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Oxide glasses with a network structure are omnipresent in daily life. Often, they are regarded as isotropic
materials; however, structural anisotropy can be induced through processing in mechanical fields and leads
to unique materials properties. Unfortunately, due to the lack of local, atomic-scale analysis methods, the
microscopic mechanisms leading to anisotropy remained elusive. Using novel analysis methods on glasses
generated by molecular dynamics simulations, this paper provides a microscopic understanding of topological

anisotropy in silica (SiO,) glass under mechanical loads. The anisotropy observed in silica glass originates from
a preferred orientation of SiO, tetrahedra at both short- and medium-range levels that can be controlled via
the mode of mechanical loading. The findings elucidate the relation between the deformation protocol and
the resulting anisotropic structure of the silica network (involving both persistent and transient effects), and
thus provide important insight for the design of oxide glasses with tailored materials properties.

1. Introduction

Throughout the centuries, oxide glasses have attracted the interest
of scientists and engineers due to the sheer number of possible composi-
tions, allowing the development of new glasses that address societal and
technological needs [1]. Current areas of glass design include flexible
screens for mobile devices, optical fibers with super low signal loss, and
mechanically resistant solar modules [2,3]. Many of these applications
result from empirical studies, which have now arrived at a crossroad:
for the targeted design of new glasses and to extend further the range
of their applications, a fundamental understanding of the relationship
between glass composition, processing, structure, and properties is
required. Structurally, oxide glasses consist of glass-forming cations
surrounded by oxygen polyhedra. These polyhedra share corners, es-
tablishing a three-dimensional random network. The paradigm of a
network glass is silica, in which corner-shared SiO, tetrahedra [4] form
Si-O rings of different sizes [5]. Due to this amorphous structure, oxide
glasses such as silica are typically regarded as being isotropic. However,
glasses can exhibit anisotropic properties when processed accordingly.

This is demonstrated most prominently by optical birefringence, which
is used to visualize residual or transient mechanical stress embedded
in a glass object, for example, monitoring stress fields in Prince Ru-
pert’s drops [6]. As another example, homogeneous anisotropy can be
induced in glasses by fiber drawing [7-10]. Such anisotropy, caused
by deformation of the viscous melt [11,12], is only reversible by
thermal annealing. Therefore, in the following, it is referred to as per-
sistent anisotropy. In contrast, glasses can also show elastic or transient
anisotropy, which is present only during mechanical loading, e.g., as
observed in stress-induced reversible birefringence [13]. Mechanical
loading can, of course, also lead to persistent anisotropy that remains
after switching off the load and is then reflected, e.g., in the occurrence
of residual stresses [14].

Transient anisotropy is of fundamental importance during the de-
formation and fracture of oxide glasses; it constitutes the initial re-
sponse of the glass network to mechanical load and thereby defines
all subsequent mechanical reactions. The specific directional prefer-
ence of molecular-scale deformation routes is a direct result of the
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combination of highly directional bonding among the network-forming
species, structural disorder, the resulting occurrence of heterogeneous
rigidity [15,16], and (if present) further interatomic interactions with
reduced directionality (e.g., ionic interactions from cation constituents
with lower bond covalency, the so-called network modifiers). However,
the specific nature, molecular mechanism, and similarities to persistent
anisotropy (which can be studied ex-situ) have been elusive, in partic-
ular, for the archetypal case of vitreous silica. Silica is the backbone of
practically all contemporary glass materials which exist for widespread
application. From a viewpoint of mechanical response, the other chem-
ical components which make up a real-world glass are either highly
mobile (such as the network modifiers with predominantly ionic bond-
ing and/or high ion polarizability) or embedded as part of the backbone
network (such as secondary network forming species, e.g., B,O; or
Al,03) [17]. Therefore, understanding the transient anisotropy of the
silica backbone appears to hold a key towards designing glasses with
adapted mechanical performance.

Persistent anisotropy can be caused by inhomogeneities in the glass
that are either becoming aligned or deformed through the deforma-
tion process; this effect was denoted shape anisotropy [18]. Persistent
anisotropy has, however, also been observed in the absence of inhomo-
geneities. Early observations of optical anisotropy were explained by
frozen-in elastic deformation, assuming that the glass structure consists
of elastic and fluid units [19]. Takamori and Tomozawa [20] provided
the first systematic review on anomalous birefringence occurring in a
range of oxide glasses, which they related to frozen-in strain and mi-
crostructural orientation. The structural origin of mechanically-induced
anisotropy in metallic glasses subjected to uniaxial tensile stress dur-
ing creep was studied using X-ray diffraction by Suzuki et al. [21].
From their observations, they conjectured a model of bond orientation
anisotropy, in which atoms in the unloaded glass have more nearest
neighbor atoms in the direction perpendicular than parallel to the
tensile axis [21].

In contrast to metallic glasses, anisotropy in silica glass was shown
to be related to the changes at the medium-range structure [12,22].
Studies on uniaxially compressed silica glass at room temperature
(RT) that was unloaded showed a remaining strain [12]. This was
characterized from the deviation of the first sharp peak from a perfectly
radial diffractogram, and it was suggested that the anisotropy was
caused by directionality in permanent densification through changes in
the medium-range structure [12]. Similar conclusions were also drawn
from Brillouin scattering experiments on uniaxially compressed silica
glass [22]. In situ mechanical quenching experiments on nanoscale
silica spheres were recently performed in a transmission electron mi-
croscope [23]. Changes in the Young’s modulus after the spheres were
uniaxially compressed under the electron-beam were attributed to the
reorientation of the Si-O-Si bonds away from the compression axis,
leading to an anisotropic structure [23].

In contrast to experiments, atomistic simulations allow for a direct,
local analysis of the glass structure [24]. Molecular dynamics (MD)
simulations showed that mechanical loading could induce structural
anisotropy [11,25,26]. In particular, a change of the medium-range
structure was demonstrated using the fabric tensor to characterize the
mean orientation of the Si-O-Si bonds. It was shown that silica glass
plastically deformed under shear can exhibit structural anisotropy even
in the unloaded state [11]. An MD study that tried to mimic the
drawing process of silica fibers at high temperatures using uniaxial
tensile tests in a fully periodic system showed that the normals of small
rings tend to orient parallel to the stress axis during the drawing and
cooling processes [26]. In contrast, the 6-membered rings have their
surface normals oriented orthogonal to the loading axis [26]. These
preferential orientations persist when cooled to room temperature (un-
der load), leading to an anisotropic glass structure and anisotropic
elastic properties [26]. For a silica glass subjected to compression at
1000 K, it was observed that the three-membered rings have their plane
normal orthogonal to the compression axis [25].
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While MD simulations have provided some insights into the ex-
perimental findings, the use of different flow regimes and/or loading
modes has hindered a one-to-one comparison between MD studies and
experiments, which led to the lack of clear conclusions on the origins
of the structural anisotropy observed in silica glass. In particular, it
is not clear whether mechanically induced persistent anisotropy im-
plies similar structural changes than transient anisotropy and whether
persistent anisotropy caused by deformation at room temperature is
comparable to anisotropy produced around or above the glass transition
temperature (T},), e.g., during wire drawing.

Here we show that transient and persistent anisotropy induced by
uniaxial deformations at RT have clearly different structural origins.
Using stereographic projections, we demonstrate that during uniaxial
tension and compression, the SiO, tetrahedra and the Si-O rings reori-
ent with respect to the loading axis, leading to transient anisotropy.
Persistent anisotropy in the unloaded glass is caused by permanent
changes in bond topology and is more pronounced after compression
than after tension due to the larger plastic strains reached in the
former. In addition, we demonstrate that persistent anisotropy induced
through loading at temperatures around 7, is structurally different from
anisotropy produced by RT deformation.

2. Materials and methods
2.1. Glass preparation

The atomic interactions were modeled by the first principles based
polarizable force field developed by Kermode et al. [27]. Additional
simulations using the BKS potential [28,29] showed no qualitative
differences; see supplementary material Fig. S1. The initial, pristine
glass sample was prepared by deforming and rescaling an a—quartz
structure containing 72000 atoms into a cubic simulation box to match
with the experimental density of 2.2 g cm~3 of silica glass [30]. Periodic
boundary conditions (PBC) were used along all directions. This sample
was molten at 5000 K in the NVE ensemble for 10 ps, kept at this
temperature for 10 ps in the NVT ensemble, and 100 ps in the NPT
ensemble at 0 MPa while maintaining a cubic simulation box. The
sample was cooled to 300 K in the NPT ensemble at a cooling rate of
1013 K s~! and 0 MPa, resulting in a glass with a density of 2.39 g cm~3,
see also Tab. S1 in the supplementary material. For this quenching
rate, the glass transition temperature was determined to 7, = 3000K.
Additional glasses were prepared with cooling rates of 2x10!% Ks™1 and
1x10'* K s~1. Nosé—Hoover thermo- and barostats were used to perform
the constant temperature and pressure simulations [31,32]. A timestep
of 0.1 fs was used for the MD simulations at temperatures above 1000
K and 1 fs for temperatures below.

2.2. Deformation

The equilibrated stress-free isotropic glass sample (’pristine sample”)
was subjected to uniaxial deformation by tension or compression at 300
K. The deformation was applied by homogeneously scaling the samples
along the x-direction at a strain rate of 5 x 10® s~1, while maintaining
zero stress in the orthogonal directions. Additional deformations were
performed with strain rates of 1x10° s~! and 5 x 10° s~1, see supple-
mentary material Fig. S2. At strains of ¢, (where x = 2%, 5%, 7% and
17%, during tension and x = 2%, 5%, 7%, 17%, 20%, 25%, 30%, 35%
and 40%, during compression) the sample was unloaded back to the
stress-free state. Additional simulations to investigate the effect of the
cooling rate and deformation temperature on the stress—strain response
and anisotropy index are shown in Fig. S3 and Fig. S4 in supplementary
materials.

Deformations at higher temperature to mimic the wire-drawing
process were performed at 7,. Here, the melt was first cooled under
temperature and pressure control from 5000 K to 3000 K with a cooling
rate of 1013 K s~! while keeping zero stress in all axes. The stress-free
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sample at 3000 K was subjected to uni-axial tension or compression up
to 17% strain along the x-axis while keeping zero stress on the other
two orthogonal axes. After the deformation, the samples were quenched
to 300 K while allowing the box and atoms to relax the accumulated
stress using a cooling rate of 1014 K s~1. The resulting glasses have
densities of 2.35 g cm™3 for the glasses pre-deformed in tension and
2.43 g cm~3 for the one pre-deformed in compression at T,.

2.3. Anisotropy index

The change of the orientation of a pair of atoms during the loading
and unloading is monitored and quantified by the anisotropy index
(). The anisotropy index is a scalar value obtained by calculating the
eigenvalues (4;) of the fabric tensor F =< n ®@ n > [11] as given in
Eq. (1), and is normalized in a way that it will vary between 0 and 1,

(€8]

For an isotropic material, « = 0, and in the case of full anisotropy « =1,
higher values mean higher anisotropy in the medium. We computed «
for Si-0, Si-Si, and O-O pairs, and it is referred to as a(Si-O), a(Si-Si),
and a(0-0), respectively.

2.4. Anisotropic radial distribution function

To capture the short-range order’s directionality, a suitable expan-
sion of the RDF onto spherical harmonics must be utilized. Particularly,
we take the following expansion into spherical harmonics Y, (6. ¢)

o 1
g1 =2 Y &)Y (0.9) @)
1=0 m=—1
where / and m are the degree and order of the spherical harmonic
and g, is the expansion coefficient. During a uniaxial deformation,
the deformation axis will be the symmetry axis. Checking the spherical
harmonic functions, Y,, best captured this behavior. The expansion
coefficients of the RDF into the Y,, spherical harmonic is given as,
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where « and § are the atom types, N, and N, are their corresponding
number of atoms, V is the volume of the simulation box, x, y, and z are
the atomic position in Cartesian coordinates. This function is positive
when more bonds between atom types a and f of length (|r; —r;|)
are oriented in parallel to the loading axis than orthogonal to it, and
negative when there are more bonds of a certain length orthogonal than
parallel to the loading axis.

2.5. Stereographic projections of tetrahedra face normals and rings

To the best of our knowledge, the stereographic projection is used
for the first time to characterize the structure of oxide glasses in this
work. The steps that we used to adapt this method to our needs are
detailed in the supplementary materials. First, the tetrahedral face
normal calculation was made by finding the nearest neighbors of each
Si atom. Then, the four-fold coordinated Si atoms were identified, each
Si atom and its four nearest neighboring O atoms were separated, these
five atoms together were referred to as tetrahedron, each tetrahedron
has four faces, and each face has three atoms. Next, the normal vector
of each face of the tetrahedra was computed using the position vectors
of the three O atoms. Lastly, these vectors were normalized and then
stereographically projected on the required plane as described by the
procedure detailed in the supplementary materials.
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For the ring normals, a similar approach was used where all rings of
a given sample were identified using the RINGS code [33]. Each ring’s
Si and O atoms were separated; see Fig. S5(d) for an example with
a six-membered ring. The center of mass of each ring was computed
based on the position of the atoms, see Fig. S5(e). Then, each ring was
discretized into triangles with 2 neighboring Si atoms and the center of
mass of the corresponding ring. After that, the normal vector of each
triangle was computed, see Fig. S5(f). The ring normal is determined as
the normalized average of all its triangle normals, see Fig. S5(g). Lastly,
all the normals of the same-sized rings were projected on the required
plane using stereographic projection by following the procedure above
(see Fig. S5(h—j)).

2.6. Bond statistics

Bond statistics following [34] was used to determine the number of
atoms with new, switched, or broken bonds. This was achieved by com-
paring the deformed configuration with the pristine glass configuration
and finding the differences in bonding topology between them. Each
atom has a unique ID. This allows to determine atoms with broken or
added bonds by comparing the number of their nearest neighbors with
respect to the reference configuration. Atoms with switched bonds have
the same number of nearest neighbors as in the reference configuration
but have at least one nearest neighbor with a different ID than in the
reference configuration.

3. Results and discussions
3.1. Deformation of silica glass and characterization of structural anisotropy

The usual structural characterization of the simulated silica glass at
RT are shown in the supplementary material, Fig. S6, and these are
consistent with the data reported in the literature from both exper-
iments [5] and simulations [27]. The stress-strain curves of pristine
silica glass subjected to tension and compression at RT are shown in
Fig. 1 and show brittle fracture in the case of tension and plastic flow
in compression. Unloading simulations to zero stress were performed
starting from different values of the maximum strain as depicted in
Fig. 1(a and b). Unloading from strains beyond 12% tensile strain
resulted in a permanent plastic strain. For compressed samples, a per-
manent plastic strain was observed for unloading from strains beyond
10%. The densities after unloading from different loads are provided in
the supplementary material, Tab. S1.

During straining, the radial distribution function and the bond angle
distribution are clearly changed from their pristine state, see Fig. S6 in
the supplementary material. However, after unloading, only negligible
differences are observed, and these isotropic measures cannot be used
to characterize anisotropy. Therefore, following earlier studies [11], the
anisotropy was first quantified by the anisotropy index « (see method
section for details), which is shown in Fig. S7 in the supplementary
material. The increase of «(Si-Si) and «(Si-O) during the loading up
to the yield stress shows that the deformation induces some align-
ment in the Si-Si and Si-O bonds. This transient anisotropy during
loading was present irrespective of the deformation mode. Significant
persistent anisotropy was only observed in compression, as shown
in Fig. S7(d). Simulations performed at different strain rates and on
samples produced with different cooling rates showed that the observed
trends regarding transient and persistent anisotropy do not depend on
those parameters. However, the degree of anisotropy and the remaining
plastic strain depends on the cooling and strain rates; see Figures S3 and
S2 in the supplementary material. Deformation at higher temperatures
showed that anisotropy is affected by the deformation temperature (see
supplementary material Fig. S4).

To characterize in detail preferred orientations in short-range or-
der, we use the spherical harmonic expansion of the pair distribution
function [35]. In the case of an axial symmetry, such as in the current
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Fig. 1. Top row: Stress-strain response in tension (a) and compression (b) (¢ = 5x10°
s~1, T =300 K). Middle row: Projection of the Si-O pair distribution function onto the
spherical harmonic Y, for glasses at different stages of deformations in tension (c) and
compression (d). Solid black, yellow, and purple lines indicate the samples at initially
0% strain, loaded to 17% strain, and stress-free, unloaded from 17% strain. The dashed
lines indicate the position of the average Si-O bond length in the pristine sample. If
there are more bonds of the same length r in the loading (x) direction than in the
orthogonal directions, g,,(r) is positive and vice-versa for negative g,,(r). Bottom row:
Stereographic projection maps of the tetrahedra face normals (e) and 6-membered rings
normals (f) at different stages of deformation. The color indicates the density in the
normalized projection map, see Fig: S5 in the supplementary material for the definition
of stereographic projections. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

study, the radial distribution function is projected on the spherical
harmonic Y,,; see the methods section for more detail. Fig. 1(c and
d) shows the spherical harmonic coefficient g,,(r), which describes
the intensity of spherical harmonic term Y,, for the pristine glass,
loaded to 17% in tension and compression and unloaded from 17%
strain to zero stress. In the following, we will focus on these samples;
loading up to and unloading from higher strains resulted in qualita-
tively similar behavior. For the pristine glass, g,,(r) shows that the
Si-O bonds are distributed randomly without preferential orientation
and indicates that pristine silica glass has an isotropic short-range
structure. During tension, Fig. 1(c), more Si-O bonds that are longer
than the average bond length in a pristine sample ((I;_ o) = 1.6A
see supplementary information, Fig. S6) are aligned in the loading
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direction than in directions orthogonal to it, while shorter bonds tend
to be oriented orthogonal to the loading axis. The isotropic structure
is mostly recovered when unloaded back to the zero-stress state, as
indicated by the absence of noticeable peaks after the unloading. In
contrast, the behavior during compression is different from the one in
tension, and only one negative peak centered around (/g;_q) is observed,
indicating that there are more Si-O bonds of average length oriented
perpendicular to the loading axis than parallel to it. Interestingly, the
unloaded sample after compression shows qualitatively the same g,,(r)
signature as the glass loaded during tension: shorter than average bonds
oriented mostly orthogonal to the loading axis, and more elongated
bonds along the loading axis (Fig. 1(d)).

The glass structure can be further characterized by determining the
orientation of tetrahedra face normals, see the methods section and the
supplementary material for more details on the method. Fig. 1(e) shows
the normalized stereographic projections of tetrahedra face normals on
the yz-plane in both tension and compression for the pristine, loaded,
and unloaded samples. As shown for the pristine silica glass, the nor-
malized stereographic projection of tetrahedra face normals shows that
the tetrahedra are randomly oriented in all possible directions without
having any preferential orientation. In the loaded sample in tension,
the normalized stereographic projections indicate that most tetrahedra
faces are oriented perpendicular to the tensile axis. At the same level
of strain in compression, the normalized stereographic projection shows
that most of the tetrahedra faces are oriented perpendicular to the com-
pression axis. In the unloaded samples, the normalized stereographic
projections show a uniform orientation of the tetrahedra.

The ring statistic presented in Fig. S6 shows that the number of
6-membered rings, which represent the majority of the rings in our
glass, is only slightly affected by the deformation. Fig. 1(f) shows the
normalized stereographic projection of 6-membered ring normals for
the pristine silica, loaded, and unloaded samples (see the methods
section and supplementary materials Fig. S5 for the computation of ring
normals). Although a uniform orientation of ring normals is expected
in pristine silica, insufficient averaging due to the small sample leads
to small deviations of the projected 6-membered ring normals from a
uniform density, see Fig. 1(f). However, a clear orientation of the 6-
membered ring plane normals away from the loading axis is visible
for the sample loaded in tension. Under compression, the loaded sam-
ples show a strong preferential orientation of 6-membered ring-plane
normals along the compression axis. After unloading to zero stress, a
uniform orientation of 6-membered ring normals is observed for both
tension and compression.

3.2. Evolution of bond topology under load

Fig. 2(a), shows the evolution of new, switched, and broken bonds
during tensile loading to 17% strain and unloading from it. The
methodology of computing the bond statistics follows Ref. [34] and
is described in the method section. The percentage of atoms which
switched neighbors before yielding at around 12% tensile strain is
less than 0.5%. With yielding, this fraction increases to 1.5% at 17%
strain. During unloading, some more bond switching occurs, and then
the percentage of atoms with switched bonds stays roughly constant,
indicating that the new bonding topology is maintained with unloading.
As expected for tensile loading, the percentage of atoms with broken
bonds increases, but less strongly than the number of switched bonds,
and only a negligible number of atoms adds bonds. While the number
of newly formed bonds stays constant, some broken bonds are healed
during unloading. During compression, Fig. 2(b), only very few bonds
are broken, and more bonds are formed than switched until yield when
the percentage of bond switching significantly increases from about
10% strain on. However, even in compression, the percentage of atoms
with changed bonding topology remain below 3% at 17% strain. After
unloading from 17% strain to zero stress, the percentage of atoms with
broken bonds decreases slightly, and the percentage of atoms with new
bonds reduces from 0.9% to 0.3%, while the number of switched bonds
further increases during the initial stages of unloading and then only
slightly decreases.
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tension and compression showing the orientation of bonds that will be broken during
the straining to 17% (c) and for bond that formed during the straining to 17% (d).
The orientation of the bonds that will be broken is shown in the pristine glass, while
that of the newly formed bonds is shown in the loaded samples.

3.3. Origin of transient and persistent anisotropy

The orientation of the bonds that will be broken at 17% strain and
the bonds that will be newly formed at 17% strain are shown in Fig. 2(c
and d). Although in tension only relatively few bonds are broken before
reaching the maximal tensile stress, the bonds that break were already
in the pristine sample clearly oriented parallel to the loading axis. In
compression, the very few bonds that break were preferably oriented
at about 60° to the compression axis before deformation. Most of the
bonds that were newly formed during tension make at 17% strain an
angle between 60 and 90° with the tensile axis. The new bonds formed
during compression make at 17% compression preferentially an angle
between 0 and 30° with the compression axis.

In the elastic regime in compression, the strain is accumulated by
reducing Si-O bond lengths in the direction of compression and/or by
changing Si-O-Si angles, leading to transient anisotropy. The major
portion of densification in this regime is associated with rearranged
network topology upon reduced Si-O-Si bond angles, which is in
consistent with Trease et al. [36]. The reduced Si-O bond length is
in consistent with Benmore et al. [37]. When the sample is unloaded
from this regime, the stored elastic strain is released, and the silica
glass returns to its initial state of isotropy. Unloading from the plastic
regime resulted in a finite plastic strain at zero stress, and the unloaded
glass showed structural anisotropy. The transition from elastic to plastic
regime is correlated with a strong increase in the number of atoms with
switched bonds.

Persistent anisotropy can thus be understood in terms of changes
in bond topology through plastic deformation and bond switching, as
opposed to simple ring deformation reactions. As shown in Fig. 2(c
and d), this bond switching is not random. Due to the Poisson expan-
sion orthogonal to the compressive axis, bonds in this direction are
elongated and, therefore, more prone to bond switching or breaking.
New bonds are then preferentially formed along the compression axis,
where atoms are brought closer together. Upon unloading, the new
bonding topology is maintained (only few bond switching events during
unloading, Fig. 2(b)). However, the newly formed bonds along the
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loading axis become now elongated as the atoms move further away.
The initial bonding partner, however, can just relax, leading to shorter
bonds orthogonal to the loading axis. This explains the g,,(r) signature
of the persistent anisotropy introduced by pre-compression, Fig. 1(d).
The same rationale applies to glasses pre-deformed in tension, however,
there the significantly reduced tendency for bond-switching compared
to compression leads to only weak anisotropy.

Compression of silica glass is well known to result in densification
through (1) decreasing the Si-O-Si bond angles, (2) by enlarging the Si-
O bond lengths, and (3) by increasing the number of over-coordinated
Si [36,37]. It is, however, important to note that (a) densification is
usually observed as persistent densification, i.e., after load removal;
and that (b) densification is commonly examined after samples were
subjected to hydrostatic strain states or similar cases, in which the flow
of material is restricted to a certain volume like in the case of inden-
tation. Our observations show that under purely uniaxial compression,
i.e. by allowing Poisson expansion, the densification is much less than
under comparable hydrostatic strains, see Table S1 in supplementary
material. The densification in our simulations of uniaxial compression
is due to the reduction of Si-O-Si bond angles, see Fig. S6d in the
supplementary material and not by bond shortening (Fig. S6b) or
by overcoordinated Si atoms (Fig. S8). Changes in bonding topology,
bond lengths and bond angles after compression, can, however, due
to different boundary conditions, very well be different for uniaxially
compressed and indented silica glass. This is important when com-
paring our results to complementary work, e.g., by He et al. [38,39].
Furthermore, scalar measures like bond-length distributions cannot pro-
vide significant information on densification by uniaxial compression,
as changes in different directions can cancel each other out. Finally, the
notion of persistent densification implies also the possibility of transient
densification which, as our work on anisotropy has shown, might have
different topological signatures compared to persistent densification.

While the deformation-induced anisotropy was studied here only
for silica glass, the results can be used to discuss what can happen
when modifiers (e.g. Na,O) are present in the glassy matrix. Silica glass
has a high structural homogeneity, which renders it difficult to induce
structural anisotropy. A higher level of structural anisotropy is expected
in glasses that contain structural inhomogeneities due to the presence
of highly directional covalent bonds, i.e., Si-O and modifiers-O bonds
with less to no bond directionality. The presence of modifiers within
the glass leads to depolymerization of the structure by transforming
the bridging oxygens (BO) to non-bridging oxygen (NBO). For example,
meta-silicate and meta-phosphate glasses have a chain-like structure
made of glass former tetrahedra that are linked by BOs. These chains
are separated by modifier-NBO bonds, which have low bond strength
compared to Si-BO or P-BO bonds. Breaking these chains under load
can be harder than breaking the bonds associated with the non-bridging
oxygen. As reported by Yang et al. [9] and Endo et al. [8], a higher level
of anisotropy can be induced by freezing these chains into a preferential
orientation.

3.4. Direct observation of mechanisms leading to anisotropy

The mechanisms and structural changes causing anisotropy can not
only be inferred from analysis averaging over the entire sample, Figs. 1
and 2, but can also be directly observed in the simulations. Fig. 3 and
movie M1 show the process in detail, where during compression to
17% strain, the central Si atom of the shown tetrahedron switches a
bond to a nearby O atom. This leads to a bond loss in the orthogonal
direction to the compression axis and a new bond along the loading
axis. During unloading, the newly formed bond does not switch back
to the original configuration, but the tetrahedron rotates to adjust for
the increase in sample length during unloading. The middle and lower
row of Fig. 3 show in addition the change of orientation of the ring
and tetrahedra normals as well as the relative bond length of differently
oriented Si-O bonds of the tetrahedron. This provides direct evidence
for our interpretation of Figs. 1(d—e) and 2(c, d).
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Fig. 3. Structural changes and mechanisms causing transient and persistent anisotropy during the MD simulation of uniaxial compression and unloading at RT. Always the same
tetrahedron and ring are shown within a thin slice of the system. Changing positions are due to the homogeneous deformation. Details from configurations at (a) 0% strain, (b) at
17% compressive strain, and (c) after unloading from 17% compressive strain. First row: local detail of the silica glass network structure (gray: Si atoms, light yellow: O atoms),
red Si and O atoms are used to highlight a 6-membered ring, a SiO, tetrahedron from this ring is highlighted in blue, the green O atom is initially part of another tetrahedron.
During compression to 17% strain, the central Si atom of the depicted tetrahedron changes its bonding topology by switching one bond to the green O atom. Second row: zoom
in on the individual ring and tetrahedron, showing the reorientation of the ring normal, and highlighting the bond loss in the direction orthogonal to the compressive axis and
the formation of a new bond along the loading axis, that does not change back to the original configuration. The entire process is shown in movie M1. Third row: zoom in

on the tetrahedron, showing the change of the tetrahedra face normal orientation and comparing the lengths of Si-O bonds: in the unstrained configuration (a) all bonds have
similar lengths; in (b) the newly formed bond parallel to the loading axis is shorter than bonds that are more orthogonal to the loading axis; in (c) this bond is longer than bonds

orthogonal to the loading axis.

3.5. Anisotropy through high-temperature processing

In many industrial processes like fiber- or sheet-drawing, deforma-
tion takes place at temperatures above T,. In order to mimic such
experimental conditions, we have prepared anisotropic samples by
applying the deformation at high-temperatures (HT), i.e., near T,
similar to the procedure in Ref. [26], see the methods section for more
details. The stress—strain curves, the transient and persistent anisotropy
for different deformation temperatures are shown in Fig. S4 in the
supplementary material. While the transient anisotropy is like the stress
response systematically lower with increasing temperature, the magni-
tude of persistent anisotropy after quenching from 3000 K to 300 K and
relaxing can - for tension - be similar to the one at 300 K. However, for
compressive loading, the persistent anisotropy does not reach the same
high values as for 300 and 600 K. The anisotropy of these samples as
characterized by g,y(r) is shown in Fig. 4(a and b) together with the
samples pre-deformed at RT. This plot clearly shows that the persistent
anisotropy of glasses prepared through different routes has different
structural origins; i.e., while the situation is more complex for the
high-T deformed glasses than the RT deformed ones, the majority of
short Si-O bonds are oriented after tensile predeformation at 3000 K
orthogonal to the deformation axis, and parallel for compression. The
situation is exactly the opposite for RT-predeformed glasses.

The measured transient anisotropy of these samples are significantly
lower than for the glasses deformed at lower temperatures. This is
attributed to the viscous nature of the high-temperature deformation

that involves much more bond breaking than during the mostly plastic
deformation at RT, see Fig. SO in the supplementary material. This
prevents the formation of larger, anisotropic structures. This is also
evident from Fig. S10 of the supplementary material, which shows
in contrast to the situation at 300 K, at 3000 K no preferential ori-
entation of Si-O bonds during loading is discernible. It is therefore
not surprising that the quenched and relaxed samples have also a
generally low value of the persistent anisotropy factor a,,, see Fig. S4
in the supplementary material. However, for tensile deformation, the
HT-quench method seems to yield slightly higher anisotropy than in
compression and also than the tensile plastic deformation at RT, see
Fig. S4 in the supplementary material. This method — akin to wire-
drawing — thus yielded the highest persistent anisotropy in tension. This
method of inducing anisotropy is expected to be even more interesting
in glasses with partially-polymerized structures like in meta-silicate
and meta-phosphate glasses as discussed in Section 3.3. The higher
persistent anisotropy after compression at RT is due to the anomalous
compressibility of pure silica glass, which allows for high plastic strains.
Introducing anisotropy by compression is therefore best performed at
RT.

4. Conclusion
Using novel structural analysis methods, we demonstrate that dur-

ing MD simulations of uniaxial tension and compression at RT, the
silica tetrahedra and the Si-O rings reorient themselves with respect
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Fig. 4. Projection of the Si-O pair distribution function onto the spherical harmonic Y,,
function comparing glasses with anisotropy induced through wire-drawing-like process
at T, and by mechanical pre-deformation at RT in tension (a) and compression (b).
Black dashed lines indicate the average Si-O bond length in the pristine glass. Solid
black: unstrained samples; purple: deformed to 17% strain and unloaded at RT, compare
Fig. 1(c, d); red: pre-deformed to 17% strain at T, and subsequently quenched and
relaxed. See the discussion in the main text and of Fig. 1 for the interpretation of
80(r). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

to the loading axis, leading to transient anisotropy. During plastic
deformation, only relatively few atoms change their bonding part-
ners. The few bonds that broke during deformation were, however,
preferentially oriented with respect to the loading axis: parallel for
tension and orthogonal for compression. In contrast, the newly formed
bonds were oriented orthogonal to the deformation axis for tension
and parallel for compression. Few of these newly established bonds
change during unloading, leading to persistent anisotropy in the stress-
free glass. Persistent anisotropy is more pronounced after compression
than after tension, as larger plastic strains can be reached in the
former, while the glass shows limited plasticity and fractures under
tension. Furthermore, it is shown that persistent anisotropy induced by
mimicking a fiber-drawing process at T, is structurally different from
persistent anisotropy that results from deformation at RT.

The presented mechanistic insights into the emergence of differ-
ent types of persistent anisotropy through different processing routes
will enable new strategies for tailoring oxide glass properties and for
designing new glasses for advanced technological applications.
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