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ABSTRACT

Understanding how glasses deform under sharp contact is essential for predicting and improving their resistance
to surface damage and crack initiation. Here we use molecular dynamics simulations to examine nanoindentation
in sodium silicate (NS) and sodium aluminosilicate (AL) glasses, both in pristine and pressure-densified states,
with the aim of disentangling the relative contributions of densification and shear flow to plastic deformation. By
resolving density and atomic free volume changes, stress and strain fields, atomic rearrangements and coordi-
nation defects around the indenter, we show that plasticity is strongly composition-dependent. In pristine NS,
deformation is dominated by irreversible densification and persistent Si over-coordination localized beneath the
indent. In contrast, AL glasses accommodate loading primarily through shear-mediated rearrangements of Al and
Na, with Al'®), TBOs and Na coordination increasing during loading but largely recovering upon unloading. Pre-
densification suppresses further volumetric compaction in both compositions and shifts the dominant mechanism
toward shear flow, yielding broader non-affine displacement zones and a characteristic pile-up at the indent
boundary. These results demonstrate that the balance between densification and shear is governed by the
structural roles of Na and Al and can be tuned by pressure history. The mechanistic insights obtained here
provide guidelines for designing silicate glasses with tailored resistance to surface damage and improved
indentation response.

1. Introduction

topology, modifier content, and the availability of high-coordination
structural states [5-12]. In silica-rich glasses, deformation under

Silicate glasses are widely used in applications where they are
routinely exposed to concentrated mechanical contact, including scratch
events, particle impacts, and indentation from sharp objects. Under such
conditions, their response is governed by how the amorphous network
accommodates plastic deformation at nanometric scales. Unlike crys-
talline materials, which deform via dislocation activity, amorphous
oxide glasses lack long-range order and instead deform through a
competition between two fundamental mechanisms: irreversible volu-
metric densification and non-affine shear flow. The balance between
these pathways controls the size of residual imprints, the onset of surface
flaws, and ultimately the resistance of glass to contact-induced damage
[1-4].

The relative contributions of densification and shear flow vary
significantly across glass families and depend sensitively on network
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indentation or high pressure is known to proceed largely through
densification, with persistent changes in density and network packing
beneath the indenter [7,13-15]. Aluminosilicate glasses, by contrast,
often undergo less permanent compaction and instead accommodate
deformation through shear-assisted rearrangements, including revers-
ible changes in aluminum coordination (e.g., formation of Al®/Al® spe-
cies) and local bond-switching events [6,12,16-20]. These differences
arise from the distinct structural roles of Si, Al, and Na: Si* forms highly
rigid tetrahedral networks that densify under pressure; Al can adopt
multiple coordination states that promote angular flexibility; and Na* is
a highly mobile modifier that enhances non-affine relaxation processes
[21-24].

A number of studies have shown that pressure pre-densification is an
effective route for strengthening silicate glasses, leading to enhanced
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hardness, reduced indentation depth, and improved resistance to con-
tact damage [5,9,10]. Pre-densification accomplishes this by collapsing
free volume, increasing network connectivity, and suppressing the for-
mation of low-density structural motifs that otherwise promote
densification-dominated plasticity. As a result, pre-densified glasses
tend to exhibit a more shear-mediated deformation behaviour during
indentation and show reduced residual densification on unloading [6,9,
18,25-27]. However, most existing work has focused either on
single-component or industrial glasses, and a mechanistic, atomistic
comparison of how pre-densification modifies the plastic response of
different compositions is still missing.

Thus, although indentation studies and high-pressure experiments
have established that both composition and pressure history critically
influence contact-induced deformation, the atomic-scale mechanisms
through which pristine and pre-densified multi-component silicate
glasses accommodate load—via densification, shear flow, or mixed
modes—remain insufficiently understood. In particular, no unified
framework has yet resolved how sodium silicate (NS) and sodium
aluminosilicate (AL) glasses differ in their structural response to
indentation, and how pre-densification tunes the availability of struc-
tural defects and deformation pathways during loading and unloading.

Atomistic simulation techniques—and molecular dynamics (MD) in
particular—have become an essential tool for investigating deformation
and structural modification in hard and brittle materials [11,12,28-37].
MD has been widely and successfully applied to diamond, silicon, and
glass-ceramics to reveal nanoscale densification, shear flow, bond
rearrangement, and the formation of modified layers under extreme
mechanical or thermal loads. For example, Yuan et al. [38]. combined
atomistic modelling with experimental analysis to elucidate the
atomic-scale mechanism of modified-layer formation during laser-
-material interaction, demonstrating the ability of MD to capture the
interplay between densification, local chemical effects, and
shear-mediated rearrangements. These studies highlight the maturity
and reliability of MD as a framework for resolving nanoscale deforma-
tion mechanisms in brittle solids, thereby providing a solid methodo-
logical basis for the present work.

In a previous work, we employed molecular dynamics (MD) simu-
lations to study the bulk properties of sodium silicate with composition
12.5 %Nay0-87.5 %SiO, (denoted NS hereafter) and aluminosilicate
glass with composition 12.5 % Nay0-12.5 % Aly03-75 % SiO5 (denoted
AL hereafter) subjected to pressure-induced densification [39].

These compositions were chosen for their different responses to
densification and their contrasting structural features: Na acts as a
modifier in NS and as a compensating cation in AL. They provide a
representative framework for understanding the effects of pressure
treatment on bulk and surface behavior.

The results revealed that densification enhances stiffness and reduces
the prevalence of non-bridging oxygens (NBOs) while promoting a more
compact and interconnected network structure. These structural modi-
fications were shown to improve the bulk mechanical performance of
the glasses, as evidenced by increased elastic moduli and reduced re-
sidual densification during unloading. Building on these findings, the
present study shifts focus to the structural variation occurring near the
indenter during nanoindentation tests performed on pre-densified and
pristine glasses, with an emphasis on the underlying mechanisms of
densification and shear deformation.

In particular, key objectives of this study include:

1. Evaluating qualitatively and quantitatively the impact of pre-
densification on surface hardness, plastic deformation mechanisms
and elastic recovery.

2. Investigating the structural changes, such as atomic coordination
and bond rearrangements, induced by nanoindentation and under-
standing the role played by Al when substituting Si in tetrahedral
coordination and sodium when acting as compensator and modifying
cation.
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Table 1
Glass compositions: percentage of oxides, number of atoms, density of final
boxes.

Na Al Si o) Tot P Liox (A)
atoms atoms atoms atoms atoms (g*cm’3)
AL 6152 6152 18,464 49,232 80,000 2.320 102.865
NS 5920 - 23,712 50,384 80,016 2.299 104.700

3. Analyzing the role of shear deformation in accommodating stress
during indentation, with a focus on differences between pre-
densified and pristine glasses.

The remainder of this manuscript is organized as follows: In the next
section we describe the computational methodology, including details of
the MD simulations, glass preparation, surface characterization and
nanoindentation protocol. Then we present the results, focusing on
surface properties, structural differences between pre-densified and
pristine glasses. Finally, we analyze and discuss the phenomena occur-
ring around the indenter tip during indentation tests, highlighting the
role of densification in modifying surface behavior and its relevance for
practical applications.

2. Computational methods

The glass structures were generated using the traditional melt-
quench approach via molecular dynamics simulations, using the
LAMMPS code® [40]. We started by randomly placing the atoms in a
cubic box whose side is related to the experimental density as reported
in Table 1. The number of atoms contained in each box is 80,000 atoms
for AL and 80,016 atoms for NS.

Then, the system is melted at 3000 K and kept at this temperature for
40 ps using the NVT ensemble and then rapidly cooled down at 300 K by
applying a monotone cooling rate of 5 K/ps using the NPT ensemble
(Nosé-Hoover) [41] with atmospheric pressure. Finally, the box is
equilibrated at 300 K for 200 ps. The equation of motion was solved
using the Verlet-Leapfrog algorithm with a time step of 0.002 ps. The
BMP interatomic potential [42] has been used to describe atomic in-
teractions because it reproduces well the structure and elastic properties
of multicomponent oxide glasses [39,43].

It is based on the assumptions of rigid ion model and partial charges,
and it describes the interactions between ions in a great number of
multicomponent oxide-based systems [44-49]. BMP makes use of three
different functional forms: a (Coulomb-)Morse potential (Eq. (1)), a
Buckingham potential (Eq. (2)) and a three-bodies potential (Eq. (3)):
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The (Coulomb-)Morse potential (Eq. (1)) describes the interactions
between an oxide ion and cations and between two oxide ions and it is
composed of three contributions. The first one accounts for long-range
Coulombic interactions using partial and fixed charges (—1.2e for O,
2.4 for Si, 1.8 for Al and 0.6 for Na). The second one is a Morse potential
describing short-range interactions via the parameters Dy a; and 7
which regulates the depth of the potential well, curvature and the
equilibrium distance. The third one is a repulsive term, which is useful to
avoid atomic collapse at high-temperature and pressure. The Bucking-
ham potential (Eq. (2)) is useful to describe repulsive interactions be-
tween former ions whereas the three-bodies potential (Eq. (3)) is a
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screened harmonic function useful to describe Si-O-Si bond angle dis-
tributions. All the parameters are reported in Table S1 of the ESI.

The short-range interactions were evaluated using a cut-off of 7 A
whereas the long-range Coulombic interactions have been evaluated
using the Ewald summation method with cut-off distances of 12 A.

Densified glasses were created starting from structures generated at
atmospheric pressure, subjecting them to high-pressures and high tem-
peratures. The systems generated in the previous section are first relaxed
for 20 ps at 50 K in the NVT ensemble and then heated to 1600 K in 100
ps using the NPT ensemble simultaneously increasing the pressure from
0 GPa to 1.5 GPa. The final temperature and pressure are maintained for
2 ns, after which the systems are cooled down from 1600 K to 50 K in 10
ns while maintaining the pressure at 1.5 GPa. In the next 4 ns, the
pressure of the systems is reduced to its initial value (first 2 ns), and then
the system is kept at these conditions for the remaining time.

From the bulk configurations, we generated two free surfaces by
extending the simulation cell along the z-axis to introduce a vacuum
region large enough to prevent interactions between periodic images.
The resulting slab models were then replicated twice along both the x
and y directions to obtain larger surfaces of approximately 200 A lateral
size, containing ~320,000 atoms. These extended slabs were subse-
quently relaxed and reconstructed through a heating—cooling equili-
bration cycle in the NVT ensemble to remove residual stresses and allow
surface reconstruction. The system was first heated up from 300 K to
1600 K with a heating rate of 5K/ps and then cooled down from 1600 K
to 300 K with the same rate, followed by equilibration at 300 K for 400
ps.

The surfaces were analysed by calculating the variation of the den-
sity, glass structure (atomic coordination numbers) and elemental
composition along the z-direction. The atomic surface topography of the
glass (roughness) was analysed using an areal approach derived from
surface metrology standards. The outermost surface (20 1°\) was dis-
cretized in the x-y plane into square bins of size of 2.0 A x 2.0 A because
this is a minimum volumetric section that can contain at least one
tetrahedral TO4 unit (T = Si, Al). For each bin (i,k), the maximum atomic
height hpax (i, k) was taken as the highest atomic z-coordinate within that
region, generating an height map hpma(x,y). A best-fit plane hg (x,y) =
ax + by + ¢ was subtracted to remove global tilt, and the detrended
height field A(x,y) = hmax(x,y) — hg:(x,y) was used to compute rough-

ness metrics. The arithmetic mean roughness R, = ([h —(h)|), the root-

mean-square roughness R, = h— (h))?) were evaluated. Addition-
q

ally, we calculated the standard deviation of all hpe. values op,, =

<(hmax - (h,,mx))2>, representing the statistical dispersion of surface

heights. These parameters correspond to the areal roughness descriptors
defined in ISO 25,178-2 and their atomic scale analogues commonly
used in AFM and atomistic modelling studies [50].

After a structural analysis of the pristine and pre-densified surfaces,
we performed the indentation test and analysed the environment during
the simulation path.

The nanoindenter tip was modelled as a conical body composed of
carbon atoms arranged in a diamond lattice. The cone axis was oriented
along the z-direction, with the apex positioned above the slab surface.
The cone geometry was chosen to reproduce the equivalent contact area
of a standard Berkovich pyramidal tip [51]. Following the classical
conversion between the three-sided Berkovich geometry (65.3° face
angle, 142.3° total included angle) and an axisymmetric cone providing
the same projected contact area for a given penetration depth, the cor-
responding half-apex angle is 37.3°, equivalent to a total included angle
of 74.6° For the selected base radius of 40 A, this angle yields a cone
height of approximately 52.5 A. The final tip model contained 15,811
carbon atoms. The use of a conical model instead of the exact three-sided
Berkovich pyramid allows one to preserve the correct contact area-
—depth relationship while ensuring axial symmetry, thus significantly
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Glass (free)

Glass (frozen)

Fig. 1. Schematic representation of the nanoindentation set up.

reducing computational cost and facilitating the analysis of stress and
strain fields beneath the indenter. A schematic representation of the
nanoindentation setup is shown in Fig. 1.

The interactions between carbon atoms in the indenter were
described using the Tersoff bond-order potential in the 1994 formula-
tion of Tersoff, [52] as implemented in LAMMPS. The total energy is
given by a sum over all atomic pairs: [53,54]

E=3 > fe(ry) [fa(rs) — bufa(ry)] “
S

Where the repulsive and attractive pair terms have exponential form:

fr(r) = Aexp(—ir), fa(r) = Bexp(—4ar) %)

The cutoff function smoothly turn interactions off between radii R-D
and R + D:
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dependence:
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This form enables the potential to capture the dependence of bond
strength on local coordination and bond angles, reproducing the struc-
tural and mechanical behaviour of diamond and other carbon phases.
The parameters are reported in Table S2 of the ESI. Finally, the tip-glass
interactions have been modelled by using non-bonding Buckingham
potential with A = 1000 eV, p=0.25 A and C = 0 eV/A°.

This functional form was selected to prevent unphysical adhesion or
charge transfer between the carbon tip and the glass surface, ensuring
that the interaction is dominated by short-range Pauli repulsion upon
contact. The chosen parameters produce a steep repulsive wall that
effectively mimics the mechanical constraint of a hard, chemically inert
diamond tip while avoiding unrealistic penetration or bonding to sur-
face atoms. Similar purely repulsive potentials have been widely
employed in nanoindentation simulations to approximate hard-soft
material contacts where chemical interactions are negligible and the
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Fig. 2. Structural analysis along z axis for the four glass compositions investigated. (a) Atomic-fraction profiles of Na and Si across the NS slab; (b) Atomic-fraction
profiles of Na, Al, and Si across the AL slab; (c) Coordination-number profiles of Na, Si, and O for NS (solid) and NS 1.5 (dashed) glasses; (d) Coordination-number
profiles of Na, Al, Si, and O for AL (solid) and AL 1.5 (dashed) glasses; (e) Density profiles for NS and NS1.5 glasses. (f) Density profiles for AL and AL1.5 glasses. Solid
and dashed lines distinguish the pristine and densified glasses, respectively; colours correspond to chemical elements in panels (a-d) and to glass labels in panels (e,f).

main effect of the indenter is to impose a local mechanical load [11,19].

The indentation was simulated in NVT ensemble at a constant tem-
perature of 300 K lowering the tip along the z-axis with a rate of 0.54/, ps
until the entire 5 nm tip penetrated the glass surface. Before unloading
the tip was held at the maximum penetration for 100 ps. Finally, the tip
has been unloaded with the same velocity. During the simulations the
atoms in the bottom layer (20 A) of the glass have been fixed. Long-
range electrostatic interactions were treated using the Damped Shifted
Force (DSF) method, which provides a real-space description with
continuous energy and forces without the need for Ewald summation
[55]. For validation purposes, additional simulations were performed
using the Wolf summation method, [56] yielding results indistinguish-
able within statistical uncertainty (see Figure S1 of the ESI).

To assess the influence of the penetration rate, additional nano-
indentation tests were performed on the smaller albite slab model (=~
80k atoms) using a conical tip of 25 A height and 20 A basal radius. Two
loading velocities of 0.1 and 0.5 A ps™ where tested. The resulting
loading and unloading force-displacement curves (reported in Figure S2

of the ESI) almost completely overlap and exhibit identical maximum
loads at the same penetration depth. Moreover, the hardness values
calculated using the Oliver and Pharr method (see below) are indistin-
guishable within numerical uncertainty. These results indicate that the
indentation response is rate-independent within this range, allowing the
use of the highest rate (0.5 A ps™) for the larger production systems to
reduce computational cost. Comparable loading rates (0.1-0.5 A ps™)
have been widely adopted in previous molecular-dynamics nano-
indentation studies to balance physical realism and simulation efficiency
[11,12,31,57].

Two methods have been used to estimate the Hardness. The Oliver
and Pharr method [58] and the is used to determine the hardness since
does not involve the area of the indentation, which is ill defined at the
nanoscale.

Hardness is defined as the ratio between the maximum load (Ppax)
over the contact area (A.) between indenter and the glass:

PmGX
H= 10
A, 10
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Fig. 3. Population of NBOs (a), Si-O-Si (b), Si-O-Al (c) and Al-O-Al (d) bonds in the bulk and at the surface of the investigated glasses.

In the present work, A.was evaluated using two alternative ap-
proaches. The first approach is the Oliver and Pharr method [58] for
which the projected contact area of a conical indenter with apex angle ¢
is given by:

A, = 4h*tan*(¢p | 2) 1D
where h, is the contact depth, computed as:
hc :hmax_elﬁ (12)

S

Here hp, is the maximum penetration depth, € is a geometry-
dependent constant (¢ = 0.72 for a conical indenter), and S is the con-
tact stiffness, defined as the slope of the unloading curve at maximum
load, S=(dP/dh)pmax. The unloading branch was fitted using the func-
tional form:

P=a(h—h)" (13)

Where hy is the residual indentation after unloading, and a and m are
the fitting parameters.

In addition to the Oliver—Pharr procedure, we also estimated the
hardness using a complementary geometrical approach that does not
rely on continuum contact mechanics assumptions. This alternative
method is motivated by the atomistic nature of the simulations and by
the fact that, after unloading, the indenter is no longer in contact with
the glass surface. As a consequence, the contact area cannot be defined
directly and must instead be inferred from the geometry of the residual
indentation imprint.

In this second approach, the residual indentation cavity is approxi-
mated as a right circular cone whose geometry is defined by the shape of
the indenter and by the residual indentation depth h¢. As stated above,
the conical indenter used in the simulations has a total height Hyo = 52.5
A and a basal radius Ro=40 A. Assuming geometrical similarity between
the indenter and the residual imprint, the effective base radius rf of the
residual cavity is obtained as ri=Roh¢/Hy. The characteristic area asso-
ciated with the residual imprint is then approximated by the lateral
surface of this cone, excluding the base, and is computed as:

A :ﬂrﬂ/rerhf

This geometrical definition provides a conservative, atomistically
grounded estimate of the characteristic area over which the maximum
load is distributed. The corresponding hardness, is therefore not inten-
ded to replace the Oliver-Pharr value, but rather to provide an alter-
native estimate that is better suited to the angstrom-scale resolution of
molecular-dynamics simulations and that enables a more direct com-
parison with experimental hardness values.

Local continuum fields (density, stress and strain maps) during
indentation tests were computed by binning atomistic data with
LAMMPS (chunk/atom + bin/3d command) and by extracting a mid-x
yz-slice of fixed thickness (10 A). For the production runs we adopted
a bin size of 2 x 2 x 2 A3, This choice was motivated by two points: (i) it
is comparable to the typical atomic length scale in silicate networks (the
Si-O first-neighbour distance is ~1.6 A and the coordination cutoff
commonly used for Si is 2.0 A), therefore a 2 A bin typically samples at
least one SiO4 tetrahedron on average; (ii) it provides a good compro-
mise between spatial resolution and statistical averaging over a suffi-
cient number of atoms per bin. We performed a convergence test by
recomputing the post-unload densification maps for the AL composition
with several dx = dy values (see Figure S3 of the ESI). The maps show
that the spatial pattern, peak densification values and overall extent of
the densified zone are stable for bin widths around 2 A; reducing the bin
width increases small-scale noise, while larger bins smooth fine features
but do not change the main conclusions.

14

3. Results and discussions
3.1. Surface properties: composition, density and roughness analysis

In this section we describe the structural analysis of the glass surfaces
before indentation experiments. The molar fraction of Na, Si and Al
along the z-direction for the NS and AL glasses are shown in Fig. 2(a and
b). The analogous data are not reported for the pre-densified NS1.5 and
AL1.5 glasses because we did not observe appreciable differences.
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Fig. 4. Surface image analysis focused on both surfaces of each glass sample: a) AL glass, b) AL 1.5 glass, ¢) NS glass, d) NS 1.5 glass. The plots show the fluctuation of
the z coordinate for each atom of the surfaces. Negative values refer to fluctuations towards the inside of the box, positive values to fluctuations towards the outside

of the box.

Considering the region where the atomic fractions stabilize to the bulk
one, we identify a surface thickness of about 10 A. The analysis reveals
that the surfaces of all the glasses are enriched in sodium ions. These
results align with experimental studies using ion scattering spectros-
copy, which also reported an increase in sodium concentration at glass
surfaces [59,60].

The z-profiles for Si show that its molar fraction at the glass surface
(just below the sodium layer) is slightly higher than in the bulk, forming
small peaks at approximately 0 and 100 A. In contrast, Al does not
exhibit such peaks, indicating that its molar fraction at the glass surface
closely matches that in the bulk.

These findings suggest that Al does not preferentially accumulate at
the surface or subsurface layers but it is mixed with Si as in the bulk.

The coordination number profiles reported in panels c) and d) shows
that Si and Al are 4-coordinated along the whole slab models both for
pristine and pre-densified glasses. As for Na, the coordination number is
lower at the surface for all glasses compared to the bulk. For the AL glass,
the average coordination number of Na in the first 10 A of the surface is
approximately 5.5 and increases to about 5.8 after densification. A
similar increment from 5.8 to 6.4 is observed in the bulk. Similarly, the
average coordination number of Na of NS glass shows an increase from
4.6 to 5.2 upon densification at the surface and from 5.8 to 6.2 in the
bulk. This increase in coordination number reflects the densification of
the glass structure under pressure.

The density profiles reported in panels €) and f) of Fig. 2 shows that
application of a pressure of 1.5 GPa induces densification of approxi-
mately 5 % for the NS glass and 6.6 % for AL glass. Specifically, the

Table 2

Surface roughness parameters of aluminosilicate (AL) and sodium-silicate (NS)
glasses before and after densification under 1.5 GPa. R, is the arithmetic mean
roughness, Ry the root-mean-square roughness, and ohmax the standard deviation
of the height map maxima, all expressed in nm.

R, (nm) Ry (nm) Ohmax (nm)
AL 0.208 0.277 0.278
AL 1.5 0.194 0.261 0.262
NS 0.238 0.317 0.318
NS 1.5 0.217 0.289 0.289

surface density of the AL glass increases from 2.382 g/cm?® to 2.540 g/
cm?®, while for the NS glass, it increases from 2.280 g/cm?® to 2.403 g/
cm®,

The population of NBOs, Si-O-Si, Si-O-Al and Al-O-Al bonds at the
surface and in the bulk of the glasses investigated are reported in Fig. 3.

In general, the population of NBOs is higher at the glass surface than
in the bulk in agreement with the observation of sodium enrichment. As
expected, the percentage of NBOs is higher in the NS glass than the AL
one, the latter having a tectosilicate composition. The amount of NBOs
at the glass surface slightly increases with pre-densification.

For the AL glass we observe a slight reduction of the amount of the Si-
0O-Si and Si-O-Al bonds at the glass surface with respect to the bulk
which is compensated by the formation of more Al-O-Al bonds denoting
a more pronounced tendency of aluminum to aggregate at the surface.
This aggregation is enhanced by pre-densification.
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Fig. 5. Load vs Displacement curves for all investigated glasses during loading and unloading.

Fig. 4 shows the atoms on the glass surface with the maximum z-
coordinate, mapped using a grid in the xy plane with a resolution of
about 2.0 A x 2.0 A.

Table 2 reports the arithmetic (Ry), root-mean-square (Rq), and
standard-deviation (chmax) roughness values for the pristine and pre-
densified glass surfaces as defined in the section of the computational
methods. All values are below 0.3 nm (< 3 f\), which is consistent with
atomically smooth, relaxed surfaces generated in Molecular Dynamics
simulations. These magnitudes are about one order of magnitude lower
than those reported by Zhang et al. [61] for sodium silicate glasses and
the experimental roughness of polished glass surfaces (0.1-1.5 nm) [62,
63]. The difference arises primarily from the limited lateral dimensions
of the simulated systems and the surface preparation procedure adopted
here—surfaces were created by melting after cutting along z rather than
by fracturing—which suppresses the long-wavelength height fluctua-
tions captured in experiments and larger-scale MD models [37,64].

Upon densification at 1.5 GPa, both glass compositions exhibit a
clear reduction in roughness, but the magnitude of the decrease depends
on composition. In the sodium aluminosilicate (AL) glass, R, decreases
from 0.208 nm to 0.194 nm, and R, from 0.277 nm to 0.261 nm (~ 6 %
reduction), indicating that pressure produces a more uniform and
compact surface. For the sodium silicate (NS) glass, the reduction is
slightly larger (= 9 %), with R, decreasing from 0.238 nm to 0.217 nm
and R, from 0.317 nm to 0.289 nm. The three roughness descriptors (R,
Ry, ohmax) provide consistent trends, confirming that densification
smooths the surface topography.

At both densities, the NS glass exhibits higher roughness than the AL
glass: Ry, Ry, and onmax values are roughly 15-20 % larger. This

Table 3

compositional dependence reflects the structural role of sodium. In NS,
sodium acts as a network modifier, generating non-bridging oxygens
(NBOs) that break Si-O-Si linkages and increase local height fluctua-
tions. In contrast, in AL glass sodium behaves mainly as a charge
compensator for [AlO.]" tetrahedra, preserving network connectivity
and producing intrinsically smoother surfaces even before densification.

3.2. Indentation tests

3.2.1. Load displacement curves and hardness

Fig. 5 presents the simulated load-displacement (P-h) curves for the
sodium aluminosilicate (AL) and sodium silicate (NS) glasses, both in
their pristine and pre-densified (1.5 GPa) states, while Table 3 sum-
marizes the corresponding indentation parameters obtained through the
Oliver-Pharr (OP) analysis as well as the hardness estimates obtained
using the alternatic geometric approach described in the computational
section and denoted as H¢ope.

All curves display the typical elastic—plastic response observed dur-
ing indentation of silicate glasses, [11,31,65] a smooth loading
non-linear segment followed by a drop in force at the maximum
indentation depth ascribed to stress relaxation during the holding stage
and an unloading branch whose slope reflects the elastic recovery of the
material. The maximum load (Pmax), indentation depths (hmax, hg, hc)
and calculated hardness values highlight clear compositional and
pressure-induced effects.

For both compositions, the application of a pre-densification treat-
ment at a pressure of 1.5 GPa leads to a noticeable increase in stiffness
and maximum load, together with a reduction in penetration depth. In

Maximum load (Pmax), maximum indentation depth (hmax), residual depth after unloading (hy), contact depth (h,), and hardness (H) obtained from the Oliver—Pharr
analysis (OP) or using the lateral cone area (Eq. (14)) for pristine and pre-densified sodium aluminosilicate (AL) and sodium silicate (NS) glasses. Hardness values were
computed from the simulated load-displacement curves reported in Fig. 2 using Eq. (10)-(13) and compared with available experimental data (Hexp) from Refs. [66,
67]. All quantities are in A or GPa, and the pressure applied during densification is given in GPa after each composition label (e.g., AL 1.5 = AL glass pre-densified at 1.5

GPa).
Pnax (€V/A) himax (A) he (A) he (A) Hop (GPa) Heone. (GPa) Hewp. (GPa)
AL 323.0 47.0 36.0 42.9 14.0 13.3 7.5 [66]
AL 1.5 339.0 44.5 34.0 40.0 16.8 15.6 \
NS 259.6 45.0 36.0 41.8 11.9 10.7 7.2 [67]
NS 1.5 320.2 45.5 35.0 41.4 14.9 13.9 \
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Fig. 6. Local densification maps for the aluminosilicate glasses: pristine AL (left column) and pre-densified AL 1.5 (right column). Rows correspond to the initial
state, maximum load, and after unloading. Maps were generated from the LAMMPS outputs by binning the box with a 2 x 2 x 2 A® grid and extracting a y-z slice
centred at x = Ly/2 with 12 A thickness. For each bin the local density was compared to the composition-specific bulk density before indentation and reported as
densification Ap/po x 100. The gridded fields were lightly smoothed (Gaussian ¢ = 1.5 bins). The colour scale is fixed to [—30 %, +30 %] and centred at 0. Pristine
AL shows a larger and deeper densified zone beneath the tip, whereas AL 1.5—already compact—exhibits a more confined densification pattern during loading and
after unloading. The blue regions into the panels surrounding the slab models represent void region into the simulation box, not a negative densification. The value
ranges of the colormap was chosen based on the maximum positive local densification value observed and then a symmetric colormap was created.

the AL glass, Pmax rises from 323 to 339 eV 10\‘1, hmax decreases from 47
to 44.5 A, and hardness computed with the OP method increases from
14.0 to 16.8 GPa. A similar trend is observed for NS, where Pmax grows
significantly from 259.6 to 320.2 eV A and hardness from 11.9 to 14.9
GPa.

The hardness values obtained using the cone-based contact area
(Hcone) follow the same trends as the OP hardness but presenting slightly
lower values (of about 1 GPa). This consistency confirms that the
observed trends are robust and not an artefact of the specific contact-
area definition.

The reduction in residual depth (hy) and in h. in pre-densified glasses
reflects their reduced propensity for irreversible densification and thus a
higher degree of reversible (elastic-like) recovery upon unloading. This

behavior is consistent with experimental observations showing that
pressure-treated silicates exhibit increased stiffness and a diminished
capacity for further compaction [9,10,65].

When comparing the two compositions, NS glasses exhibit system-
atically lower maximum loads and hardness than their aluminosilicate
counterparts, reflecting the structural role of sodium. In NS, Na acts as a
network modifier, breaking Si-O-Si linkages and producing non-
bridging oxygens that weaken the network connectivity. The resulting
open structure facilitates plastic deformation during indentation, pro-
ducing softer, more compliant surfaces with larger residual depths. In
contrast, in the AL glass sodium primarily serves as a charge compen-
sator for [AlO4]™ tetrahedra, maintaining a highly interconnected and
compact framework and yielding higher stiffness and hardness.
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Fig. 7. Local densification maps for the sodium silicate glasses: pristine NS (left column) and pre-densified NS 1.5 (right column). Rows show initial, maximum load,
and unloaded configurations. Processing matches Fig. 6: chunk/atom bin/3d with 2 x 2 x 2 A® bins, mid-x slice of 12 A thickness, densification computed relative to
each composition’s pre-indentation bulk density (po), Gaussian smoothing (¢ = 1.5 bins), and a fixed [—30 %, +30 %] color range centered at 0. As in AL, pristine NS
exhibits a broader densified region under the indenter, while NS 1.5 shows more localized compaction due to its reduced capacity for further densification. The blue
regions into the panels surrounding the slab models represent void region into the simulation box, not a negative densification. The value ranges of the colormap was
chosen based on the maximum positive local densification value observed and then a symmetric colormap was created.

Pre-densification enhances packing of the network and increasing
connectivity, thereby strengthening both compositions. As a result,
charge-balanced aluminosilicates exhibit higher Pmax and H, while
depolymerized sodium silicates remain more deformable and thus
softer.

In conclusion of this section, we would like to highlight that albeit
the cone-based hardness values are systematically lower than those
obtained using the Oliver—Pharr method, the quantitative improvement
remains moderate, and the calculated hardness values are still consis-
tently higher than experimental data. This indicates that, while the
cone-based approach provides a conservative and atomistically groun-
ded estimate that mitigates some limitations of continuum contact me-
chanics at the angstrom length scale, the remaining discrepancy is likely
dominated by the intrinsic stiffness of the empirical interatomic poten-
tial under the extreme local stresses generated during indentation.

3.2.2. Local density, stress and strain distributions

Figs. 6 and 7 show the evolution of local densification around the
indenter during the loading and unloading stages for the AL and NS glass
families, respectively. Each figure compares the pristine compositions
(left panels) with their pre-densified counterparts treated at 1.5 GPa
(right panels). The three rows correspond to the initial configuration,
the maximum indentation load, and the post-unloading state. The top
panels in each figure also report the local density before indentation to
provide a direct reference for the changes in compactness during the
indentation cycle.

The local densification was calculated using the chunk/atom bin/3d
command in LAMMPS with a 2 x 2 x 2 A® grid. For each bin, the local
density during indentation was compared to the bulk density of the same
glass prior to indentation, and the relative change was expressed as a
percentage. Positive values (red) indicate local compaction of the glass
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Fig. 8. Average z-profile of the post-indentation glass surfaces obtained from the atomic configurations after unloading. The surface trace was computed by dividing
the simulation cell into bins of 1 A along the y direction within an yz slice centered at mid-x (+6 A thickness). For each bin, the outermost atomic position (zmax) of
the glass atoms (Na, Si, Al, O) was extracted, excluding the carbon atoms of the indenter. The resulting profiles represent the average surface height after indentation
for the pristine and pre-densified glasses. The pre-densified samples (AL 1.5 and NS 1.5) display a small pile-up of material of about 5 A at the edge of the indent,
consistent with strain relaxation and plastic shear in the already densified networks.

network. Apparent negative values (blue) do not represent physical
dilatation of the glass; instead, they arise from bins located in the vac-
uum regions of the simulation box surrounding the free-standing slab,
where the local density is close to zero. These regions are included in the
spatial binning for technical reasons related to the construction of the
density maps and should be interpreted solely as empty space, not as
negative densification of the material.

During loading, all glasses develop a strongly densified zone under
the tip, consistent with the compressive stresses generated at the con-
tact. However, the extent and magnitude of this densification depend on
both composition and pre-densification. In the pristine glasses, the
densified region is larger and extends deeper, reflecting their higher free
volume and greater compressibility. In contrast, the pre-densified AL 1.5
and NS 1.5 samples show a smaller, shallower densified region, as their
initially compact structures limit further densification. This trend cor-
relates with the higher hardness and reduced penetration depth
measured for the pre-densified systems.

After unloading, partial elastic recovery occurs, but the densified
zones persist beneath the residual imprint. Notably, the pre-densified
glasses exhibit a slight pile-up of material (~ 5 A) at the rim of the
indentation, as highlighted in Fig. 8. This pile-up originates from strain
relaxation dominated by plastic shear, since further volumetric
compaction is hindered by the already high network density. Conse-
quently, while pristine glasses deform primarily by densification, pre-
densified ones accommodate deformation mainly through lateral flow,
producing the observed surface uplift at the indent boundary.

To obtain an atomistically resolved picture of the volumetric changes
occurring during indentation, we also evaluated the variation of the
atomic Voronoi volume for each configuration along the loa-
ding-unloading cycle. The resulting AV maps, reported in Fig. 9, provide
a direct measure of local free-volume collapse or expansion at the single-
atom level. In all glasses, a pronounced reduction of Voronoi volume
develops beneath the indenter at maximum load, consistent with the
densified regions identified in the binned density fields. However, the
extent and permanence of this volume collapse depend strongly on
composition and on the initial degree of compaction. Pristine NS and AL
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glasses display a broader and deeper AV < 0 zone with respect to pre-
densified glasses, which exhibit a more confined reduction of atomic
volume and a greater degree of recovery after unloading. Moreover,
small regions with AV > 0 emerge near the edge of the indent in the pre-
densified samples, indicating localized dilatation associated with lateral
material flow. These atomic-scale free-volume variations provide a
complementary and highly resolved view of densification and its inter-
play with shear-mediated deformation during the indentation process.

It is worth to note that, the magnitude of residual densification
observed in our simulations (typically 8-15 % depending on composi-
tion, and exceeding 20-30 % in the most compressed local regions
beneath the indenter at maximum loading) is consistent with Raman-
and Brillouin-based experimental characterizations of indentation-
induced densification in oxide glasses. Experimental studies by Rouxel
et al. [14], Winterstein-Beckmann et al. [15], Ji et al. [10], and Van-
dembroucq et al. [68] report residual densification values between ~5
% and ~20 % depending on glass composition, network connectivity,
and measurement depth, with localized densification zones reaching
even higher values. Although experimental characterisation lacks
atomistic resolution, the amplitude and spatial confinement of the
densified region beneath the indent agree well with our atomistic
predictions.

Figs. 10-12 present the evolution of local shear stress, shear strain,
and non-affine atomic displacements (D,Zm,,) [69] around the indenter for
the four glass compositions (AL, AL 1.5, NS, NS 1.5) at maximum load
and after unloading. Each row compares the different glass families,
while the two columns correspond to the maximum loading and post
loading stages. All quantities were evaluated on an yz slice at middle x
position of the box size (x-mid) as done for Fig. 6 and 7.

These maps present complementary insights into the mechanism of
plastic deformation during indentation.

Local shear stresses (Fig. 10) were obtained from the per-bin virial
tensors computed in LAMMPS via compute stress/atom command
and spatially averaged using fix ave /chunk witha 2 x 2 x 2 A% bin size
[70]. The virial stresses were converted to GPa and smoothed with a
Gaussian kernel to highlight mesoscale variations.
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Fig. 9. Voronoi atomic-volume variations (AV) for all glass compositions at maximum load and after unloading. Maps represent the change in atomic Voronoi
volume relative to the undeformed slab (AV = V(t) — Vo), projected onto a y-z slice at mid-x (+6 A thickness). Negative values (blue) indicate local free-volume
collapse (densification), whereas positive values (red) correspond to local dilatation. For each composition (rows: AL, AL 1.5, NS, NS 1.5), the left column shows
the configuration at maximum indentation load and the right column the configuration after unloading. Pristine glasses exhibit broad and persistent zones of negative
AV beneath the indenter, consistent with irreversible densification, while pre-densified glasses show more confined compaction and the emergence of positive AV
regions near the indent boundary, associated with shear-mediated lateral flow. The colour scale is fixed across all panels to facilitate quantitative comparison.

Because the imprinting load is applied along the z direction, we focus

on the 6y, component of the stress tensor, which directly captures shear
transfer within the analysed yz plane. This component is particularly
sensitive to localized plastic rearrangements driven by gradients in the
axial stress 6,; beneath the imprint. Although scalar invariants such as
the von Mises stress were also evaluated, they combine axial and shear

contributions and were found to provide less direct insight into the
directional nature of stress relaxation in the present geometry.

The maps reveal intense oy, lobes beneath the tip at maximum load,
indicating regions of opposite shear. These stress fields persist after
unloading, confirming that permanent shear offsets remain even after
elastic recovery. The overall stress magnitudes are comparable across
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Fig. 10. Shear stress maps (0, in GPa) on the yz slice at mid-x (+6 A thickness) for four glass compositions (rows: AL, AL1.5, NS, NS1.5) at two indentation states
(columns: Max load and After unload). Bin-resolved virial stresses were computed from LAMMPS ave/chunk outputs, converted to GPa assuming a bin volume of
dx-dy-dz, and smoothed with a Gaussian filter (6 = 1.5 pixels). For visualization, z coordinates were shifted so that the minimum z in each panel corresponds to 0 A.

Colour limits were set to =10 GPa for o, unless otherwise noted.

compositions, but the stress distribution becomes more diffuse in the
pre-densified glasses, where shear is accommodated over a broader area
near the surface, consistent with the pile-up observed in Figs. 6 and 7.

The corresponding local shear strain maps (Fig. 10) were calculated
from atomistic configurations by least-squares fitting the local defor-
mation gradient F to the displacements of neighbouring atoms within a 5
A cut-off, enforcing periodic boundary conditions and the minimum-
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image convention. The symmetric strain tensor e = %(F + FT) — I was
used to extract the ey, component.

These maps represent the affine (elastic) part of the atomic defor-
mation. In all glasses the strain patterns closely follow the stress fields,
showing localized regions of high ey, beneath the indenter. However,
the magnitude and spatial extend of the affine shear strain are similar
across all compositions, suggesting that elastic and reversible part of the
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Fig. 11. Local shear strain maps (ey,) on the yz slice at x-mid (3 A thickness) for AL, AL1.5, NS, and NS1.5 glasses (rows) at Max load and After unload (columns).
The local deformation gradient F was estimated per atom via least-squares over neighbours within re = 5 A and up to a maximum of 40 neighbours, enforcing
periodic boundary conditions and the minimum-image convention. The small-strain tensor E = }4(F + FT) — I was used to extract ey,. Deformed coordinates were used
for plotting to reveal the indentation cavity; common colour limits were fixed to [—0.75, 0.75] for comparability. z coordinates were shifted so that the minimum z in

each panel corresponds to O A.

deformation is comparable, regardless of pre-densification. This con-
firms that the structural stiffening induced by pre-densification pri-
marily affects the plastic, rather than the elastic response.

Finally, the DZin maps (Fig. 12) quantify the non-affine atomic dis-
placements, computed as the mean-squared deviation of each atom’s
local neighbourhood from the best affine transformation fitted to its
reference configuration. D2, therefore isolates irreversible, non-elastic
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rearrangements and provides a direct measure of plastic activity inde-
pendent of the elastic strain. The bright yellow regions beneath the tip
correspond to atoms undergoing large non-affine motions during
indentation, outlining the shear transformation zones responsible for
plastic flow. The D2, maps show that plastic activity is more spatially
extended in the pre-densified glasses than in the pristine ones, even
though their local densification is reduced. This indicates a shift in the
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Fig. 12. Non-affine displacement maps (Dlzmn) on the yz slice at x-mid (+3 A thickness) for AL, AL15, NS, and NS15 glasses (rows) at Max load and After unload
(columns). For each atom, D2, was computed as the mean squared residual ||r' — F r|? across its neighbour shell after fitting the best local affine transformation F
(PBC + minimum image). Values are shown as logm(Dfnin) with a global colour range (from O to logo max(D,znin)) across all systems and states. Deformed coordinates
were used for plotting; z coordinates were shifted so that the minimum z in each panel corresponds to 0 A.

dominant plastic mechanism: pristine AL and NS glasses deform mainly
by local densification beneath the indenter, while pre-densified AL 1.5
and NS 1.5 glasses, having limited capacity for further compaction,
accommodate plasticity through shear flow. The broad, high-DZ;, re-
gions in these glasses reflect collective non-affine rearrangements
associated with shear-dominated flow, which is also responsible for the
observed surface pile-up after unloading. Overall, these results confirm
that pre-densification suppresses volumetric compaction but enhances
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shear-mediated plastic deformation, marking a transition from
densification-driven to shear-flow-driven plasticity.

The observed transition from densification-dominated plasticity in
pristine NS to shear-mediated deformation in AL and in the pre-densified
glasses is fully consistent with experimental observations. Raman
mapping and indentation studies [14,27,65] show that more polymer-
ized or pre-densified networks exhibit reduced densification and a more
prominent contribution from shear flow. Similarly, mechanical and
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Fig. 13. Evolution of the (a) Al[5], (b) Si[5], (c) average CN of Na (CNna), (d) TBO for all the investigated glasses during loading and unloading (circles).

spectroscopic measurements on aluminosilicate glasses [71] identify
increased shear accommodation in compositions with higher angular
flexibility, that is, the ability of O-T-O and T-O-T bond angles (T = Si or
Al) to bend under stress without breaking bonds.

3.2.3. Structural variations around the tip: the coordination numbers

Figs. 13 and 14 provide a detailed picture of how the local glass
structure responds to indentation, both during loading and after
unloading. Fig. 13 reports the evolution of the population of over-
coordinated species—namely Al[5] (panel a), Si[5] (panel b), the
average coordination number of Na (CN(Na)) (panel c), and
three-bridging oxygens (TBOs, panel d)—as a function of the penetra-
tion depth of the indenter. For the aluminosilicate glasses (AL and AL
1.5), Al[5] increases steadily during loading, reaching about 1.6 % in the
pristine glass and 3.5 % in the pre-densified sample at maximum
penetration. Upon unloading, these values decrease but do not fully
return to their initial levels, indicating a partially reversible trans-
formation. Si over-coordination in AL glasses remains extremely low
throughout loading and unloading, suggesting that Si-O tetrahedra are
not the primary structural units accommodating deformation. Na shows
a systematic increase in coordination during loading and a
near-complete recovery upon unloading, reflecting the high mobility
and structural adaptability of Na* in the network. TBOs follow the same
qualitative trend as Al[5], appearing only in the AL compositions, with
slightly higher values in the pre-densified glass; their evolution is
modest but again partly reversible.

These coordination changes are also consistent with experimental
high-pressure NMR and EXAFS measurements. For example, Allwardt &
Stebbins [6], Kelsey et al. [72], and Bista & Stebbins [17] report the
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appearance of Si®, Al%, and Al® species in compressed aluminosilicate and
sodium aluminosilicate glasses at pressures comparable to those reached
locally beneath a sharp indenter. While such measurements cannot be
performed in situ during indentation, the types of coordination defects
observed experimentally under hydrostatic compression closely match
those that emerge in our simulations during localized contact loading.

The sodium silicate glasses (NS and NS 1.5) present a different sce-
nario. These glasses exhibit a higher initial concentration of Si[5], which
further grows during loading and remains elevated after unloading.
Importantly, no TBOs form in NS glasses, and the Si[5] population shows
limited reversibility, indicating a more persistent structural modifica-
tion. Na coordination changes in NS are similar to AL, although the
coordination number is lower because of the modifying role of Na in the
NS glasses. Together, these trends reveal a clear compositional depen-
dence: AL glasses accommodate deformation primarily through changes
in Al and Na coordination, while NS glasses respond predominantly
through Si-centered network compaction and Na coordination changes.

Fig. 14 complements these global trends by showing the spatial
distribution of atoms that experience a coordination increase >1 relative
to the initial state. For NS glasses, Si atoms with increased coordination
are highly localized beneath the indent and within the pile-up region,
consistent with a densification-dominated response concentrated near
the indenter. In AL glasses, however, Al atoms with increased coordi-
nation are distributed more broadly around the tip, and Na atoms with
increased CN appear throughout the deforming volume. This wide-
spread spatial distribution of Na and Al defects is characteristic of
deformation governed by shear flow and non-affine rearrangements
rather than purely volumetric compaction.

Taken together, these results show that the hierarchy of structural
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Fig. 14. 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.

flexibility in the glasses is Na > Al > Si, and that the dominant defor-
mation mechanism shifts according to composition and pre-
densification. In pristine NS glasses, indentation induces persistent Si
over-coordination and localized densification, in agreement with prior
nanoindentation experiments and Raman/Brillouin studies that reveal
persistent densified zones beneath indent imprints in silica and soda-
lime silicate glasses [15,68,73]. In contrast, AL and pressure-densified
glasses exhibit a more shear-dominated response, with deformation
accommodated by reversible Al[5]/TBO formation and significant Na
rearrangement, consistent with experimental findings on compressed
aluminosilicates showing enhanced shear flow, reduced densification,
and increased populations of high-coordination Al species [8,71,72].
Molecular dynamics simulations on silicate and aluminosilicate systems
have similarly reported that (i) Na coordination responds in a highly
reversible manner, (ii) Al acts as a deformation-active network former
while Si remains comparatively rigid, and (iii) increased polymerization
suppresses densification and enhances shear-controlled deformation
[11,31,57].

In summary, Figs. 13 and 14 demonstrate that indentation induces
substantial structural rearrangements whose magnitude and
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reversibility depend on composition. AL and pre-densified glasses
deform primarily through shear-mediated bond rearrangements
involving Al and Na, while NS glasses respond through more permanent
densification of the Si-O network. These insights strengthen the mech-
anistic interpretation presented in the previous sections: deformation in
sodium-containing oxide glasses results from competing densification
and shear-flow pathways, with their balance governed by the roles and
mobility of Na, Al, and Si within the network.

4. Conclusions

This work demonstrates that glass composition and pressure history
dictate the balance between densification and shear flow, the two
fundamental pathways governing plastic deformation during nano-
indentation. By systematically comparing pristine and pre-densified
sodium silicate (NS) and sodium aluminosilicate (AL) glasses, we
reveal a clear hierarchy of structural flexibility—Na > Al > Si—and its
consequences for hardness, defect formation, and residual imprint
morphology.

In pristine NS glasses, plasticity is dominated by irreversible
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densification, accompanied by persistent Si over-coordination and a
compacted zone localized beneath the indenter. NS exhibits the largest
penetration depth and lowest hardness because its open, highly depo-
lymerized network—rich in non-bridging oxygens and Na mod-
ifiers—offers a low-energy pathway for volume collapse. Thus, even
though NS deforms primarily through densification, this mechanism is
easier than the shear-mediated rearrangements available in more con-
nected networks, explaining why NS is mechanically softer.

In contrast, AL glasses are less inclined to densification and instead
deform more through shear flow, mediated by reversible coordination
changes of Al (Al[5] and TBO formation) and extensive Na rearrange-
ment. The stronger Si-O-Al connectivity and reduced NBO content
make volume collapse energetically costly, so plasticity proceeds pre-
dominantly via non-affine shear and bond switching. These
shear-dominated pathways are mechanically harder to activate, yielding
higher hardness and smaller residual densification. This difference in
accessible deformation modes explains why AL is harder than NS despite
relying on shear rather than densification.

Pre-densification suppresses additional densification in both com-
positions by reducing free volume and increasing network connectivity.
As a result, plasticity in densified NS and AL glasses is forced to proceed
mainly through shear-assisted atomic rearrangements, which manifest
as broad non-affine displacement fields and—as observed in AL—small
pile-ups at the indentation rim. These features indicate a shift from
densification-dominated to shear-dominated plasticity as densification
capacity is exhausted.

The spatial distribution of atoms with increased coordination further
reinforces this mechanistic picture. In NS, Si with altered coordination is
concentrated beneath the imprint, consistent with densification-driven
deformation. In AL, Al and Na with increased coordination are spread
over a larger region around the indenter, demonstrating the more
delocalized nature of shear flow. Na, in particular, responds in a highly
reversible and spatially extended manner, confirming its role as the most
flexible structural species.

Altogether, these findings integrate and extend previous experi-
mental and computational studies on indentation-induced densification
and shear flow in oxide glasses. They clarify how network chemistry (Si
vs Al) and modifier content (Na) determine the preferred deformation
mode, and how pressure history can tune the mechanical response by
shifting the accessible deformation pathways. These mechanistic in-
sights provide a foundation for designing silicate glasses with tailored
resistance to contact damage, optimized hardness, and controlled plas-
ticity through precise adjustment of composition and processing
conditions.
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