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Requirements for room temperature plasticity in oxides glasses have been only recently established. While
atomistic mechanisms of this type of plasticity have been reported, it remains challenging to translate this
knowledge between different structures and predict what other oxide glasses can be ductile and by which
principle. Here we show that a coarse-grained analysis at the polyhedral level gives valuable information
to accompany the atomistic characterization of plasticity, and we propose the analysis of polyhedral neighbor
change events (PNCE) as a tool to allow comparison of the room temperature plasticity in various oxide glasses.
Classical atomistic simulations with around 1 million atoms provided primitive data for coarse-grained analysis.
Based on the PNCE analysis, the edge-sharing polyhedra are found to be up to 2 orders of magnitude more
active in enabling plasticity, and combined with the occurrence of edge-sharing polyhedra, is shown to explain
the brittle to ductile transition in a-SiO, and the intrinsically high ductility of a-Al,O;. Finally, the coarse-
grained analysis enables the benefit of using additional topological constraint theory analysis to yield more
in-depth information regarding the ductile features of each glass structure. Quantitative comparison between
amorphous Al,O; and SiO, shows a consistent trend between the materials and shows that the approach can
be extended to the designing of other damage tolerant oxide glass materials.

1. Introduction

Oxide glasses are widely used today in many fields because of their
excellent electrical, optical and chemical properties [1-3]. However,
these materials are commonly known to be brittle [4,5], and this
weakness limits their wider usage. The brittleness stems from the
fact that the ionic and covalent bonds in oxide glasses are rigid and
cannot be switched as easily as in metals [6,7]. However, there are
exceptions to this brittleness. Amorphous aluminum oxide (a-Al,03)
is a known semiconductor substrate material and a network modifier
material in glass materials design. Recently it was shown that thin,
40-60 nm, films of a-Al,0; can permanently deform without fracture
at room temperature and under unconfined tensile and shear loading,
and that the plasticity extends theoretically to the bulk scale [8]. In
addition, plasticity in a-Al,0; is known to be possible under confined
indentation [9], or when the size of the material specimen is reduced
to extreme nanoscale [10]. Plastic deformation at low temperature is
known to occur in amorphous metal alloys, i.e., metallic glasses. It is
currently understood to be induced mainly by shear flow leading to the
formation of shear bands [11]. Although similar processes are active

during the plasticity of a-Al,0; [8], the low-temperature plasticity
of oxide glasses remains a less understood phenomenon. In contrast
to a-Al,0;, amorphous SiO, (a-SiO,) is a strong glass former widely
used in our daily life [12]. Together, oxides of Al and Si can form
binary cation systems with important usages in ceramic science and
technology [13]. Glassy a-SiO, is generally known to be a brittle
material, but atomistic simulations have shown that a brittle to ductile
(BTD) transition can be artificially induced in a-SiO,. For example,
by simulating a high hydrostatic pressure during the melt quenching
step, a-SiO, can be significantly densified. As a result, the densified
structure can endure plastic strain without fracture during molecular
dynamics (MD) mechanical simulations even at room temperature [14,
15]. Besides the differences in initial structures, BTD transition can be
induced in a-SiO, by conducting tensile tests at different strain rates,
straining conditions, and temperature, or using different shapes of the
samples [16]. However, it is essential to note that the ductility can
be an artefact created by certain simulation conditions that should be
avoided [17,18].
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One mechanism proposed to explain the plasticity in densified a-
SiO, is the competition between the formation energies of shear-bands
and cleavage in the system. In densified a-SiO,, forming of a shear-
band is preferred to forming a cleavage because of its lower formation
energy, so that the system deforms in such a manner to avoid frac-
ture [19]. On the atomistic level, Yuan and Huang [14] found that
in densified a-SiO,, bond switching events are more likely to occur
around the newly formed 5-fold Si atoms. The system can dissipate
stored elastic energy and endure higher strain by bond switching i.e.,
breaking and reforming their bonds around these sites [20].

5-fold Si atoms only exist in densified a-SiO, but 5-fold Al atoms
are common in a-Al,05 [21]. It is known that the non-densified a-SiO,
structure is a network of SiO, tetrahedra connected with each other
via shared corner atoms. The a-Al,0; has a similar but more compact
network formed by AlO, polyhedra, with » ranging between 4 to 6.
Such a similarity, owing to the cation-centered polyhedral structure,
allows us to compare these two materials to gain insight into what
enables low temperature plasticity in oxide glasses. For example, their
mechanical behavior can be analyzed based on changes in the polyhe-
dron coordination and a medium-range order at the polyhedral level,
allowing a more coarse-grained comparison not currently available in
the literature.

Based on the coarse-grained analysis, we also apply the Topological
Constraint Theory (TCT) to gain further insight into the plasticity mech-
anism found in densified a-SiO, and a-Al, 0. TCT has been successfully
used to predict glass forming ability and design novel SiO, based glass
materials [22]. For example, TCT guided the design of a glass type used
in modern smartphone screens [23]. TCT has proven to be a powerful
tool in capturing the universal characteristics of amorphous materials
directly from their coarse-grained topological structure rather than the
atomic properties of their composition. For example, in calcium silicate
glass, it was found that when quenched at different temperatures, the
system always attempts to reach an isostatic status [24], having a
topological constraint of three, as first suggested by Maxwell [25].
When applying TCT on the fracture toughness of glasses, BTD transition
was also observed in calcium silicate glasses. When this system changed
from under constrained to isostatic, its fracture behavior changed and
the stress curve transitioned from purely brittle to slightly ductile [26].
Based on this example, and despite TCT has so far been mainly used to
study the effect of the composition of the glasses, here we attempt to
analyze whether TCT can predict any of the critical features of plasticity
between densified a-SiO, and a-Al,0j;.

By studying the fundamental mechanism behind plasticity, we can
have a deeper understanding on how to design new damage tolerant
glass materials. In this work, we use the molecular dynamics method to
simulate the tensile deformation of non-densified and densified a-SiO,
and non-densified a-Al,0; as a comparison. The hypothesis is that in
addition to the BTD transition, increasing the density of a-SiO, causes
an increase in edge-sharing polyhedra fraction approaching that of a-
Al, 03, which is an intrinsically more ductile oxide glass material. As
a result, plasticity observed in densified a-SiO, and a-Al,0; is shown
to correlate to the same coarse-grained structural parameters, giving
valuable information regarding the origin of both room temperature
plasticity in oxide glasses. In addition, the results explain why some
oxide glass materials remain brittle. Further, comparing the plasticity
reveals the dislocation mechanism required for the BTD transition in a-
SiO, at a polyhedral coarse-grained level. Finally, we apply TCT-based
analysis on these structures to explain further why plasticity exists in
some of these glass systems. Results show that bond-bending constraint
value is not always positively correlated to the spatial density of bonds
in the material.

2. Methods
2.1. Preparation of amorphous structures

For a-SiO,, the potential developed by van Beest et al. (BKS) [27] is
used in this study. This partial charge potential of Buckingham form has
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been proved capable of reproducing the density, Young’s modulus, and
melting points of SiO, correctly [28]. To prevent the instability at short
interatomic distances, the BKS potential is truncated at short range
and replaced by a harmonic repulsive part, as proposed by Vollmayr
et al. [29]. For Al,0;, the Buckingham potential parameterization
developed by Matsui [30] is used. It is known to describe well the liquid
and a-states Al,O; [8]. Molecular dynamics simulations are performed
using the LAMMPS code [31] and analyzed using OVITO analysis and
visualization software [32].

A-Al,0O; and a-SiO, are prepared from rectangular shape corundum
and quartz structures, respectively. Sufficiently large system sizes are
chosen to avoid any finite size effects [18]. For a-Al,03, the simulation
box size is 11 x 11 x 90 nm? with around 1,000,000 atoms (see Fig. S1).
The same cast quench method as in Ref. [33] is used to get the initial
structure for the tensile tests. The Nosé-Hoover thermostat and barostat
implemented in LAMMPS are used for temperature and pressure con-
trol. The system is first melted in 5000 K in NVT at a density of 2.75
g/cm?, then cooled down to 3000 K in 10 ps and equilibrated in NVT
ensemble. Density is changed to 3.175 g/cm® during equilibrium and
cooled to 300 K at a cooling rate of 3.6 K/ps. Afterward, the structure is
annealed at 300 K and 1 atmosphere in NPT ensemble to produce the
final structure. For a-SiO,, an 11 x 11 x 85 nm?® system containing
about 800,000 atoms is prepared similarly as a-Al,O; (see Fig. S2).
The system is heated up to 5000 K and equilibrated first, then slowly
cooled down in NPT ensemble, using similar procedure mentioned by
Luo [28]. To completely erase the original structure and avoid the
structure’s influence at the liquid phase, a cooling rate of 1 K/ps is used.
Hydrostatic pressure from 0 to 8 GPa is applied to obtain the densified
samples during cast quenching. The pressure is applied to the system
when the temperature reaches 5000 K, and removed from the system
when the system is relaxed at 300 K.

2.2. Tensile test simulations

Structures obtained from the last step of the above-mentioned
preparations are then used in tensile tests. A strain rate of 5 x 108 s7!
is used in all the tensile test simulations and strained to a maximum
of 50% elongation. The tensile force is applied along the long axis
of the simulation system to avoid the artificial ductility and other
size effects seen in previous works [17]. The system is kept at 300
K and zero pressure with NPT ensemble in directions orthogonal to
the elongation. The simulation box is deformed every timestep (1 fs)
without remapping the atomic positions. To clarify, in all the following
figures we used engineering strain £ which is defined as

_L-1L,

I @

£

where L, and L are the original length of the system and the current
momentary lengths measured after a degree of deformation, respec-
tively.

2.3. Characterization of the structures

For topological analysis, polyhedra constructed by a center Si or Al
atom and its bonded O atoms are treated as a basic structural element
of the system. Oxygen atoms that are within a specific cutoff distance
from the center atom are considered as bonded. Cutoff distance is taken
to be the first minimum of the radial distribution function, i.e., 2.3 A for
a-AL,0; and 2.1 A for a-SiO,. Two polyhedra with at least one shared
O atom are considered polyhedral neighbors. If a polyhedron has all
its bonded O atoms shared with different neighboring polyhedra, it is
a corner-sharing polyhedron (CSph). If a polyhedron has two shared
O atoms with any of its neighbors, it is an edge-sharing polyhedron
(ESph) (see Fig. 1(a) for illustration). Polyhedra with more than two
shared O atoms with their neighbor are rare and were not included in
our analysis.



J. Zhang et al.

(a)

switch

Acta Materialia 259 (2023) 119223

&

— Density 150
-l Polyhedron Coordination
I —A— ESph Fraction

o ~

N
ESph Fraction /%

Density /g-cm™3
Polyhedron Coordination &

w

2 n n n I L it 1 L L L
12 12 12 12 12 12 12 12 12 % d

e U U

> 2 > > > > > 2> > e
SRR LA LS LaE - LA LS Lae - LA Ld

0(9 \/0 ’LO 4}0 b‘(p <’)(9 Q’O ,\0 %o

Fig. 1. (a) 2-D schematic of oxide glass polyhedra with different topological status. Cation atoms are colored blue, oxygen atoms are colored red, cation-oxygen bonds are shown
as blue lines, and black lines are the edges of fictive polyhedra. Edge-sharing polyhedra and corner-sharing polyhedra are distinguishable in this figure. Polyhedral neighbor change
and bond change are illustrated with arrows. The red dashed-line circle indicates the scale of information conveyed by bond switching analysis, i.e. the scale of individual atom
bonds (short-range order), and the yellow dashed-line circle indicates information that coarse-grained analysis could reveal, i.e., the scale of neighboring polyhedra. (b) Density,
polyhedron coordination, and ESph fraction of a-SiO, that quenched at different pressures and a-Al,0;. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Dfm.” is the minimum value of the square of the local atomic dis-
placement (D?) and describes the local deviation from affine defor-
mation compared to a reference configuration, as introduced by Falk
and Langer [34]. It is a descriptor of local plastic strain and is used
to capture plastic deformation during tensile tests. In this study, we
use momentary Dfm.ﬂ to characterize the plastic events in the simulated
samples. A 1% strain interval between the reference configuration and
the configuration to be analyzed is used. The cutoff distance decides
the range within which the atomic configurations would be compared.
To make results comparable, cutoff distance in D,zm,n calculation is set
to 2X r,;,, where r,;, is the first minimum on the radial distribution
function. For a-Al,0; and a-SiO,, these cutoffs are 4.6 A and 4.2 A,
respectively.

Similar to the calculation of atomic coordination number, polyhe-
dron coordination is the number of polyhedra that have shared oxygen
with the central polyhedron. Compared to the atomic coordination
number, this is expected to give more information about the medium-
range order of the system. For each polyhedron, a polyhedral neighbor
change event (PNCE) is defined as the change of the polyhedron neigh-
bors between a reference and the current configuration. It is calculated
as the exclusive disjunction of the polyhedral neighbor list between
reference and current configuration, the strain increment between these
two adjacent configurations (4¢) is 0.05%.

We categorize the PNCEs into four possible cases between two
adjacent configurations and two polyhedra types. To compare the
occurrence of these different PNCE types, we count each PNCE with a
CSph involved and each PNCE with ESph involved. The counted PNCE
is normalized by dividing the number of the corresponding type of
polyhedron (N¢g,n, Nggp,), and then divided again by the increment
in strain (4¢) to produce a time-independent result, given as

PNCESS" L pNCEESP! 4 pNCESSP

ESph CSph CSph
P, = 2
CSph Nespnde @
ESph CSph ESph
b PNCECG + PNCE G+ PNCE g, @
ESph = Nispnde ’

where P is the normalized number of events per Ae strain change,
PNCE“SP" means it is a CSph before the event, PNCE,, means it
is an ESph after the event, A¢ is the strain increment between two
adjacent configurations, and Ncg,, means the total number of CSph
type polyhedra after the increment.

To gain further insight into the origin of room temperature plas-
ticity, bond bending constraints (nfB) related to TCT were used to
determine the stability of the polyhedra on an atomic level. n®8 is
the angular bond-bending constraints that keep the bond angles fixed
around their average values. The values of the O-Si-O, and O-Al-O
bond angles are continuously enumerated over time based on molecular
dynamics simulations. A time period equivalent to 1% strain (20 ps) is
treated as quasi-static for constraint evaluation. We then calculate each
bond angle over time and the standard deviation (¢) of bond angles. If
the standard deviation is smaller than the given threshold value, which
means the excursion of the bond angle is small enough, the bond angle
would be considered an active constraint of the center atom. Different
threshold values are used to compute bond-bending constraints from
standard deviation distributions and probe the stability of the bond
angles.

3. Results
3.1. Quenched samples

The density, fraction of edge-sharing polyhedra and average polyhe-
dra coordination of the simulated structures are presented in Fig. 1(b).
In SiO, samples, density changes from 2.25 g/cm? to 3.05 g/cm? when
the quenching pressure varies from 0 to 8 GPa. This indicates a strong
ability to densify, which has also been observed experimentally [35].
While a-Al,0; quenched at ambient pressure (0 GPa) intrinsically
produces a 44.4% and 6.6% denser structure compared to a-SiO,
quenched under 0 GPa and 8 GPa pressure, respectively. It has been
reported in previous work that for 0 GPa quenched a-SiO,, nearly
all oxygen atoms bonded to silicon atoms are bridging oxygen atoms
(BO) [36,37], consistent with our results that only negligible amount of
non-bridging oxygen (NBO) atoms are observed (see Fig. S3). For most
crystalline phases of SiO,, the basic structural element of the system
is a tetrahedron formed by one 4-fold coordinated Si center atom and
four 2-fold coordinated O corner atoms. SiO, tetrahedron also acts as
the basic structural element of amorphous SiO,. The difference is that,
in the amorphous phase, the tetrahedra are connected with each other
more arbitrarily, as indicated by the bond angle distribution of Si-O-Si
bonds [38,39]. ESph fraction results in Fig. 1(b) show that, for 0 GPa
a-Si0,, tetrahedra of the system are mostly connected with each other
by sharing one corner oxygen atom. But when the pressure increases,
the edge-sharing polyhedra take a greater fraction. At 8 GPa, ESph
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Table 1

Correlation between atomic coordination and polyhedron types in the 0 and 8 GPa
a-Si0, and a-Al,O; (in percentage). A negligible amount of CN < 4 polyhedra are
observed only in 0 GPa SiO,.

Coordination a-5i0,, 0 GPa a-$i0,, 8 GPa a-Al, 05
csph  ESph csph  ESph csph  ESph
CN =4 99.6 0.1 90.4 0.4 42.8 18.8
CN > 4 0.3 0.0 2.9 6.3 1.5 37.0
17,5 —— a-Si0,, 0 GPa —— a-Si0y, 5 GPa
: — a-5i0;,1GPa  —— a-5i0,, 6 GPa
—— a-Si0z, 2 GPa a-Si0,, 7 GPa
15.0 — aS5i0,,3GPa —— a-Si0,, 8 GPa
© —— a-Si0;, 4 GPa — a-Al,03
L 125
2
0 10.0
0
L o7s
)
wn
5.0
2.5)
e 20 30 50
Strain /%

Fig. 2. Stress as a function of strain for a-Al,O; and for a-SiO, structures quenched
at different pressures as obtained from 0%-50% strain tensile test simulations. The
ultimate stress points of structures are marked with diamond markers.

fraction increased from 0% in 0 GPa a-SiO, to 7%. However, this value
is still much lower when compared to a-Al,0; which has more than
50% of its polyhedra structures edge-sharing with each other, even
without any pressure applied during quenching (see Table 1). Fig. 1(b)
also shows average polyhedron coordination from 4.0 to 4.4 for a-SiO,
systems and 7.9 for a-Al,0;. Compared to atomic coordination reported
by others [29,40], polyhedron coordination number shows a significant
difference between a-SiO, and a-Al,0; which is not shown as clearly
in the coordination number distribution of atoms and shows how
the coarse-grained, polyhedral based, approach can yield additional
information.

3.2. Tensile tests

Tensile test simulations are performed with obtained initial struc-
tures. Fig. 2 shows the stress—strain curves for all simulated systems.
We can see that 0 GPa a-SiO, shows almost pure brittle behavior,
but as the sample gets denser with increasing quench pressure, the
ultimate strength decreases and fracture strain increases. Brittle a-SiO,
shows minor yielding before fracture. However, as quenching pressure
increases from O to 6 GPa, a-SiO, structures show clearer yielding
before fracture. At 7-8 GPa, the quenched sample can endure 50%
strain without fracture. A BTD transition occurred for a-SiO,, indicating
the plasticity increase in the densified structures. In comparison, a-
Al,0O; behaves in a ductile manner and has a much lower ultimate stress
which correlates with the lower strain required to initiate yielding
compared to a-SiO,. As we observe a trend of decreasing yield stress as
a function of increasing density, we can compare it to the mechanical
behavior of crystals. In crystals, the lowest critical resolved shear stress
and the coinciding dislocation slip typically occurs along the close-
packed atom planes with the highest number of atoms per area [41].
We propose that in an isotropic amorphous oxide, the overall increase
in density can similarly lead to a decrease in the ultimate stress needed
to dislocate the tetrahedra and atoms. The occurrence of plastic strain
is further confirmed by doing offloading simulations, which verifies the
occurrence of permanent elongation (see Fig. S4).
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3.3. Characterization of strained structures

To reveal more details regarding plastic behaviors, the results from
tensile tests are characterized in multiple ways. Fig. 3 shows density,
the fraction of edge-sharing polyhedra, average polyhedron coordi-
nation, and average momentary D> as functions of strain. We use
the ultimate stress point to divide the results into two parts, showing
a clear difference between the low and high-strain parts. Before the
ultimate stress, we see from Fig. 3(a) that the density of all the
structures decreases with strain. For a-Al,0;, the density levels after
ultimate stress, while in a-SiO,, the density keeps decreasing up to 50%
strain. The decreasing density under stress can result from one or more
mechanisms, such as plastic viscous creep leading to changes in local
structure and coordination or the appearance of new cavities in the
system (see Fig. S6). Fig. 3(b) shows the momentary Dfm.n averaged over
all atoms as a function of strain during tensile tests. In 0 GPa a-SiO,,
the increment occurs just before the ultimate stress and fracture and
and are probably correlated to forming and propagating of the fracture
surface. But in densified SiO,, the gradual increment of D2, between
the start and ultimate stress point is earlier and smoother. It shows that
densified a-SiO, responds faster to the increase of stress, with more
active local plasticity, and the sensitivity is positively correlated to
increasing quenching pressure.

Further analyses are performed on a coarse-grained scale to add
topological information about the systems here. We analyze the polyhe-
dron coordination number change as a function of strain as presented in
Fig. 3(c). We can see the decrease of polyhedron coordination number
with strain before the ultimate stress, indicating that the decrease of
density is partly due to the decrease of polyhedron coordination, i.e.
medium-range order change. Decreased polyhedron coordination can
also result from CSph and ESph configuration changes. Fig. 3(d) shows
that the ESph fraction decreased in all structures before the ultimate
stress point. Together the data in Fig. 3(c—d) indicates that structures
with plastic stress—strain correlation show plasticity not only after the
ultimate stress point, but an increased number of mobile atoms even
at the elasto-plastic phase of the stretching before ultimate stress. For
densified SiO,, the decrement of ESph fraction in Fig. 3(d) is more
significant than that of 0 GPa a-SiO,, similar to Fig. 3(c). For a-
Al,0O;, the ESph fraction is much higher in general, but the variance
is comparable with the 8 GPa a-SiO, and shows a similar trend of
recovering ESph fraction after ultimate stress.

To study the correlation between ESph fraction change and localized
rearrangement of atoms, and moreover, plasticity in the structures,
a coarse-grained neighbor change analysis is performed on the struc-
tures, namely the PNCE, to characterize how active different kinds
of polyhedra are during tensile tests. As presented in Fig. 4, we see
that in 0 GPa quenched a-SiO,, the polyhedra in the system, prac-
tically all tetrahedra, have very low PNCE, which means that they
barely change their polyhedral neighbors during stretching. While as
the system becomes more densified, the neighbor-changing ability of
polyhedra gradually increases. In 8 GPa quenched a-SiO,, the number
of polyhedral neighbor change events is significantly larger than 0 GPa
quenched SiO,. The total number of PNCE is an indicator of how active
the polyhedra structure is during stretching, and it gives consistent
results with the visualization results (see Movie S1-S10) in which a-
SiO, is a very rigid framework and 8 GPa a-SiO,, a-Al,0; are more
flexible. These results are consistent with the previous results on atom
bond switching data on a-Al,0; and a-SiO, [8,28].

PNCE is categorized and presented in Fig. 5. As mentioned, ESph
fraction increased from 0% to about 7%, from 0 GPa quenched SiO,
to 8 GPa quenched SiO,. From Fig. 5, the results further show that
ESph is involved in about 30% of the total number of PNCEs in the
case of 8 GPa a-SiO,, but in a negligible amount in 0 GPa a-SiO,.
Results for 8 GPa a-SiO, indicate that each ESph contributes roughly
four times more to the localized rearrangement of atoms than CSph.
Besides the fraction difference, the total number of PNCE in a-Al,0; is
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Fig. 3. Various structural characteristics as a function of strain during the tensile test for a-SiO, quenched at 0 to 8 GPa and for a-Al,0;. Diamond markers show the ultimate
stress point of each structure. (a) Density. (b) Mean momentary D2, . (c) Polyhedron coordination. (d) Fraction of edge-sharing polyhedra. Note that the curves for a-Al,0; are
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Fig. 4. Average polyhedron neighbor change events (PNCE) as a function of strain.
Results for a-Al,0; has been offset to allow comparison with others. The diamond
marker shows the ultimate stress point of each structure.

two orders of magnitude higher than that in 0 GPa a-SiO,, indicating
a much more active system during tensile test simulations (see Movie
$10). Because ESph composes a share of up to 7% of all polyhedra
in densified a-SiO,, in Fig. 6 we calculated the normalized number
of events per Ae strain change (P) in such a way that the PNCE data
in Fig. 5 is divided by the total number of the corresponding type of
polyhedron and increment of strain, as given in Egs. (2) and (3). Results
represent the activity of each type of polyhedron and are presented in
Fig. 6. They clearly show that although ESph only composes a minor
or even negligible fraction in normal and densified a-SiO,, it is many
times more active in changing its polyhedral neighbors than CSph. The
activity difference between ESph and CSph is around twice in a-Al,0;,
but increases to over two hundred times in 0 GPa a-SiO,. Moreover,

from 0 GPa to 8 GPa densified a-SiO,, CSph also becomes more active.
Since the calculation involves the transition between ESph and CSph,
the increase of CSph activity P in a-SiO, structures is partly because
ESph is also involved, and their fraction is increasing. These results
prove that ESph contributes more to the localized rearrangement of
atoms than what would be anticipated based on their substantially
smaller fraction. To exclude the error induced by different fracture
strains, the strain ranges of 2%, 1% before and after the ultimate stress,
is selected to get a time-averaged normalized PNCE, and obtained
results are compared between structures in Fig. 7. The difference in
P between ESph and CSph changes from 2.2, for 0 GPa a-SiO,, to 4.4
for 8 GPa a-SiO,, and for a-Al,0; the difference is 2.2. A significant
difference between corner-sharing and edge-sharing polyhedra proves
that the ESph mediates plasticity much more actively than the CSph.
In a-Al,0;, the ESph is more active than CSph, but the difference is
not as significant as in SiO,. Quantitative analysis results reveal that
ESph contributes to localized rearrangements related to plasticity by
more frequent polyhedral neighbor changing. This change does not
only include swapping between ESph and ESph but also includes a
transition between ESph and CSph.

We then investigate how different ESph and CSph are during tensile
tests. Convex hull volume of polyhedra with 4-fold and 5-fold center
cations are computed for a-Al,0; and 8 GPa a-SiO,. The probability
density functions of the volume are presented in Figs. 8(a)(b). Results
at 0 and 50% strain are shown with lighter and darker curves for com-
parison. Here the total area under the distribution curve is the fraction
of each polyhedron type. Volume distribution has a narrower peak for
polyhedra with 4-fold center atoms than those with 5-fold center atoms,
which means that 4-fold tetrahedra have a more rigid structure than
other polyhedra. Their number also shows minor changes before and
after the tensile test since the area under the curve does not change
much. For polyhedra with the 5-fold center atom, the volume between
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0 and 50% strain shows a clear difference in both a-Al,05 and 8 GPa a-
SiO,. Hence we can conclude that during deformation, polyhedra with

4-fold center atoms are relatively more stable than that with 5-fold
center atoms.

As one of the two types of constraints introduced by topological
constraint theory (TCT), bond bending constraints (nfB) are computed
during tensile tests for all systems. A dynamic bond-bending constraint
results of structures n?B are shown in Fig. 8(c). An active bond bending
constraint is a bond angle that is stable enough during the selected
period of time. In practice, it means that the bond angle values in
that period of time have a standard deviation smaller than a given
threshold value, denoted as ¢,. By changing o,, it is possible to probe
the distribution of the standard deviation and, additionally, the bond
angles of the whole system and get a general indicator of how rigid
the network of the system is. In this work, we have picked three o,
values for the calculation of n®8: 5,=7°, 15° and 80°. 6,=15° is used
as the threshold value in other works to check whether a constraint is
active, but 6,=7° would only include bond angles that oscillate within
a narrow range. While 6,=80° is a large value and was picked here
to include most of the bond angles despite the changing of their value
during a given period of time, as the ceiling of the nP® in this work. In
Fig. 8(c), results show that for 0 GPa SiO,, o,=15° is indeed a proper
threshold value to check whether a bond angle is stable or not. The
reason is that the value of n58 increased obviously from 7° to 15°, but
does not change from 15° to 80°, indicating that all the bond angles
are included with 6,=15°. Results are consistent with our earlier results
that 0 GPa SiO, has a very rigid structure, and the bonds in the system
are very stable in a time scale of 1 ns (see Movie S1). But for densified
SiO,, as quenching pressure increases, n2® computed with oy = 15°
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and o, = 80° start to separate. This means that more variation in bond
angles is allowed as part of the bond angles now drop from the range
of 15° to 80°, unlike in the more stable 0 GPa SiO,. The trend of
calculated nB® is decreasing, which indicates a changing from narrower
to a broader range of possible bond angles and more flexible bonds.
For a-Al, 03, there are large differences with different threshold values,
indicating a wider distribution of standard deviation and more unstable
bond angles in the system.

4. Discussion

To understand why a-SiO, and a-Al,0; quenched at normal pres-
sure are so different regarding mechanical properties, we must first
understand their structural differences occurring before the tensile
tests. It is better to mention B,0;, a widely used oxide glass material
similar to SiO,. SiO, and B,0; meet all the prerequisites proposed
by Zachariasen that a glass former should meet [42] since the most
common crystalline phases of B,O; and SiO, are formed by periodic
network of BOj; triangles and SiO, tetrahedra respectively. They are
the stable structural elements of these two materials in crystalline and
amorphous phases. Whether they are forming a uniform or a random
network decides the occurring phase of the system [4]. On the other
hand, a-Al,0; is an unconventional glass material that needs specific
techniques to prepare. It is known that in corundum (a-Al,05), Al and
O atoms have coordination numbers of 6 and 4, respectively [43]. But
when the quench of liquid Al,O; is simulated at very high cooling rates,
the obtained amorphous structure has Al atoms that are mostly (90%)
4-fold and 5-fold coordinated, as shown in Table 1. A significant dif-
ference in the structural elements between crystalline and amorphous
phase partly explains why it is harder for a-Al,0; to be prepared.

Fracture in oxide glass materials has been analyzed energetically
as the competition between fracture surface energy and stored elastic
energy [17]. From an energetic perspective, the increase of fracture
strain in a-SiO, as quenching pressure increases is partly because
densified a-SiO, dissipated more energy at early strain and delayed the
formation of the fracture surface (See Fig. S5). As a-SiO, gets denser,
more energy is required to form fracture surfaces.

Quantifying plasticity and comparing the characterization between
different oxide glass materials has been challenging. A nowadays
widely used method is the Dﬁﬂ." analysis to capture the localized
deformation [34]. It does show a clear difference between brittle (0
GPa a-SiO,) and ductile (8 GPa a-SiO,) materials and similar spatial

distribution in the two ductile materials (8 GPa a-SiO,, a-Al,0;),
as shown in Fig. S8. However, quantification shows that significant
differences still exist between ductile materials, as mean Dfm.n shows.
The fact that Dfm.n is sensitive to cutoff and coordination of the system
makes comparison between materials difficult. In Fig. 4, we tried to
quantify the plastic activity of the system using PNCE, because it also
characterizes the structure based on medium-range order and is not
very sensitive to bond length. PNCE represents the polyhedral level
activity and is more comparable between different systems.

In Figs. 6 and 7 we show that edge-sharing polyhedra are more
active during stretching. Therefore, our main hypothesis based on
coarse-grained analysis is that edge-sharing polyhedra are more active
during deformation, and the increase of their number as the quenching
pressure increases is why BTD transition happens in a-SiO,. To compare
coarse-grained analysis results to atomic level analysis results, Yuan
and Huang proposed that 5-fold Si atoms are more active during tensile
tests of a-SiO, [14]. Here we show that in densified SiO,, a significant
fraction of the 5-fold Si atoms is also the center atoms of the ESph (
Table 1), and a wider volume distribution in Fig. 8(a) also proves the
edge-sharing polyhedra are more flexible than corner-sharing polyhe-
dra. Coarse-grained level analysis broadens our understanding of the
plasticity mechanism: Frankberg et al. found that for 0 GPa a-SiO, and
a-Al,0;, bond switching analysis showed that a-Al,0; has 8 to 25 times
more active bond switching [8]. However, on a coarse-grained level,
we found that the actual difference might be even more significant.
In Fig. 4 the PNCE of 0 GPa a-SiO, is two orders of magnitude lower
than that of a-Al,0;. Therefore, atomistic and coarse-grained analyses
should be made to characterize the low temperature plasticity of other
oxide glasses better.

We can make a more meaningful comparison between materials
with coarse-grained analysis using polyhedral-level systemic informa-
tion. For example, in a binary alumino-silicate system, it has been found
that the system is getting more ductile with a higher Al,0; ratio [44].
The bond length change between cation and oxygen atoms in a binary
system makes D,zm.n analysis inconsistent. However, with the coarse-
grained method, we can assume that the rise of Al,0; content changes
the topological structure and then induces ductility. Additionally, even
if the polyhedral level coarse-grained analysis results might be conve-
nient for understanding the plastic behaviors of materials, we cannot
neglect the intrinsic difference on the atomic level, as we wanted to
show with the polyhedral volume change and bond-bending constraint
analysis shown in Fig. 8. By checking the volume change of different
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types of polyhedra, we notice that the volume change of tetrahedra dur-
ing stretching is more minor compared to 5-fold polyhedra, indicating
that the tetrahedra are more rigid. Different from analytical TCT results
that are derived from the average coordination number of the system,
by evaluating each bond angle we prove that densified a-SiO, and a-
Al, 05 have lower bond bending constraints despite having more bonds
per atom. This supports our results that the stable tetrahedra network
will no longer exist when the system gets denser. It contains more
edge-sharing polyhedra, making the system less stable and advocating
bond switching and PNCEs, leading to potential plasticity even at room
temperature.

5. Conclusions

Tensile test simulations have been performed at room temperature
for a-SiO, structures quenched at different pressures and for a-Al,0;
structures. Results show that the plasticity of a-SiO, increases when
the system has more edge-sharing polyhedra (ESph). As the number
fraction of ESph increases with quenching pressure, a-SiO, can endure
higher strain without fracture. To compare, a-Al,05 is highly ductile,
and we show it to have a much higher edge-sharing polyhedra fraction
than the densified a-SiO,. Our analysis reveals that ESph is much more
active during stretching in all of the studied oxide glass systems than
corner-sharing polyhedra (CSph), contributing a more prominent part
to localized rearrangement of atoms and plastic deformation ability
than their number fraction in the system would indicate. A higher share
of ESph in a-Al,0; leads to 2 orders of magnitude higher polyhedral
neighbor change event (PNCE) activity related to plasticity. Quan-
titative coarse-grained comparison between the plasticity of a-Al,0;
and a-SiO, shows a consistent trend despite their different short-range
atomic properties such as bond length and cation/oxygen ratio. The
results indicate that analysis of polyhedra neighbor change events in
combination with Topological Constraint Theory provides a valuable
tool to design damage tolerant oxide glass materials.
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