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ARTICLE INFO ABSTRACT

Keywords: Under sharp contact loading, glass deforms elastically and then plastically via densification as well as shear flow.

Glass Stress build-up during loading, residual stress build-up after unloading, and possible ultimate cracking all depend

Densification sensitively on the competition and interplay between densification and shear flow. The crack resistance was
Shear flow . . . : . . . . e

. shown in experimental studies to generally improve with the increasing contribution of densification in glasses
Crack resistance . . . . . e .
Nanoindentation where shear deformation plays a dominant role under indentation. In this work, the role of densification in

deformation behaviors of model metallic glasses under sharp contact loading was studied by 3-D nano-
indentation tests using indenters with different sharpness in classical molecular dynamics simulations. Starting
from a model metallic glass that favors shear deformation, a Lennard-Jones potential was modified to describe
model metallic glasses with different abilities of instantaneous densification under compression and permanent
densification after decompression. Our studies show that model metallic glass with a higher densification ability
under indentation has less stress build-up and less localized shear deformation during loading, as well as smaller
residual stress build-up after unloading. However, our study indicates that both instantaneous and permanent

Classical molecular dynamics simulation

densification need to be tuned for designing damage resistant glasses.

1. Introduction

Although indentation behaviors of glasses have been studied for a
very long time, the dependence of deformation modes and cracking
patterns on glass composition remains so far to a rough classification
between glasses preferentially exhibiting ring/cone cracking (so-called
anomalous glasses) and those for which radial-median cracks predomi-
nate (so-called normal glasses) [1-4]. A typical anomalous glass, e.g.,
fused silica, deforms primarily by densification and has a high tendency
to form ring/cone cracks that can accompany median/radial and lateral
cracks when indented with a Vickers tip. A typical normal glass, e.g.,
soda-lime silicate glass, mainly deforms by a shearing mechanism and
forms median/radial and lateral cracks when indented with a Vickers
indenter [5-9]. Previous studies have shown that the crack resistance of
glasses exhibiting normal cracking behavior increases as the amount of
densification increases [5,10,11]. Sehgal and Ito reported that the crack
resistance of glasses that exhibit normal cracking increases as the molar
volume increases, which is likely due to the ease of densification for
glasses that have more open network structures [12-15]. It was shown
that deformation by densification tends to produce less residual stress
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and less sub-surface damage, so that the threshold load required to
initiate cracks increases [16]. However, there should be a limit as a very
high level of densification like in silica glass increases the tendency to-
ward ring/cone crack formation [5].

By using a newly developed 3-D nanoindentation method in MD, this
study reports a systematic investigation of the role of densification in the
deformation behaviors of model metallic glasses under sharp contact
loading. Instead of changing compositions, here, we proposed a simple
modification to a Lennard-Jones (LJ) potential to tune the densification
ability of model metallic glasses under compression and the permanent
densification after decompression. Detailed analysis of the stress and
strain fields in these model metallic glasses under 3-D nanoindentation
provided an atomic level understanding of how densification affects the
response of glass favoring shear deformation to sharp contact loading.
Our studies show that a higher densification ability under indentation
leads to less stress build-up and less localized shear deformation during
loading, as well as smaller residual stress build-up after unloading, thus
increasing the crack resistance of glass. Insights from this study provide
guidelines on how to tune both instantaneous and permanent densifi-
cation towards damage resistant glasses.
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Table 1
BLJ potential parameters.
Sample Number of bump terms g r 3/ Oap r’,f/} [6up
BLJ_ O 1 0.8 1.2 1.4
0.8 1.2 1.4
BLJ1 2 0.2 1.05 1.10
0.8 1.2 1.4
BLJ.2 2 0.1 1.05 1.11
2. Method

A modified binary Lenard-Jones (BLJ) potential was used to describe
atomic interactions in the model glasses [17]. The model BLJ glasses
consist of an equal amount of large and small atoms with m;, = 2myg, mg
= my. The g44 and o,y are the energy and length scales of the pair in-
teractions. All bonds have the same strength but different lengths: e;;, =

€15 = Es5; 05§ = (g) 011, 01 = (%) orr. The LJ units are related to the

real units as follow: 677, = 2.7 i\; my =46 amu; ¢, = 0.151 eV; tg = 0.5 ps.
The functional forms of the BLJ potential are as follows:

eps(r) = o)+ Z(/’B.i(r)
i
12 65 1; O'Gﬂ
() = 43{1/1( : _L) — At <a12_ us)
r12 r6 gﬁ rgﬁ
0, r<ry
rE, —r
pp(r) = epeq sin® | 1 5"— |, rs/x >rz rz/: @
"5,; - rg/i
0, rxrh
where rg/;/cra[; = 1.4. The additional energy penalty ¢g(r) is applied

only between rgﬂ and rfﬂ. The original BLJ (BLJ_0) sample features a
single bump term, which is identical to our previous study with eg = 0.8
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[18]. Both BLJ_1 and BLJ_2 have two bump terms, with potential pa-
rameters listed in Table 1. Note that the secondary bumps were placed
on the repulsive side of the pair-wise interaction in Fig. 1(a) to accom-
modate the volumetric change under compression, thus giving the sys-
tem ability to densify. Parameters for BLJ_1 and BLJ_2 are chosen so that
the pair interaction is identical to BLJ_0 in the original potential well,
and an additional well is only available under compression.

Glass samples were quenched isochorically from high-temperature
liquid from 2105 K to 5 K with a cooling rate of 0.83 K/ps using the
Nose-Hover thermostat. The samples were then relaxed at 5 K in the
NPT ensemble using the Nose-Hover thermostat and barostat for 2500
ps [19-21]. Each as-quenched sample consists of 80,000 atoms. Velocity
Verlet integrator with a timestep of 5 fs was used for all simulations in
LAMMPS with the KOKKOS acceleration package [22,23].

Uniaxial tensile tests and hydrostatic compression tests were carried
out to characterize the mechanical properties of the samples. The tensile
tests were done at a constant strain rate of 1 ns~!, and only the strain
range up to 0.06 was used to calculate the Young’s modulus. The hy-
drostatic tests were carried out at a constant rate of 5 MPa/ps during
loading and unloading under an NPT ensemble. Volumetric strain up to
0.1 was used to calculating bulk modulus. Stress-strain curves of these
samples from uniaxial tension tests are shown in Fig. 1(b), which in-
dicates that BLJ_1 and BLJ_2 become slightly stiffer and have a smaller
failure strain than BLJ_0, but all three of the model metallic glasses show
a clear brittle fracture under uniaxial tension. As shown in Table 2, the
BLJ_1 sample has a much higher bulk modulus and Poisson’s ratio than
the BLJ_0 and BLJ_2 samples. This is due to the larger height of the
second bump in BLJ_1 that makes it harder to compress the system (see
Fig. 1(a)). The amount of instantaneous densification at the maximum

Table 2
Elastic moduli of BLJ samples.
Sample  Young’s modulus  Bulk modulus Shear modulus Poisson’s
(GPa) (GPa) (GPa) ratio
BLJ_O 118.9 83.0 47.6 0.259
BLJ_1 144.5 135.7 54.6 0.323
BLJ_2 129.0 90.0 51.2 0.261
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Fig. 1. (a) Potential energy versus atomic distance for BLJ_0 (original), BLJ_1 and BLJ_2 (both with a secondary bump), (b) stress-strain curves of BLJ samples from

uniaxial tensile tests.
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Fig. 2. (a) Densification of BLJ samples during a hydrostatic compression and decompression cycle (density vs. pressure curves are shown in inset).

(a)

Fig. 3. (a) Side view and (b) top view of the nanoindentation setup in MD simulation.

Table 3

Dimensions of samples studied in nanoindentation tests using different indenter
angles.

Indenter Dimension x Dimension y Dimension 2z Total number of
angle (nm) (nm) (nm) atoms

60° 161.5 161.5 218.4 338,800,000
120° 191.7 191.7 153.9 338,800,000

pressure through a hydrostatic compression-decompression cycle de-
termines the naming of samples. As shown in Fig. 2, BLJ 2 has the
highest amount of densification at 12 GPa, and BLJ_0 has the lowest.
The as-quenched sample with dimensions of 14.3 nm x 14.3 nm X
6.2 nm is replicated in three directions for nanoindentation tests. The
schematic of the nanoindentation setup is shown in Fig. 3. Same as in our
previous study [18], the indenter has a pyramidal shape similar to the
Vickers indenter, characterized by its apex angle and a tip radius of 5

(b)

nm. The indenter approaches the sample at a speed of 20 m/s to reach a
depth of about 30-50 nm until the sample develops significant plastic
deformation. Sample dimensions for indenter angle of 60 and 120° are
shown in Table 3, each containing 338,800,000 atoms.

3. Results

Modifying the original BLJ with a secondary bump is intended to
tune densification under compression and permanent densification after
decompression. As shown in Fig. 2, compared to BLJ_0, the two samples
with a secondary bump show enhanced densification at the maximum
pressure and more permanent densification after pressure release. BLJ_2
has the highest instantaneous densification at 12 GPa (~13 %), and
BLJ_1 has the most permanent densification after decompression (~6 %)
although the instantaneous densification at the maximum pressure is
lower (~11.5 %). The density of BLJ_O increases by ~10.5 % at 12 GPa,
but there is no permanent densification after decompression. The
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Fig. 4. Densification maps during loading and after unloading from a depth of 44.2 nm and 24.3 nm in 60° and 120° nanoindentation, respectively.
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Fig. 5. Atomic shear strain during loading and after unloading from a depth of 44.2 nm and 24.3 nm in 60° and 120° nanoindentation, respectively.
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Fig. 6. Load-displacement curves of the BLJ samples in (a) 60°, and (b) 120° nanoindentation tests.

amount of permanent densification in BLJ_1 (~6 %) and BLJ_2 (3.2 %)
after decompression from 12 GPa is in the range seen in permanently
densified metallic glasses, BoO3 glass, and window glasses [24]. It is
interesting to note that BLJ_1 has the highest Poisson’s ratio (0.323), the
lowest permanent densification ability is expected [15,24], yet an
opposite trend is seen in Fig. 2. Given the stress field under an indenter is
largely compressive, density change during hydrostatic compression and
decompression will help us understand the response of glass to

indentation during the loading and unloading process.

Cross-section view of the densification maps under nanoindentation
tests along the y axis in the schematics of Fig. 3 are shown in Fig. 4. In
60° and 120° nanoindentation tests, both BLJ_1 and BLJ_2 facilitate
more local densification underneath the indenter than BLJ_0. Their
densification patterns look similar to a previous study of as-quenched
silica glass under indentation, which also has excellent densification
ability [25]. Fig. 4 shows that all three samples developed a higher
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Fig. 7. Maps of I; (in the units of GPa) during loading and after unloading from a depth of 44.2 nm and 24.3 nm in 60° and 120° nanoindentation, respectively.
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Fig. 8. Maps of I3 during loading and after unloading from a depth of 44.2 nm and 24.3 nm in 60° and 120° nanoindentation, respectively.

amount of instantaneous densification and permanent densification in
120° indentation than in the 60° nanoindentation test, which agrees
with experimental observations that a blunter indenter promotes more
densification deformation under indentation [5,26,27]. BLJ_2 shows
higher instantaneous densification than BLJ_1 during loading in both
60° and 120° indentation tests, while BLJ_1 shows slightly higher per-
manent densification near the indenter tip than BLJ_2 after unloading,
the difference is more obvious in 60° than 120° indentation test. This
difference between BLJ_1 and BLJ_2 is consistent with their instanta-
neous and permanent densification propensities under compression and
after decompression in Fig. 2.

The atomic shear strain under 60° and 120° nanoindentation are
analyzed [28,29] and shown in Fig. 5. Our previous study has identified
two shear band systems in BLJ_0, namely the upper shear band (USB)
and lower shear band (LSB), based on the direction of the shear band
propagation relative to the indentation direction [18]. The activation of
the shear band is controlled by the indenter angle, in which a sharp
indenter with an angle of 60° would activate USB, and a blunt indenter
with an angle of 120° would activate LSB. In BLJ_1 and BLJ 2 during
loading under both 60° and 120° nanoindentation tests, the shear band
activation is suppressed, and the shear deformation is less and takes
place more homogeneously than in BLJ_0. Compared to BLJ_0, both
BLJ_1 and BLJ_2 exhibit less pile-up under the 60° nanoindentation, and
their shear deformation zone size is substantially reduced in the 120°
nanoindentation. The shear strain after unloading in Fig. 5 shows that
under the 60° nanoindentation, the shear deformation recovers, and the
shear deformation zone shrinks for all three samples. On the other hand,
under the 120° nanoindentation, the shear deformation reduces slightly,
and the shear deformation zone doesn’t change appreciably in BLJ_O,
while BLJ_1 and BLJ_2 partially recover the shear deformation after
unloading, as indicated by the smaller deformation zone. Furthermore,
it is very interesting that BLJ_1 shows a better recovery of the shear

deformation than BLJ_0 and BLJ_2 after unloading in both 60° and 120°
nanoindentation tests.

The load-displacement curves are shown in Fig. 6 for the three BLJ
samples in the 60° and 120° nanoindentation tests. In our previous
study, we observed shear band formation correlates with kinks on the
load-displacement curve of BLJ O [18], which agrees with previous
experimental studies where the serrations on the load-displacement
curves rise from the shear flow [30,31]. Furthermore, the sharper the
indenter, the more pronounced the kinks appear on the
load-displacement curves, and at a deeper indentation depth they start
to appear [32-35]. Similar trends still hold for the BLJ_1 and BLJ_2
samples. We also observed that the kinks become less evident for the
BLJ_1 sample in both 60° and 120° nanoindentation tests. This is
consistent with Fig. 5 that BLJ_1 suppresses the formation of the shear
band most effectively, as it has a higher shear modulus as seen in
Table 2.

In our previous study of BLJ_0, the combination of stress invariants of
I; and I3 was used to describe the local stress states [18]. I; and I3 are
calculated in Eqs. (2)—(4) below. Eq. (4) represents I using the principle
stresses instead of the components of a general stress tensor.

L =011 +022 +033 (2
2 2 2

I3 = 011022033 + 2012023031 — 07,033 — 053011 — 073022 3

I3 = 010203 (C))

The physical interpretation of I; is the local hydrostatic stress state.
Our previous study showed that positive I3 strongly correlates with the
shear band activation [18], where the positive region of I3 in the
deformation zone generate most susceptible stress states for shear band
activation. Maps of I3 in Fig. 7 show that in the 60° nanoindentation,
BLJ_1 and BLJ_2 have less tensile stress build-up during loading and less
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Fig. 9. Patterns of the maximum shear stress 7/{* (represented by an arrow at each point to indicate the direction and magnitude) during loading and after unloading
from a depth of 44.2 nm and 24.3 nm in 60° and 120° nanoindentation, respectively.

residual tensile and compressive stress build-up after unloading than loading and less residual stress build-up after unloading than BLJ_2. The
BLJ_0. In the 120° indentation, BLJ_1 and BLJ_2 show less tensile stress difference is more obvious in the 120° nanoindentation than in the 60°
and compressive stress build-up during loading and after unloading. nanoindentation.

Maps of I in Fig. 8 show that a more diffusive band with positive I3
around the indenter is seen in BLJ_1 and BLJ_2 than in BLJ_0. Both
Figs. 7 and 8 show that the BLJ_1 sample has less stress build-up during

BU O BU 1 BU 2

60 degree

120 degree

154 nm 154 nm 154 nm

Fig. 10. Patterns of the maximum shear stress 7{5* (represented by an arrow at each point to indicate the direction and magnitude) from the top view after unloading
from a depth of 44.2 nm and 24.3 nm in 60° and 120° nanoindentation, respectively.
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Fig. 11. Patterns of residual hydrostatic stress from the top view after unloading from a depth of 44.2 nm and 24.3 nm in 60° and 120° nanoindentation, respectively.

4. Discussion

Our previous study focused on the shear band activation process to
understand the deformation mechanisms in BLJ_0 under indentation
[18]. In this study, the role of densification in the response of glass to
sharp contact loading was investigated by comparing the three model
metallic glasses. As shown in Figs. 4 and 5, BLJ_1 and BLJ_2 facilitate a
higher amount of local densification during loading while pinning down
the shear bands to introduce more homogenous shear deformation. As
shown in our previous study, the shear stress of T3 was found to
significantly affect the shear band formation in both 60° to 120° nano-
indentation, where the shear bands propagate toward the high-stress
region and the shear stress is released after the shear band activation
[18]. The maximum shear stress 7]%* is defined by the principal stresses,
namely the tensile stress 67 and the compressive stress o3. For clarity, the
top 10 % of the 7J%5* in 60° and 120° nanoindentation during loading and
after unloading are shown in Fig. 9. Unlike BLJ_0, both BLJ_1 and BLJ_2
build up the shear stress homogeneously throughout the deformation
zone without significant local accumulation during loading in both 60°
and 120° nanoindentation. After unloading, the maximum shear stress
of 713 is mostly relaxed in BLJ_1 and BLJ_2, while substantial shear stress
remains in BLJ_0. The localization of the shear stress in BLJ_0 is more
obvious under the 60° than the 120° nanoindentation during loading
and after unloading.

Top view of the residual maximum shear stress 75* and the residual
hydrostatic stress for these samples are shown in Figs. 10 and 11. After
unloading in the 60° nanoindentation, BLJ_1 and BLJ_2 show similar
residual stress patterns, but substantially smaller residual stresses than
BLJ_O for both the shear stress in Fig. 10 and the hydrostatic stress in
Fig. 11. After unloading in 120° nanoindentation, BLJ_1 has the least
residual shear stress, the spatial distribution of the residual shear stress
in BLJ_2 is the smallest among the three, but the stress level is higher
near the indent as seen in Fig. 10. Fig. 11 shows that BLJ_1 and BLJ_2
have a similar residual hydrostatic stress but smaller than that in BLJ_0.
A much higher tensile residual stress accumulates near the indenter
corners in BLJ_0, which would promote crack formation during the
unloading process [16,36,37]. Fig. 10 also shows that the shape of the
residual stress field in BLJ_2 looks quite different from that in BLJ_0 and
BLJ_1, more resembling the cross-section of the pyramid indenter than a
circular shape seen in the latter two samples.

The above observations show that densification under indentation
could enhance the damage resistance of glass by reducing the localized
stress build-up during loading and the residual stress build-up after
loading, consistent with findings from previous experimental studies

[10,16]. Fig. 2 shows that BLJ_1 has less instantaneous densification and
more permanent densification than BLJ 2 during a hydrostatic
compression-decompression cycle, and it is more effective in reducing
the stress build-up during loading, the residual stress build-up after
unloading, and in reducing shear localization and relaxing the shear
deformation after unloading. The comparison between BLJ_1 and BLJ_2
shows the complicated interaction between shear and densification in
affecting the stress and strain fields during the loading and unloading
process of indentation. A more detailed study is needed in the future to
fine tune the relative contribution of instantaneous and permanent
densification to increase the damage resistance of glasses. Between
anomalous glasses that primarily deform by densification and normal
glasses that mainly deform by a shearing mechanism, intermediate
glasses that show deformation behaviors between normal and anoma-
lous seem to hold the promise of having higher crack resistance [5].

5. Conclusions

The role of densification in the deformation behaviors of model
metallic glasses was studied using 3-D nanoindentation tests in classical
molecular dynamics simulations. A Lennard-Jones potential was modi-
fied to allow the system to densify under compression and retain a
certain level of permanent densification after decompression. Our
studies show that in model metallic glass with a higher contribution of
densification under indentation, less stress is built up, less shear defor-
mation is localized during loading, and a smaller residual stress is built
up after unloading. However, deformation modes of BLJ_2 under
indentation shows that the instantaneous densification under loading
may not need to be the higher, the better. Modest instantaneous densi-
fication combined with some permanent densification in BLJ_1 indicates
that both instantaneous densification and permanent densification need
to be tuned to improve the crack resistance of glass. Besides the BLJ
system studied in this work, a similar approach could be used in other
glass systems to optimize their crack resistance by tuning the densifi-
cation ability during compression and after decompression.
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