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ABSTRACT

We use large-scale molecular dynamics simulations to investigate the indentation response of three silica-based glasses with varying
compositional complexities. Our primary goal is to clarify the roles of the typical network-modifying species, namely, sodium, and
the secondary network-forming species, namely, boron, in influencing the mechanical behavior of the glasses under localized stress.
The distinct mechanical responses of the glasses are linked to structural features such as bond strength, network connectivity, and
atomic packing density. The enhanced nanoscale ductility of sodium silicate and sodium borosilicate glasses, compared to silica, is
attributed to the structural flexibility induced by Na atoms, which depolymerize the network, and by B species in mixed coordination.
We also find that shear flow, driven by network flexibility, is the dominant deformation mechanism in the sodium silicate and sodium borosili-
cate glasses, while densification dominates in silica due to its low packing density. The evolution of short-to-intermediate-range structures is
responsible for the distinct deformation behaviors of the glasses. These results highlight the critical role of structure in determining the defor-
mation mechanisms of silicate glasses under sharp contact loads, providing insights for improving the mechanical performance of these
materials.
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1. INTRODUCTION Glass deformation under a sharp contact load can be classified
into elastic deformation, inelastic deformation, and cracking.’
Inelastic deformation has been recognized as a critical stage that
determines the overall mechanical performance of glass. Numerous
experimental and computational studies have identified densifica-
tion and isochoric shear flow as the two primary mechanisms of

Silicate glasses are disordered materials with diverse applica-
tions, including construction, packaging, electronics, and optics."
These materials are used for their desired properties such as trans-
parency and chemical stability, but their inherent brittleness can
limit their use in critical applications, such as high-stress environ-

ments like aerospace or architecture. Therefore, a fundamental inelastic deformation in silicate glasses."”” Densification is mainly
understanding of their mechanical properties (e.g., strength and manifested as the sink-in beneath the contact surface, with its
toughness) and deformation mechanisms is essential for improving ~ extent strongly depending on PrOP;e;fiziS such as atomic packing
their mechanical reliability for practical applications.” Among the  density (Cy) and Poisson’s ratio (v).”**" On the other hand, shear
techniques for investigating the mechanical properties of glasses, deformation may occur in the form of pileup above the contact
indentation is indispensable due to its ability to induce permanent surface and/or shear banding, depending on the glass’s chemical
deformation in a controlled manner.’ composition.””* For example, Januchta and Smedskjaer”* showed
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that the chemical composition directly impacts the indentation
response of oxide glasses. Notably, the coordination number of tri-
angular boron atoms can increase to four under compressive stress,
making boron-rich glasses more prone to densification than boron-
free glasses. Duan et al.”* found that the subsurface densification in
soda lime silicate glasses depends more strongly on the indentation
rate than shear flow. A recent experimental study using a sharp
indenter on a series of silicate glasses revealed that, far from the
indent, a new elevated volume (called lift-up) forms in addition to
the pileup region near the indent, indicating that glass deformation
behavior also depends on the indenter shape.”

Alongside experimental studies, computer modeling and sim-
ulations have been crucial in offering microscopic insights into the
mechanical response of silicate glasses under indentation. For
example, early molecular dynamics (MD) simulations by Nomura
et al."* demonstrated that defect migration and recombination are
key contributors to structural changes during nanoindentation.
Kilymis et al.”*”>*’ later showed that irradiation-induced structural
disorder alters the densification and shear flow patterns of borosi-
licate glasses. Luo et al.'” introduced a crack nucleation criterion
for glasses, highlighting its relevance to impact indentation. More
recently, Liu et al.'' explored how chemical composition affects
the indentation response of glass, showing that aluminosilicate
and aluminoborate glasses exhibit distinct responses due to dif-
ferences in the atomic structure. By studying the indentation
response of model metallic glasses, Liu et al’® observed a
distinct region above the contact surface, consistent with
experimental findings from Refs. 25 and 29-31. Our recent work
using large-scale MD simulations demonstrated how densifica-
tion, shear deformation, and atomic migration contribute to
the mechanical response of a sodium silicate glass during
nanoindentation.””

Despite these advancements, the fundamental atomic-level
mechanisms of inelastic deformation during nanoindentation in sil-
icate glasses, especially the influence of structure, remain poorly
understood. Closing this knowledge gap requires higher-resolution
experimental studies and reliable modeling and simulation
methods to capture both the short-term/localized events and
cumulative deformation behaviors. In this study, we use large-scale
MD simulations to systematically investigate the indentation
response of three representative silicate glasses. The primary objec-
tive is to understand how network-modifying species (modifier)
and secondary network-forming species alter the way the glass
responds to a sharp contact loading and the underlying
atomic-scale mechanisms. These microscopic insights are crucial
for understanding the deformation behavior of multi-component
silicate glasses and for improving the mechanical performance of
these disordered materials.

Il. SIMULATION DETAILS

We performed classical MD simulations on three systems:
Si0,, Na,0-3Si0, (hereafter denoted as NS3), and Na,O-B,0;-
2Si0, (hereafter denoted as NBS2), which are prototypical oxide
glass-formers with broad scientific and industrial significance.’
The increasing chemical complexity from silica to NS2 to NBS2
also allowed us to explore the role of the network modifier (Na) as
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well as the secondary network-forming species (B) in influencing
the structure and mechanical properties of the glasses. The interac-
tion between the atoms was described by a two-body effective
potential recently proposed by Sundararaman et al.”’" Its func-
tional form is given by

2
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where 745 is the distance between two atoms of species a and . gq
is the effective charge of species a. Aqp, By, and C,p are potential
parameters. In order to achieve high computational efficiency, the
long-range interactions were evaluated using the method proposed
by Wolf et al.,”® where the long-range cutoff was set to 10 A. This
potential was parameterized using data from both ab initio simula-
tions and compression experiments as reference. More details of
this potential and the values of the potential parameters can be
found in Refs. 33-35. This potential has been shown to reliably
describe the structural, mechanical, and surface properties of multi-
component silicate glasses,'”’~* all relevant to the glass’s response
under sharp contact loading. Therefore, MD simulations using this
interaction potential are expected to provide valuable atomistic
insights into the origin of the distinct deformation behaviors of the
three glasses under indentation.

The simulation procedures for producing the glasses as
well as the subsequent mechanical tests were similar to our
previous study.” First, we produced bulk glass samples using a
melt-quench procedure. The initial box, containing around
5000 atoms, had a side length of around 4nm, determined
according to the experimental glass densities.”' The sample was
first melted and equilibrated at 3600, 3000, and 2100 K for silica,

NS3, and NBS2, respectively. Subsequently, the liquid samples ¢
were cooled down to 300 K using a constant rate of 1K/ps, fol- ;

lowed by an annealing stage at 300 K for 125 ps, resulting in three
bulk glasses. Figure 1 shows their representative atomic configura-
tions. All simulations were done in the isothermal-isobaric
ensemble at zero pressure.

Next, we carried out uniaxial tensile simulations for the bulk
glasses. Specifically, the glass samples were elongated at a constant
strain rate of 0.5ns ™" along the x direction until fracture (i.e., the
tensile stress drops to zero), whereas zero stress was kept in the
other two axial directions. All simulations were performed using
the isothermal-isobaric ensemble at zero pressure with periodic
boundary conditions applied in all axial directions. The integration
time step was chosen to be 1.0 fs.

The stress—strain (o-g) curves as obtained from the tensile sim-
ulations were linearly fitted in the range £ =0-0.001 to calculate the
Young modulus (E). The Poisson ratio (v) was calculated by linearly
fitting the transverse strain vs axial strain curve in the strain range
£=0-0.01. The shear modulus (G) and the bulk modulus (K) were
calculated following Ref. 41. The mass density, number density, and
calculated elastic properties are given in Table I.

Before performing nanoindentation simulation, we first repli-
cated the 5000 atom bulk glass samples to produce large samples
with a thin slab geometry; i.e., the dimensions in the x, y, and z
directions were approximately 145, 75, and 4 nm, respectively.
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FIG. 1. Slices of the atomic configurations of the three bulk glasses at 300 K. O, Si, Na, and B atoms are represented by balls in yellow, blue, green and pink, respectively.
Si-O and B-O bonds are determined using a cutoff of 2.0 A and are shown to indicate the polymerized network. Each slice has a thickness of 1 nm.

The large samples were subsequently heated up to 600 K for 160 ps
to allow adequate structural reorganization before cooling them
down to 300K at a constant rate of 1K/s. Previous studies have
shown that this procedure allows to significantly mitigate the influ-
ence of the periodic boundaries on the mechanical response of the
glass while significantly reducing the computational cost.”***

Nanoindentation simulations of the glasses were done fol-
lowing the work of Huang and coworkers'>**** and our previous
study.”” The geometry of the indenter was controlled by the
indenter angle 6 and the indenter tip radius R. We have chosen
the indenter angle 8=35.3° to match the geometry of the sharp
indenter used in a recent experimental study.”” The tip radius R
was set to 0.1 nm. The periodic boundary condition in the y
direction was released to create a free surface on the top, whereas
the bottom layer with a thickness of 1 nm was fixed. The interac-
tion between atoms and the indenter was defined by a spring
constant of 32 GPa. During the loading and unloading processes,
the indenter moved vertically along the y direction at a constant
speed of 50 m/s. At the maximum indentation depth of 25 nm,
the indenter was held for 125 ps, which is sufficiently long to
ensure force convergence. To improve the statistics of the results,
we performed parallel indentation tests at three different positions
for each glass.

11l. RESULTS AND DISCUSSION
A. Mechanical properties of the bulk glasses

To better understand the mechanical response of the glasses
under nanoindentation, we first discuss the mechanical properties
of the bulk glasses. Table I shows that the simulated glass densities
as well as the elastic moduli agree well with experimental data,*'~*
giving confidence in further investigating the mechanical response
of the glasses under indentation. We find that the B atoms in the
NBS2 glass are in mixed coordination with 52% of them being

fourfold coordinated. This proportion is slightly lower than the ¢
experimentally reported value of 58%-64% based on 11B MAS ;

NMR for the same glass composition.”"™*” The difference between
the two results may arise from the uncertainties in experimental
measurements and/or the difference in the cooling rate used in
experiments and simulations.

Table I also reveals that silica and NBS2 have similar values
for E and G, despite their structural differences. This can be
rationalized by considering that elastic moduli primarily
depend on the bond strength density p,,, which is given by
Pbs = PSioYsio T PRoYB0 — PRao¥Na0» Where pgo denotes  the
number density of the SiO bond and yg is the SiO bond
strength (dissociation energy).so’Sl We find that for silica, NS3,

TABLE I. Composition, elastic moduli, densities, and the fraction of bridging oxygen of the simulated bulk glasses. Values in parenthesis are experimental data from

Refs. 41-43.
Young’s Bulk Shear Mass Atomic packing  Bridging
modulus, modulus, modulus, Poisson’s density, density, C, oxygen
Glass Composition E (GPa) K (GPa) G (GPa) ratio, v P (g/cm3 ) (g/cm3 ) (%)
SiO, 100%Si0, 73.1 (72.7) 37.6 (36.4) 31.1 (31.2) 0.18 (0.17) 2.20 (2.20) 0.387 99.6
NS3  75S8i0,-25Na,0 56.3 (60) 361 (37) 227 (24) 024 (023) 246 (2.43) 0.451 71.6
NBS2  508i0,-25Na,0-25B,0, 727 (762) 433 (47.7) 29.8 (30.8) 022 (0.23)  2.56 (2.53) 0.502 86.2
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FIG. 2. Stress—strain (o-¢) curves for the three bulk glasses under uniaxial
tension.

and NBS2, the p,, values are 39.7, 31.1, and 38.1 kJ/(mol x A3),
respectively. Remarkably, the ratio between these values aligns
closely with E and G in Table I, indicating that the bond
strength density governs the elastic properties of the glasses.

Poisson’s ratio, often considered a key factor in controlling the
deformation and cracking behaviors across a wide range of materi-
als,”” does not appear to reflect the compositional change from
NS3 to NBS2. In contrast, changes in the chemical composition
more strongly affect the network connectivity, as reflected by the
concentration of bridging oxygen (BO, i.e., oxygen bonded with
two or more Si/B), and the atomic packing density (C,, ie., the
number of atoms per unit volume), both of which are expected to
influence the glass’s response to stress.

The differences in the mechanical properties of the three glasses
are evident not only at small strains, i.e., pertaining to elastic proper-
ties, but also at large strains. Figure 2 plots the stress-strain (o-¢)

ARTICLE pubs.aip.org/aip/jap

curves for the three bulk glasses under uniaxial tension. Silica exhib-
its typical brittle behavior in that the o-& curve shows a nearly linear
increase without notable softening up to the maximum strength,
after which the stress drops instantly to zero. In contrast, the NS3
glass shows significant softening at £~5% and fails at &~ 22%,
much higher than silica, indicating that the addition of the network
modifier Na increases the glass’s deformability.

Remarkably, the NBS2 glass exhibits super nano-ductility,
showing homogeneous flow at £>10% and no fracture even at
£=50%, indicating that the inclusion of B significantly enhances
the deformation ability of the glass. (We note that this super nano-
ductility is an intrinsic property of the glass, with a nearly defect-
free structure and deformed under very high strain rates, in con-
trast with mechanical tests performed on glasses in experiments.)
Therefore, it can be concluded that the glass’s nano-ductility
increases with chemical complexity (and corresponding structural
flexibility), consistent with the findings of Wang et al.”” We note
that although silica and NBS2 have comparable elastic moduli,
which as mentioned above is mainly determined by the bond
strength density, plasticity primarily depends on the ability of the
structure to rearrange upon deformation.

To further understand the distinct stress—strain behaviors of
the three glasses, we have tracked the bond switching activities (i.e.,
change of local coordination) of the three cations. By comparing
the coordination of the atoms in the deformed configurations with
the initial configuration (¢ = 0), we determined three types of coor-
dination changes of the atoms, namely, coordination number
increased, coordination number decreased, and coordination
number unchanged but the neighboring atoms changed. We note
that all of the three cases contribute to the local structural flexibil-
ity. The coordination of the atoms was determined using cutoff dis-
tances of 2.0, 3.0, and 2.0 A for Zsi0, Znao» and Zgo, respectively.

Figure 3 shows for the bulk glasses the percentage of coordina- |
tion change p,, of species o with respect to its total number N, as a ;

function of strain. We consider here the sum of the three cases of
coordination change as described before as an indicator of the
intensity of local coordination change. For silica, one observes that
Psi only increases to around 3% at the strain of maximum strength,
after which a sharp increase of pg; is seen, which corresponds to its

25— : : 10— LOSOAART> 80— —
-(a) Si ; o5[(D) Napﬁgﬂ REERRNSLR s 70-(c) B 0
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FIG. 3. Percentage of atoms that have changed their coordination during tension. See the main text for definition. (a)-(c) are for Si, Na, and B, respectively.

22:6€:00 $202 10qWe08q +Z

J. Appl. Phys. 136, 245101 (2024); doi: 10.1063/5.0244335
© Author(s) 2024

136, 245101-4


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

brittle fracture behavior. As the fracture is done and the stresses are
released, the coordination of the atoms no longer change and,
hence, pg; reaches a constant value of around 10% at large strains.
In contrast, ps; for NS3 is nearly zero up to € =0.2, indicating that
Si coordination in NS3 is more stable and well preserved before
failure. At £ > 0.2, a notable increase in ps; corresponds to mechani-
cal failure of the glass. The strain-dependence of ps; in NBS2 is dif-
ferent from silica and NS3 in that it constantly increases with strain
and reaches about 20% at £ = 0.5, considerably larger than that of
silica and NS3. Boron in NBS2 exhibits an even stronger depen-
dence on strain with over 70% of them changed coordination
ate=0.5.

In addition to the coordination change of the network
formers, the flexibility imparted by the coordination change of the
modifiers, i.e., Na, is also important. Figure 3(b) shows that Na is
extremely active in changing its local coordination: For both NS3
and NBS2, only 20% of strain changes completely the coordination
of the modifiers. This result is consistent with previous studies,
which have shown that the network modifiers introduce plastic
deformability to the structure by intensive bond switching during
mechanical loading,”*>* Altogether, the coordination analysis indi-
cates that the NBS2 glass benefits from the presence of mobile Na
and structurally more flexible B compared to Si, enabling it to
sustain larger deformation.

B. Response of the glasses under nanoindentation

After understanding the bulk glass properties, we now move
on to discussing the properties of the three glasses under nanoin-
dentation. It is worth noting that the max loading depth, 25 nm,
would correspond to an intermediate strain (e.g., 10% < £ < 15%) as
cracking appears in silica but not in NS3 or NBS2 (see below). This
suggests that up to the probed indentation depth, both elasticity
and plasticity contribute to the glass’s mechanical response, with
plasticity becoming more dominant as strain increases.

80F I T I T I T T T T
60 -
Z | ]
S
g 40 -
(@] L 4
L
20 -
0 | 1
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Figure 4 shows the macroscopic indentation response of the
glass in terms of the force-displacement curve in Fig. 4(a) and
the post-indentation height profiles in Fig. 4(a). The drop in
force at the maximum indentation depth can be ascribed to
stress relaxation during the holding stage. One observes that the
force-displacement of silica is the highest, which can be attrib-
uted to the high rigidity of the fully polymerized Si-O network
(see Table I). In contrast, although NBS2 also has a connected
network structure, its rigidity is weakened by the mixed coordination
of B and the mobile Na modifiers. The force-displacement curve of
the NS3 glass is the lowest, as its highly depolymerized structure
makes it softer and easier to penetrate. The depth of the indent
remained after unloading is determined by the material’s ability
to sustain permanent deformation, which follows the order
NBS2 > NS3 > silica, as seen from the stress—strain behavior in Fig. 2.
Figure 4(b) shows that NBS2 has the largest pileup volume, while
silica has the smallest. This is expected, as this property mainly
depends on Cg; more densely packed glasses are less prone to densifi-
cation and, thus, the volume is extruded as the indenter penetrates
the glass. We also note that two regions with distinct slopes in the
elevated volume above the contact surface, as reported in experi-
ments,” were not observed in our simulations. This could be due to
the relatively small sample size and indentation depth probed in our
MD simulations.

Next, we discuss the changes in various atomic-level properties
of the glasses in response to nanoindentation. The atomic stresses
were calculated using the per-atom stress tensor formulation.™
The atomic shear strain introduced by Shimizu et al.”® was used to
quantify local inelastic deformation. Densification was measured as
the percentage density change relative to the density of the unde-
formed glass.

Figure 5 shows the maps of the local shear and normal stress
components near the indent. At the largest loading depth, the

maximum shear and normal stresses are estimated to be around §

10 and 20 GPa, respectively, compatible with the estimation from

FIG. 4. (a) Force—displacement curve for the three glasses during the nanoindentation test. (b) Averaged y profile of the post-indentation glasses. Error bars are smaller

than the symbol size.

22:6€:00 $202 10qWe08q +Z

J. Appl. Phys. 136, 245101 (2024); doi: 10.1063/5.0244335
© Author(s) 2024

136, 245101-5


https://pubs.aip.org/aip/jap

Journal of

Applied Physics

Unloaded

» A e l‘lOGpa

ARTICLE pubs.aip.org/aip/jap

Unloaded

FIG. 5. Maps of (a) the shear stress oy, and (b) the normal stress o, components for the three glasses at the maximum loading depth (load max) and after unloading

(unloaded).

elasticity theories.”” First, one recognizes that NS3 has the lowest
stress level at the maximum loading depth, in accordance with its
status as the softest of the three glasses (see Table I and Fig. 2).
After unloading, stresses in NS3 are relaxed away due to the pres-
ence of modifiers that promote stress relaxation. In contrast, resid-
ual stresses, particularly the normal stress component oy, persist in
the pileup region of the unloaded silica and NBS2 samples. For
silica, this stress is sufficiently high to induce cracking, as shown in

Loadas Shear strain

i\

Unloaded

o

lO.ZS
ID
lD.ZS
lO
l0.25
ID

the snapshots at the maximum loading depth. Later, we will discuss
how this residual stress can be attributed to the relatively high
extent of permanent structural transformation (Fig. 9) in the two
glasses, which places additional stress on the atomic bonds in the
near-indent volume.

Figure 6 presents the maps of shear strain and densification
for the three glasses after unloading. First, a small crack is visible in
the silica glass but in NS3 and NBS2, indicating that silica is highly

Densification
Load Max

(b)

Unloaded

llZ%
IO
'12%
lO
I12%
IO
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FIG. 6. Maps of (a) shear strain and (b) densification for the three glasses at the maximum loading depth (load max) and after unloading (unloaded).
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susceptible to cracking, in accordance with its stress—strain behavior
under uniaxial loading (Fig. 2). The lack of cracking in NBS2,
despite considerable residual stress post-indentation, can be attrib-
uted to the high proportion of three-coordinated B (approximately
50% of B in the bulk NBS2 glass), which dissipate energy through
structural transformation to tetrahedral coordination, thereby
increasing resistance to residual stress-induced cracking.’’
Additionally, shear strain is more dispersed in NS3 and NBS2 than
in silica, consistent with the finding that the former two glasses are
structurally more flexible and can, therefore, activate plastic defor-
mation more easily. After removing the indenter, residual strains
can still be observed in all glasses, as they have all undergone per-
manent deformation to some extent. Figure 6(b) illustrates that
densification is most pronounced in silica, which can be attributed
to its high structural porosity (low Cy). In contrast, NS3 and NBS2
are more densely packed and structurally more flexible. Therefore,
shear flow becomes the primary deformation mechanism in these
glasses, resulting in minor marks of densification after unloading.
Thus, one concludes that the ability of the glass to densify under
indentation primarily depends on the atomic packing density of its
structure.” Furthermore, our results indicate that densification plays
a primary role in inducing indentation cracking, contrasting with
the conclusion of a recent study using a constitutive model, which
suggests that shear flow is the predominant factor governing crack
initiation in silicate glasses under indentation.’

ARTICLE pubs.aip.org/aip/jap

To gain a clearer understanding of the deformation mecha-
nisms of the glasses under indentation, we examined how the
various atomic-level properties change from the pileup tip to the
far-field regions, following the approach used in our previous
study.” Specifically, the glass was sectioned into slices of thickness
Ad, perpendicular to the specified direction [indicated by the arrow
in Fig. 6(a)], forming a 45° angle with the negative y axis. We note
that varying this partitioning angle by +15° does not significantly
affect the d-dependence of the distribution or the decay of these
local properties.

Figure 7 shows the distribution of shear strain and densifica-
tion as a function of distance d from the pileup tip. The shear
strain near the indent is very broad (i.e., highly inhomogeneous),
which gradually becomes narrower and shifts to smaller values as d
increases, consistent with the snapshots in Fig. 5(a). Likewise, den-
sification gradually decays when moving away from the indent,
shown by the shift of the distribution profiles to smaller values.

To quantify the decay behavior of the two properties, Fig. 8
presents the mean values of shear strain and densification as a
function of d. Shear strain [Fig. 8(a)], decays exponentially, inde-
pendent of the composition. This kind of exponential decay has
also been observed for other properties of oxide glasses such as the
pair correlation function’ and the height autocorrelation function
of glass surfaces.”” Fitting the data using the functional form
y~exp(—d/f), where y denotes the mean value of the probed
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property, allows one to estimate the decay length £. Usually, 3¢ can
be considered the typical correlation length of the probed property.
One observes that shear strain in silica decays fastest with £ =2.5 A,
indicating that plastic deformation in silica is most concentrated
around the indent, in accordance with its rigid network structure.
In contrast, the decay lengths for NBS2 and NS3 are considerably
larger, with NS3 decaying the slowest, likely due to its more depoly-
merized network compared to NBS2 (see Table I).

Figure 8(b) shows that the decay behavior of densification is
more complex since it is d-dependent. Specifically, densification
decreases relatively slowly at small d, with the rate depending on
the composition. This result can be rationalized by the high ratio
between effective volumetric yield stress (due to increased atomic
repulsion) and flow stress (which triggers shear flow) in the
near-tip region, causing densification to reach saturation and that
deformation is directed by shear flow. The degree of densification
in the near-indent region follows the order NBS2 >NS3 > silica,
which can be attributed to the different C, of the glasses. As d
increases, a crossover in the d-dependence occurs at d= 8nm,
beyond which data for all glasses fit an exponential function, allow-
ing for estimating the decay length for densification. First, the
decay lengths for densification are comparable to those for shear
strain, consistent with earlier studies showing that densification is
assisted by concomitant shear stresses in glasses prone to density
increase.”’ Additionally, densification decays fastest in silica with
£=2.6 A, while NS3 and NBS2 decay much slower with a £=4.5 A.
This contrasts the shear strain decay behavior in these glasses, indi-
cating that Na modifiers play a more decisive role than network
connectivity in governing the decay of densification.

To better understand the deformation behavior of the
glasses, it is important to examine the structural features on
short-to-intermediate length scales. First, we discuss the variation

in short-range structural order (SRO) induced by indentation.
Figures 9(a)-9(c) illustrate the change in the coordination
number (Z) of cations after indentation. For a clearer comparison
of the decay behavior, the three panels show the percentage
change of the mean coordination number with respect to the bulk
value, i.e., (Zgp(d) — Zg}}lk)/Zgglk x 100, where Z,5(d) denotes the
mean number of § atoms in the nearest neighbor of an @ atom at

distance d, and ZE;“‘ is the corresponding value for the bulk glass ¢

(in parentheses).

Figure 9(a) shows that at small d, the change of Zgo in NBS2
and silica is more pronounced compared to NS3, indicating stron-
ger permanent densification in the former two glasses, consistent
with the snapshots in Fig. 6(b). The pronounced change of Zgo in
NBS2 can be attributed to the addition of B,O;, which not only
makes the network more flexible but also increases the O/Si ratio.
Both factors enable Si atoms to more easily change their coordina-
tion under indentation compared to silica and NS3.

Figure 9(b) shows that the coordination change of Na in NBS2
remains nearly constant at short-to-intermediate d, indicating that
the structural transformation in terms of the Na coordination is satu-
rated in this region, likely due to the high packing density of NBS2.
In contrast, Na coordination in NS3 shows a more gradual,
exponential-like decay, due to its lower packing density and more
depolymerized structure. The coordination of B in NBS2 also exhib-
its a plateau, similar to Na, at short-to-intermediate d. This suggests
that the structural transition of B from three-coordinated to four-
coordinated occurs relatively easily, leading to saturation in B
coordination change. A similar d-dependence is also observed for
cation-oxygen bond lengths, Figs. 9(d)-(f), although the magni-
tudes of the changes are significantly smaller than those of coor-
dination numbers, due to the high strength and rigidity of the
bonds.
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(a)(c) Coordination numbers, (d)-(f) bond lengths, (g)—(i) bond angles.

The change in the O-Si-O angle with d is minimal, which
can be attributed to the high energy required to deform [SiO,]
tetrahedral units. In contrast, bending the linkages between these
structural units, ie., Si-O-Si/B angles, is easier [see Figs. 9(h)
and (i)]. The change in the Si-O-Si angle follows the order
NBS2 > Si0, > NS3, which may result from the competition
between network rigidity and atomic packing density. Specifically,
NS3’s structure is relatively flexible due to high depolymerization
and moderate packing density, which makes structural compac-
tion via tetrahedral unit rotation energetically favorable, without
significant changes to inter-tetrahedral angles. In contrast, NBS2

has both a rigid network (comparable to that of NS3) and a dense
atomic packing. This makes rotational motion of the structural
units difficult due to steric constraints, and, hence, deformation
involves larger angular changes. Silica, unlike the other two
glasses, has a highly polymerized network but a low packing
density. The balance between these factors results in an interme-
diate level of inter-tetrahedral angular changes. One also recog-
nizes that, in the highly cross-linked NBS2 glass, the B-O-B
linkages are much more stiffer than the Si-O-Si and Si-O-B con-
nections, so that the B-O-B angle barely changes with d [see

panel (i)].
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Notably, most of the SRO quantities exhibit an exponential-
like decay at intermediate-to-large d, consistent with the behavior
of shear strain and densification (see Fig. 8). These results indicate
a close relationship between local structural changes and the
mechanical response of glasses under a sharp contact load.

Furthermore, we have performed bond switching analysis for
the glasses after indentation. Figure 10 shows the percentages of the
various atomic species that have changed their coordination as a
function of distance d from the pileup tip. One observes that 100%
of Na and more than 85% of B in the vicinity of the pileup have
changed their coordination when compared to the undeformed
state. In contrast, ps; is lower than py, and pp and exhibits a
composition-dependence that is consistent with the results for the
bulk glasses (see Fig. 3). With increasing d, the decay of pg; is the
fastest, followed by pp and py,. We note that the coordination of

Load Max

Unloaded

B

B

0

Io.ooa A3

'0.004 A3

I 0.004 A3

Na changes with deformation as well as time (due to its high
mobility), which explains the fact that even at d = 30 nm (where pg;
and pp have decreased to zero), still over 60% of Na have changed
their coordination after unloading. To summarize, these results
indicate that the structure right below the indent is highly modified
and that the flexibility of the local environment of the atomic
species follows the order Na > B > Si.

Figure 11 shows the spatial distribution of the atoms that have
increased Z at the maximum loading depth (max load) and after
unloading (unloaded), with respect to the initial undeformed state.
The atoms are colored based on their local number density. One
observes that the coordination change of Si is mostly concentrated
in the pileup region. In contrast, the distribution of B with changed
coordination is more spread out, indicating the B local structure is
softer than that around Si. Furthermore, one observes that Na with
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FIG. 11. Spatial distribution of the atoms that have increased their coordination number at the maximum loading depth (load max) and after unloading (unloaded), with

respect to the initial undeformed state. (a)—(f) Si. (g)—(j) Na. (k)—(I) B.
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changed coordination distributes almost all over the sample, with a
notably higher density in the near-tip region, consistent with the fact
that Na is the most mobile species and that a large fraction of Na
has changed their coordination during indentation deformation.
From Fig. 11, one can infer another interesting structural prop-
erty of the glasses, i.e., reversibility of local coordination, which has
been shown to be important for the damage resistance of oxide
glasses.'" We note that here we do not consider the cases that the
atoms have decreased Z (which is very rare) and Z unchanged but
neighbor changed to allow fair comparison with the literature.
However, we note that if the two cases are taken into account, in par-
ticular the atoms with Z unchanged but neighbor changed, almost all
atoms will be classified as non-recoverable. Based on the population
of atoms with increased Z at the maximum loading depth and after
unloading, we find that the recovery ratio for Si is 73%, 41%, and
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42% for silica, NS3, and NBS2, respectively. The corresponding ratio
for Na is 13%, independent of composition. The recovery ratio for B
is 16%, slightly higher than Na but considerably lower than Si.
A recent simulation study by Liu et al.'' found that more B atoms
experience reversible coordination change than Si atoms in multi-
component oxide glasses during indentation, which seems to con-
tradict our results. However, if one consider the fraction of atoms
(instead of the number of atoms, which is system size- and
composition-dependent) that have experienced this coordination
conversion, we find that also their data suggest that Si is more
reversible than B, thus in line with our finding. The rationale for
the larger reversibility of Si than B might be that the fivefold coor-
dinated Si, which forms under compression is only metastable,
ie., it tends to convert to a more stable local fourfold coordinated
configuration upon stress relaxation. In contrast, both three- and
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FIG. 12. Ring size distribution in different regions of the three glasses after indentation. (a) SiO,, (b) NS3, (c) and (d) NBS2. (d) Fraction of rings containing only Si and O

nodes.
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fourfold coordinated B coexist in the pristine glass and are rela-
tively stable. Hence, once the coordination is transformed from
one state to another, it is difficult to get recovered since this
process requires to overcome a high energy barrier.

Beyond short-range structures, structural features on larger
length scales, in particular the medium-range structural order
(MRO), also change as the indenter is penetrated into the glass.
Figure 12 shows the change in the MRO in terms of the ring struc-
tures (i.e., closed loop of Si-O and/or B-O bonds), determined
using the primitive ring criterion.”’ For comparison, the panels
also include data for the bulk glasses. First, one observes that the
most probable ring size (n) in silica is six, regardless of the distance
from the indent. In contrast, the most probable ring size for NS3
and NBS2 is five. In addition to the difference in the most probable
ring size, NS3 and NBS2 have a broader ring size distribution than
silica. This suggests that greater chemical complexity induces more
structural heterogeneity at medium-range length scales, consistent
with previous studies.”""”

In silica, the near-tip region (d =2 nm), where severe defama-
tion has occurred, shows significantly lower probabilities of
intermediate-to-large-sized rings (5<#n<9) compared to larger
distances and the bulk value. In contrast, the fractions of small-
sized rings (2 < n <4) are notably higher, indicating a pronounced
transformation in the network topology. This structural change
decays rapidly, and by d~ 10 nm, the ring size distribution con-
verges toward the bulk distribution. In NS3, the d-dependence of
the ring size distribution is slightly weaker but qualitatively similar
to silica. This aligns with the finding that local properties decay
more slowly (i.e., with a larger decay length) in NS3. In NBS2, a
significant MRO transformation occurs in the pileup region, where
most rings have converged to small-sized ones. This can be attrib-
uted to NBS2’s highly cross-linked yet relatively flexible network,
which is prone to severe permanent structural transformation
under compression. This change in NBS2’s network topology per-
sists over larger distances than in silica and NS3, consistent with
the decay behavior of the SRO quantities (Fig. 9). This indicates
that the evolution of the SRO and MRO are strongly correlated
under a sharp contact loading.

Compared to silica and NS3, the complexity in the structure
of NBS2 arises from the fact that its ring structures may contain
both Si and B nodes. Further insight into the indentation-induced
changes in MRO can be gained by decomposing the rings into pure
Si-O rings and Si-B mixed rings. Figure 12(d) shows the fraction
of pure Si-O rings by size and their dependence on d. In the bulk
glass, only about 7% of two-membered (2 M) rings (formed by two
polyhedra sharing an edge) are formed by pure Si-O bonds, while
almost all larger rings are a mixture of Si and B. This highlights
the highly cross-linked nature of the NBS2’s network structure.
Interestingly, in the severely deformed region near the pileup tip,
about 25% of the 2 M rings are pure Si-O rings. Considering the
high fraction of 2 M rings, the density of pure Si-O 2 M rings in
this region is much higher than in the bulk glass. This suggests that
the decomposition of medium-to-large rings into smaller ones,
especially 2 M rings, is accompanied by elemental redistribution,
potentially resulting in Si- or B-rich micro-domains. As d increases,
the compositional and structural inhomogeneities decrease and at
d> 20 nm, the bulk properties are largely restored.

ARTICLE pubs.aip.org/aip/jap

IV. SUMMARY AND CONCLUSIONS

Using large-scale MD simulations, we have studied the inden-
tation response of three prototypical silicate glasses with varying
compositional complexity. The primary goal has been to under-
stand how the network modifier Na and the secondary network
former B influence the response of silicate glasses under highly
localized stress induced by a sharp indenter.

The distinct mechanical responses of the glasses are linked to
structural features like bonding type/strength, network connectivity,
and atomic packing density. Specifically, the differences in the
elastic properties of the three bulk glasses can be explained by their
different bond strength density, which depends on both bonding
type and bond density. In contrast, the greater nano-ductility
exhibited by the NS3 and NBS2 glasses relative to silica is due to
the structural flexibility provided by the network-modifying Na
and the B species with mixed coordination, which is evidenced
from the pronounced bond switching activities of these two species
as compared to Si.

Shear flow is found to be more pronounced in NS3 and NBS2,
while densification is more prominent in silica, indicating that the
former deformation mode is more easily activated in systems with
high structural flexibility, whereas the latter mode depends on the
structure’s packing density. Additionally, we find that the decay of
shear strain mainly depends on network connectivity (i.e., more
depolymerized structure decays more slowly), while the decay of
densification is primarily influenced by the concentration of
network modifiers.

Changes in the Si-O network features follow the order:
NBS2 > silica > NS3, due to the competition between network rigid-
ity and atomic packing density. B-O-B linkages are significantly
stiffer than the Si-O-Si and Si-O-B connections, resulting in
minimal changes to the B-O-B angle beneath the indent. On

intermediate-range length scales, the transformation of network :

topology, particularly in ring structures, is most pronounced in
NBS2, with a large fraction of small-sized rings forming near the
indent, possibly involving the formation of nanometer-sized
domains enriched in B or Si. Structural changes at short-to-
intermediate length scales are closely correlated and are the struc-
tural origin of the distinct mechanical response of the glasses under
nanoindentation. These microscopic insights will be useful for the
rational design of damage-resistant glassy materials by optimizing
glass composition.
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