration, CME typically invoked a
statistical distribution of pre-existing flaws to describe crack
initiation: with this approach, a cracking threshold depending
solely on the elastic modulus E , the plastic yielding or hard-
ness H , and the fracture toughness KIC emerges. However,
CME already recognized that the ultimate origin of median
and lateral cracks in glasses most likely lay in flaws associated
with discrete shear faults, as documented in the contempo-

rary literature [8,33] and described extensively in the present
work. In addition, these early studies emphasized that the
major flaws preferentially developed at the intersections of
shear faults or flow lines. Notably, analogous mechanisms
were reported contemporaneously in other amorphous solids,
including the nucleation of cracks at intersecting flow lines
in glassy polymers such as polystyrene [59] and poly(methyl
methacrylate) [72]. This broader perspective shifts the em-
phasis from the yield threshold alone to developed shear-flow
behavior as a controlling factor in crack initiation, offering a
promising route to resolve the glass fracture paradox.

Once posited that resistance to cracking is fundamentally
governed by the propensity of the amorphous network to
either localize or diffuse shear deformation, the composition
dependence can be reconsidered. In “normal” glasses, such
as soda-lime silicates, nonbridging oxygens provide path-
ways of weaker ionic bonding that readily facilitate unstable
shear faulting, thereby acting as precursors to extensive crack
systems. In contrast, increasing the boron (B2O3) content
promotes the formation of trigonal boron (III) units and leads
to a high density of finer, less damaging shear bands. Impor-
tantly, these networks exhibit sizable densification, yet this
densification [Fig. 1(c)] does not correlate with crack resis-
tance [Fig. 2(a)], demonstrating that densification is not its
primary driver. Instead, it may be a secondary characteristic
that sometimes accompanies the structural features enabling
shear delocalization. A similar principle applies to the sub-
stitution of calcium by magnesium: owing to the high field
strength of Mg, the network remains highly connected and
largely free of nonbridging oxygens, effectively suppressing
the weak links that promote the formation of large, deleterious
shear faults [23,26]. The resistance to localization is tightly
related to the plastic shear flow properties and the associated
structural variations and provides a direct and general basis
to the notions of “self-adaptive” [5,25,73] or “flexible and
compliant” [1,49] networks.

Unfortunately, despite extensive investigations of metal-
lic glasses and glassy polymers, the relationship between
structure, dynamics, and shear-flow localization in amorphous
materials remains elusive, limiting a comprehensive under-
standing of the brittle-to-ductile transition [74]. Beyond the
well-known (but as seen here only partial) correlation with
Poisson’s ratio [75], qualitatively different mechanisms have
been suggested, notably through possible connections to the
β relaxation [76]. From a modeling standpoint, the transition
from sparse plasticity to persistent shear banding, driven for
example by the STZ–vortex mechanism [38,77], offers a per-
spective that may help rationalize the findings of topological
constraint approaches and the associated flexible-to-rigid tran-
sition [78]. More recently, in generic amorphous systems, a
random critical point has been identified that separates these
regimes [79], with, for instance, brittle failure governed by
the state of the melt relative to the fragile-to-strong tran-
sition [80]. However, as these calculations predominantly
concern relatively fragile networks in the Angell sense, the
present experimental perspective underscores the need for
comparable theoretical and modeling efforts focused on more
open, covalent networks i.e. stronger glasses, before a truly
universal theory of the brittle-to-ductile transition in amor-
phous material is reached.
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IV. CONCLUSION

In silicate glasses, the experimentally observed variations
in crack resistance far exceed what can be accounted for
by changes in elastic, plastic, or fracture-propagation prop-
erties alone. Instead, we demonstrate a strong correlation
between indentation-induced cracking and shear-band for-
mation across two distinct families of silicate glasses, each
exhibiting different toughening mechanisms. This provides
compelling evidence that the degree of plastic shear-flow lo-
calization is the key controlling factor in crack initiation.

Our findings establish silicate glasses as part of a uni-
fied framework alongside bulk metallic glasses and glassy
polymers, confirming that shear band formation is a univer-
sal determinant of mechanical strength in amorphous solids.
From a practical perspective, efforts to mitigate brittleness
in silicate glasses should prioritize controlling and diffusing
shear localization. Achieving this goal requires deeper insight
into the underlying mechanisms and their dependence on
glass composition and structure, calling for further intensive

research. In this regard, the MD simulations presented in
this work demonstrate the strong potential of computational
approaches to elucidate these mechanisms and guide future
material design.
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