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CONDENSED MATTER PHYSICS

Observation of cavitation governing fracture in glasses

Lai-Quan Shen1’2’3, Ji-Hao Yu1'3, Xiao-Chang Tang1’3, Bao-An Sun1'2*, Yan-Hui Liu1'2'3,

Hai-Yang Bai"*>*, Wei-Hua Wang' %>

Crack propagation is the major vehicle for material failure, but the mechanisms by which cracks propagate remain
longstanding riddles, especially for glassy materials with a long-range disordered atomic structure. Recently, cavita-
tion was proposed as an underlying mechanism governing the fracture of glasses, but experimental determination
of the cavitation behavior of fracture is still lacking. Here, we present unambiguous experimental evidence to firmly
establish the cavitation mechanism in the fracture of glasses. We show that crack propagation in various glasses
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is dominated by the self-organized nucleation, growth, and coalescence of nanocavities, eventually resulting in
the nanopatterns on the fracture surfaces. The revealed cavitation-induced nanostructured fracture morphologies
thus confirm the presence of nanoscale ductility in the fracture of nominally brittle glasses, which has been debated
for decades. Our observations would aid a fundamental understanding of the failure of disordered systems and
have implications for designing tougher glasses with excellent ductility.

INTRODUCTION

Glassy materials are an essential ingredient for the modern world
and find broad applications ranging from optics, architecture, elec-
tronics, to healthcare, etc. (1-3). However, inherent brittleness of
glasses often leads to catastrophic failure, resulting in substantially
lowered mechanical reliability of glassy parts (4-6). Therefore, un-
derstanding how glasses break is a topic of enormous fundamental
and practical importance. Generally, breakage of materials is main-
ly triggered by the initiation and subsequent propagation of cracks,
which is a process of numerous forefront scientific problems and
encompasses a variety of fascinating physical phenomena (7-12).
However, our knowledge of the fracture dynamics is far from com-
plete. In particular, arising from the nature of structural disorder-
ing, unveiling the micromechanisms of fracture in glasses remains a
challenging issue (5, 6, 13-16).

One of the fundamental questions in the glass research commu-
nity is that whether glasses are capable of plastic flow during frac-
ture (6, 15-20). According to the framework of linear elastic fracture
mechanics, the abrupt break of silicate glasses, an archetypal brittle
material, is conventionally considered as perfectly brittle fracture
(4). Nonetheless, some experiments and simulations suggested the
existence of nanoscale ductility during crack propagation in silicate
glasses (17, 18), while some others claimed a completely brittle frac-
ture behavior (19, 20). These opposite standpoints thus lead to dif-
ferent theoretical understanding of fracture in glasses (6, 15-20).
To unlock the paradox, more convincing experimental evidence is
urgently required.

Metallic glasses (MGs), an emerging class of glasses, provide a
model system for the study of fracture in glassy materials owing
to their simple atomic structures, compositional diversity, and wide
range of fracture toughness values (21-24). Meanwhile, MGs show
superior mechanical properties, such as high yield strength, large
elastic limit, and extreme hardness (25, 26), but limited ductility; in
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particular, tensile brittleness is the major hindrance for their engi-
neering applications (27, 28). Therefore, understanding how the
catastrophic brittle fracture happens is one of the most resistant
puzzles. Considerable efforts have been dedicated to the fracto-
graphic analysis to trace information on the fracture mechanisms
(15, 29-35). Various models, such as grease model, fluid meniscus
instability, wavy crack, or crack-tip plasticity, have been proposed
to describe the fracture process and formation mechanism of the
diverse fracture surface patterns in MGs (24, 30-35). However,
there is still no well-established theory that is able to explain the
intriguing fracture morphological features. Specifically, how the
unique nanoscale periodic corrugation structures are formed in the
“mirror” zones of the brittle fracture surfaces is a pressing problem
(24, 32-37). Recently, numerous calculations and simulations have
recognized that cavitation is involved in the fracture of MGs and is
believed to play an essential role in the failure of MGs, as well as
other glassy materials (3, 36-47). Nonetheless, direct evidence or
experimental observation of cavitation in the fracture of glasses is
hitherto lacking.

In this work, we report the experimental discovery of the cavita-
tion mechanism that governs the fracture of glasses. On the basis of
an ingenious sharp contact loading method, we study the fracture
behavior of a wide range of glasses, including various MGs, poly-
carbonate (PC) glass, and silica glass (SiO»), and demonstrate that
glassy materials could share a common mechanism of fracture via
cavitation. We present the clear-cut experimental observations of
the fracture process from cavitation initiation to crack propagation
and, ultimately, to fracture surface formation in MGs, and give a
precise characterization on the cavitation-dominated crack propa-
gation mode, including the nucleation, growth, and coalescence of
nanocavities. Meanwhile, we clarify that it is the ordered coalescence
of growing cavities that results in the periodic nanopatterned fracture
surfaces featured by nanocorrugations in MGs. We further reveal that
the cavitation-induced nanopatterns are also prevalent in nonmetallic
PCand SiO, glasses and, hence, provide solid evidence for the presence
of nanoscale ductility in the macroscopic brittle fracture of glasses.
Our findings open up perspectives on how fracture proceeds in
glasses and may pave an avenue toward the understanding of the
many mysteries associated with the failure of disordered materials.
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RESULTS

Observation of cavitation-dominated crack propagation

To produce cracks in a controllable way, we upgraded the classical
indentation fracture method (4, 48). As illustrated in Fig. 1A, Vickers
indentation was carried out on a sample attached to an inclined
substrate. The inclination, together with the pyramid indenter, was
introduced to induce opening-mode (mode I) loading that results
in a cleavage emanating from the indent corner. Observation with a
scanning electron microscope clearly shows that a V-shaped fracture
surface and a straight crack along the opposite direction of the incli-
nation were created (see Fig. 1B for the typical brittle Fe;3SigB13 MG).
Parallel nanoscale stripe patterns perpendicular to the crack propa-
gation direction can be seen on both surfaces of the V-shaped fracture
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and form the periodic corrugation features (Fig. 1B and fig. S1, A
and B), as observed on the brittle fracture surfaces obtained under
tensile (fig. S2) and other loading conditions in many MGs (24, 32-35).
Meanwhile, the straight crack appears to be not a smooth line. To
geta deeper insight, we used an atomic force microscope (AFM) with
a sufficiently high resolution to examine the crack propagation pro-
cess. Unexpectedly, we find that the crack is composed of a series of
nanoscale cavities, and the width and depth of these cavities de-
crease gradually along the crack propagation direction, as shown in
Fig. 1C. The zoom-in topographies reveal that these cavities gradually
grow up from the crack front and coalesce in a regular head-to-tail
mode, resulting in the wave-like crack edges (see Fig. 1D). Further-
more, around the crack front, each cavity is accompanied by a sharp
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Fig. 1. Characterization of the cavitation governing fracture process in the Fe-based MG. (A) Schematic of the experimental setup. Indentation on an inclined substrate
induces a cleavage opposite to the inclination direction. (B) Scanning electron microscope images after the inclined indentation in the Fe-based MG. The inclined indentation-
induced cleavage (left) contains two parts: the straight crack (top right) and the V-shaped fracture surface (bottom right). Parallel nanoscale stripe patterns form on both
surfaces of the V-shaped fracture. (C) Atomic force microscope (AFM) topographic image of the zoom-in straight crack (left). The straight crack consists of a series of nanoscale
cavities. Height profiles of the top 10 cavities (right). (D) Zoom-in topographic images of the pink (left) and blue (right) rectangular zones in (C). (E) Topographic image of
the crack tip. An isolated cavity nucleates ahead of the crack tip. (F) Topographic image of the cavity ahead of the crack tip. Inset: Height profile of the cavity. (G and
H) Three-dimensional close-up topographies of another crack tip. Each cavity grows with an extending tadpole-like curved sharp tip and adjacent cavities coalesce along
an organized path. (I) Schematic of the crack propagation. Crack propagation is in an ordered cavitation nucleation, growth, and coalescence mode.
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tip (see Fig. 1, D and E), indicating a “brittle” crack propagation.
Amazingly, an isolated cavity with a width of 32 nm and a depth of
1.1 nm is found ahead of the sharp crack tip (Fig. 1, E and F), mak-
ing it clear that plasticity exists ahead of the crack tip (38, 42). The
three-dimensional (3D) close-up topographies in Fig. 1 (G and H)
provide further information about the cavitation behavior. As can
be seen, discrete cavities nucleate ahead of the crack front, grow with
curved sharp tips, and coalesce along an organized path; i.e., an ex-
tending tadpole-like curved tip grows from one edge of a cavity and
links the other side of the growing cavity ahead of it (see also fig. S3),
similar to the inference from simulation (36). It is intriguing to note
that there exist nanoscale droplet-like pile-ups surrounding each
cavity, corresponding to the white regions in Fig. 1 (D to H), indi-
cating the occurrence of viscous flow or localized melting due to the
dissipation of mechanical energy (24, 28, 40) during the cavitation
process. On the basis of these observations, the dynamic crack prop-
agation mode can be schematically demonstrated as the diagram
shown in Fig. 11. Cracking here seems to have a hierarchical struc-
ture (12, 14), and the apparently linear macroscale crack proceeds
in an organized nanoscale cavitation nucleation, growth, and coales-
cence mode (see also fig. S4). Unlike the expansion of spherical cav-
ities or irregular cavitation process in simulation (37-42), here we
find that cavitation precedes the onset of crack propagation and each
nanocavity grows with a curved tadpole-like sharp tip and arranges
one by one. Meanwhile, with the gradual growing and ordered
coalescing of formed cavities, simultaneous multiple cavities nucleate
equidistantly ahead of the crack tip.

To further characterize the cavitation-induced fracture process
and unveil the formation mechanism of the fracture surface patterns,
we studied the evolution of cracks with the increase of indentation
strain. As shown in Fig. 2 (A to C), the crack opening width increases
with increasing load, and, correspondingly, the separated small cav-
ities linked by crack lines (Fig. 2A) evolve to successive cavities con-
nection next to each other (Fig. 2, B and C). To gain a more precise
identification, we carried out AFM tip scanning along the crack
propagation direction and obtained topographic information inside
the cracks. For the crack with a small opening width, the separated
cavities are linked by curved grooves and extend inside the sample
more deeply than the crack grooves (see Fig. 2D). With the increase
of crack opening width, the cavities grow up and coalesce, resulting
in the wave-like nanocorrugation structures along the crack (see
Fig. 2, E and F), as observed on the fracture surfaces (Fig. 1B and fig.
S1B). The above observations explain the longstanding puzzle of
how the nanocorrugated fracture morphologies are formed in MGs and
clarify that the periodic nanocorrugation patterns are not governed
by the fluid meniscus instability or the wavy or oscillatory crack prop-
agation but induced by the ordered cavitation process (24, 32-37).

Cavitation behavior in different metallic glasses

To verify the generality of the cavitation behavior in different kinds
of MGs, the same experiments were performed on the Mg-based,
La-based, and Zr-based MGs with a variety of fracture toughness
(23-25), respectively. Similar to that of the Fe-based MG, crack
propagation in the brittle Mge;CupsGdy; (Kic ~ 2 MPa m'?, where
Kjc is mode I fracture toughness) and LassNiyAls (Kic ~ 5 MPa m" 2
MGs is also governed by the cavitation mechanism, resulting in the
periodic wave-like nanocorrugated morphologies (Fig. 3, A and B,
and figs. S5 and S6). Moreover, as can be seen from Fig. 3C, the crack
in the ductile Zrgs 13Cu15.75Nij0 12Al10 (Kic ~ 50 MPa m'?) MG is
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Fig. 2. Evolution of cracks with increasing load in the Fe-based MG. (A to C) Topog-
raphies of cracks at different inclined indentation strains. The crack opening widths
increase with increasing load. (D to F) Topographies inside the cracks through AFM
scanning along the crack propagation direction (top) and corresponding height pro-
files along the crack (bottom). The growth and coalescence of the cavities evolves
to the wave-like nanocorrugation patterns. The arrows mark the cavities.

also composed of multiple nanocavities, but the shape of the cavities
is not as regular as that observed in brittle MGs. In addition, the
pile-ups surrounding the cavities are more obvious, indicating the
more significant viscous flow during the cavitation process in the
ductile Zr-based MG. In contrast to the sharp tips in the brittle MGs,
the crack tip for the Zr-based MG is blunt and adjacent cavities are
separated by blunt walls (Fig. 3C), indicating a “ductile” crack prop-
agation. At higher load, the coalescence of adjacent cavities occurs
through the necking or tearing of the viscous wall between them
(Fig. 3D), resulting in the viscous fluid-like morphology. Nonethe-
less, cracking here is not a process dominated by the fluid meniscus
instability (24, 30), but a process undergoing the growth and coales-
cence of nanocavities. Therefore, we can infer that, similar to brittle
MGs, the tensile fracture of ductile MGs also arises from the cavitation
instability. The difference lies in that the growth and coalescence
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Fig. 3. Cavitation governing crack behavior in the Mg-based, La-based, and Zr-based MGs. (A and B) Topographies of the cracks in the Mg-based and La-based MGs,
respectively. The cracks are composed of coalescent cavities, and the regular wave-like nanocorrugations form along the cracks. (C) Topographies of the crack in the
Zr-based MG. The crack tip is blunt, and cavities forming the crack are separated by blunt walls. (D) Topographies of the crack at higher load in the Zr-based MG. Adjacent

cavities coalesce through necking or tearing of the viscous wall between them.

process of cavities in ductile MGs are accompanied by the more sig-
nificant viscous flow, which ultimately results in the diverse fracture
morphologies (24).

So far, we demonstrate that cavitation is a prevalent mechanism
in the fracture of a wide range of MGs. The cavitation phenomenon
we revealed suggests that the catastrophic failure of MGs is not a
simple shear-band runaway event (28, 40), but a successive process
involving the nucleation, growth, and coalescence of nanocavities.
Furthermore, as can be seen from figs. S4 and S5, even though the crack
is a microcrack or there exists a disturbance during crack propagation,
the cracking process still follows the cavitation mechanism, indicating
the robustness of the intrinsic cavitation capacity. Considering the fact
that nearly all MGs exhibit apparently brittle failure in tension re-
gardless of their toughness values (24, 27, 28), the common cavitation
behavior of tensile fracture implies that the intrinsic cavitation mech-
anism is the key to understanding the tensile brittleness of MGs.

Cavitation-induced nanopatterns in nonmetallic glasses

Could this cavitation mechanism be generalized to the failure of
conventional non-MGs? In the following, we focus on the fracture
of PC and SiO; glasses. As shown in Fig. 4A, the inclined indenta-
tion could induce a wide V-shaped fracture surface in PC. In analogy
to those in the MGs (figs. S1A and S6A), AFM imaging obviously
shows the periodic nanocorrugations along the crack propagation
direction, where the two opposing surfaces of the V-shaped fracture
exhibit peak-to-peak and valley-to-valley matched fracture morphol-
ogies (Fig. 4B). Therefore, the cavitation-induced nanocorrugations
are not unique to MGs. In addition, as shown in Fig. 4C and fig. S7,
periodic nanoarray patterns are also observed. These kinds of
patterned structures are similar to the common dimple structures on
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the fracture surfaces of MGs (24), but their formation mechanism is
still missing. By continuous scanning over a sufficiently large area on
the fracture surface, we captured the border of the nanoarray pat-
terns and found that there is a transition from nanocorrugations to
nanoarrays (see Fig. 4D). The findings show that these nanoarray
patterns are compound structures resulting from the intersection of
two nanocorrugation series along different orientations (see also
fig. S7A), indicating that the nanoarray patterns on the fracture sur-
faces still originate from the cavitation mechanism.

To address the issue of whether ideal brittle silicate glasses ex-
hibit ductility during fracture (6, 15-20), we further carefully in-
spected the fracture behavior of SiO,. As shown in Fig. 4E, a straight
V-shaped crack groove is obtained after the inclined indentation.
Unexpectedly, vanishingly weak cavity traces and periodic nano-
corrugations can also be found on the fracture surfaces (Fig. 4E and
fig. S8, A and B). AFM tip scanning along the crack clearly presents
the out-of-plane nanocorrugations with a maximum amplitude of
3 nm (Fig. 4F). It should be noted that the amplitudes of nanocor-
rugations on the two opposing surfaces of the V-shaped fracture are
unequal, similar to those in the MGs (figs. S4D and S6B), owing to
the asymmetric coalescence mode of cavities, as described in Fig. 1.
These findings explicitly show that the ductile damage process (cav-
itation process) also exists in the fracture of nominally ideal brittle
covalent SiO; and thus confirm the occurrence of plastic flow instead
of perfectly brittle fracture via sequential bond rupture (4, 6, 15).
Compared to the previous conflicting conclusions (6, 15-20), the
regular and periodic cavitation-induced nanocorrugations provide
the clear and convincing evidence for the presence of nanoscale
ductility in the fracture of glasses, thus clarifying the long-lasting
controversy (6, 15-20).
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Fig. 4. Cavitation-induced nanostructured fracture surfaces in PC and SiO; glasses. (A) V-shaped fracture surface after the inclined indentation in PC. (B) Nanocorru-
gations on the fracture surface (top) and height profiles on the two opposing surfaces of the V-shaped fracture in PC (bottom). Periodic wave-like nanocorrugations form
on both surfaces of the V-shaped fracture and result in the peak-to-peak and valley-to-valley matched fracture morphologies. (C) Periodic nanoarray patterns on the
fracture surface of PC. (D) Nanostructure evolution on the fracture surface of PC. The nanoarray structure results from the intersection of two series of orthogonal nano-
corrugations. (E) V-shaped crack groove after the inclined indentation in SiO,. The arrows mark the cavity traces. (F) Nanocorrugations on the fracture surface (top) and

corresponding height profile of SiO; (bottom).

DISCUSSION

The above results indicate that irrespective of the glass type, the dy-
namic (mode I) fracture of glasses can proceed through a generalized
cavitation mechanism, challenging the traditional concepts of how
glasses break. In contrast to the inconsistencies in simulations (37-42),
our findings suggest that the universality of cavitation occurrence is
not composition or chemical element dependent, but the chemical
compositions do have an effect on the intrinsic plastic flow ability of
glasses, thus affecting the detailed growth and coalescence process
of cavities during fracture. Furthermore, we note that a commonality
of brittle glasses is the nanocorrugated fracture morphologies and
the amplitude of nanocorrugations induced by the cavitation pro-
cess is positively correlated with the toughness for different types
of brittle glasses (see Fig. 5), where the correlation can be fitted
by exponential equation y = Aexp(—£) + y, (fitting parameters
A =-22.09,x=0.78, yo = 25.03, and R*=10.99). This means that the
degree of plastic flow during the cavitation process depends on the in-
trinsic toughness of glasses, implying that the inherent fracture resist-
ance is associated with the intrinsic plasticity (22, 41), even for brittle
glasses with rather limited damage tolerance. Moreover, the nanoscale
ductility reflected by the cavitation behavior indicates that glasses are
capable of ductile fracture, even though they show tensile brittleness on
the macroscale. Therefore, we can anticipate that when the sample size
is reduced to the nanoscale, in particular, comparable to that of cavita-
tion, glasses will exhibit tensile plasticity, as observed recently (49, 50).

Shen etal., Sci. Adv. 2021; 7 : eabf7293 31 March 2021

It is worth emphasizing that the crack-induced wave-like corru-
gation patterns observed here differ fundamentally from those
previous studies, including corrugations arising from oscillatory
instabilities or crack front waves (7-10, 14), even though they ex-
hibit a remarkable morphological similarity. The wavy crack trajec-
tories caused by the oscillatory instabilities of rapid cracks (7, 8) and
the undulating fracture surface patterns resulting from the interaction
of the crack tips with front waves (9, 10) are typical brittle fracture-
related phenomena, which have peak-to-valley matched fracture
morphologies and have been well documented in literatures. Here,
our results demonstrate another kind of widely existing crack-induced
periodic corrugations and elucidate that the origin of the patterns is
the regular nucleation, growth, and coalescence of nanocavities. This
might provide a promising pathway toward nanofabrication by the
crack-based patterning (51).

The multiple discrete cavitation-dominated cracking process is
reminiscent of the discontinuous percolation process of shear trans-
formation zones during the formation of a shear band in MGs (52),
the depinning transition of cracks in disordered solids (53), and the
stick-slip behavior of frictional instability (54). All these discontin-
uous processes in disordered systems have the nature of far from
equilibrium and perhaps follow at the root of some common phys-
ical principles. The traditional continuum fracture mechanics or the
sequential bond rupture mechanism (4, 11, 15) can hardly explain
the organized discrete cavitation initiation ahead of the crack tip. It
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Fig. 5. Plot of the corrugation amplitude as a function of toughness. For dif-
ferent types of glasses with a wide range of Young’s modulus E, fracture energy
Ge(= Kf_-/E, where Kcis the fracture toughness) with the approximate value extracted
from literatures (7, 23-25) is used to quantify the toughness. Cavitation-induced
nanocorrugations are a common feature of brittle glasses, and there is an obvious
positive correlation between the amplitude of the fracture surface corrugations and
the toughness. The blue curve is an exponential fit.

is also unlikely that the ordered cavitation behavior originates from
the preexisting defects, e.g., grain boundaries, inclusions, and second-
phase particles or pores (4, 15), which are perceived as the origin
of voids in the fracture of materials with nonuniform structures.
Nonetheless, the occurrence of regular nanoscale cavitation nucle-
ation suggests the existence of ubiquitous atomic-scale “defects” in
the amorphous structures of glasses. As reported in literatures (55-58),
there exist vacancy and interstitial-like defect structures, liquid-like
sites, or soft spots in the disordered atomic structures of amorphous
solids. It is believed that these defects have a great influence on the
mechanical behavior of glasses (58). Particularly, recent simulation
studies suggest that the amorphous solids have a nature of atomic-
scale structural heterogeneities, which may be responsible for the
intrinsic cavitation initiation ability of glasses (36-44). Namely,
stress concentration ahead of the crack tip will enhance the atomic
diffusion via nonaffine rearrangement and causes the spontaneous
accumulation of low-density zones arising from the atomic-scale
spatial fluctuation of glassy systems (13, 36-44), thus resulting in
the self-assembly cavitation initiation. The heterogeneity-related
low-density zones with loose atomic packing and large free volume
content can be treated as the inherent defects of glasses (58). In this
respect, on the one hand, the amorphous nature offers glasses a uni-
form structure, relative to the dislocations or grain boundaries in
crystals and thus endows glasses with a high strength (24, 26); on
the other hand, the amorphous structure of glasses is intrinsically
inhomogeneous at the atomic scale (15, 58), resulting in the cavitation-
triggered catastrophic fracture. From this viewpoint, it is promising
to tailor the heterogeneities of glasses to avoid the occurrence of
cavitation-induced cracking and thus achieve glasses with sufficient
ductility and damage tolerance, such as the recently reported highly
ductile amorphous oxide with a dense and flaw-free atomic arrange-
ment (3, 5). From a theoretical perspective, the intrinsic heteroge-
neities of glasses invalidate the classical continuum understanding
of dynamic crack propagation (14, 15, 47, 53), which is based on the
continuum concept of matter and is valid for the description of
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generic fracture on the macroscale (4, 11). Therefore, further fun-
damental fracture theory taking into account the heterogeneities of
amorphous solids needs to be undertaken to describe the nanoscale
cavitation-dominated crack propagation of glasses.

In summary, we demonstrate a generalized cavitation mechanism
governing the fracture of glasses. We unveil the cavitation nucleation-,
growth-, and coalescence-dominated crack front propagation mode,
and plastic flow exhibited by the cavitation process thus verifies the
existence of ductility during the breakage of brittle glasses. Our ex-
perimental observations unravel the formation mechanism of the
nanoscale fracture surface patterns of glasses and show that cavita-
tion is the unified origin of the many elusive patterned fracture
morphologies of glasses. The revealed intrinsic cavitation mechanism
is important for elucidating the fundamental law of how glasses
break and could provide incentives to understand the failure of other
disordered systems, including mechanical instabilities of geological
and biological materials.

MATERIALS AND METHODS

Sample preparation

Four typical alloys of FezgSigB;3, Mge1CusGd ), LassNiygAlys, and
Zr6413Cuy5.75Nij9.12Al o (in atomic %) with the normal compositions
were prepared by arc-melting the constituent elements [purity: Fe,
B, Mg, Gd, Ni, Zr ~99.9 weight % (wt %); Cu, Al ~99.99 wt %;
Si ~99.999 wt %; La ~99.5 wt %] in a Ti-gettered high-purity argon
atmosphere, respectively. Then, glassy ribbons with a thickness
of ~25 um were produced by the melt-spinning technique. The free
surfaces of these ribbons were very smooth and were exempted
from polishing or any other damage, facilitating the subsequent ex-
perimental characterization. The pristine PC and SiO, glassy plates
with a thickness of ~1 mm were commercially available, and their
compositions were checked by chemical analysis using inductively
coupled plasma atomic emission spectroscopy. The amorphous
nature of all these glass samples was verified by x-ray diffraction
over scattering angles ranging from 20° to 80°, using a Bruker D8
Advance with a Cu-Ko radiation source in the Bragg-Brentano
geometry. All the glass samples were ultrasonically cleaned in ace-
tone and ethanol and blow-dried with a nitrogen gun before further
experiments.

Inclined indentation cracking

Indentation cracking was produced by Vickers indentation with
a diamond pyramid indenter tip in ambient atmosphere. To avoid
the formation of random cracks and to achieve cracks in a control-
lable way on the sample surfaces, the glass samples were attached to
a glass slide on an inclined substrate with an inclination angle of ~1°
with respect to the horizontal plane. Under the inclined indenta-
tion with a square pyramid indenter, the higher side of the sam-
ple underwent wedge-splitting like loading and the cleavage
(opening-mode) fracture consequently resulted in a V-shaped open-
ing of the fracture surface and a crack extending from the indent
corner on the higher side. For the MG and PC samples, the loading
force was 500 gf, which was sufficiently high to trigger pronounced
cracking. For the SiO, samples, the loading force was 50 gf, which
was high enough to produce regular crack grooves before the emer-
gence of shattered pieces. Cracks with different width configurations
were acquired through the change of indentation strain by adjust-
ing the indent depth.
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AFM measurements

Atomic force microscopy measurements were conducted on an
Asylum Research MFP-3D AFM (Asylum Research). AFM imaging
was acquired in tapping mode using the high-resolution probes
(MikroMasch Hi'Res-C15/Cr-Au) with a nominal tip radius of 1 nm,
a typical resonant frequency of 325 kHz, and a force constant of
40 N/m. Owing to the high spatial resolution (typical lateral resolu-
tion of ~1 nm, vertical resolution of ~0.1 nm) of the AFM measure-
ments (59), 3D topographic information of the cracks after loading
was captured with the AFM tip ex situ scanning perpendicular to the
crack propagation direction. To gain geometry information inside
the crack and topography fluctuation along the crack, scan direc-
tion of the AFM tip was adjusted to the crack propagation direc-
tion with the sample remaining stationary. Raw AFM data were
processed from .ibw files using standard procedures implemented
in Gwyddion (60).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/14/eabf7293/DC1
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