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ABSTRACT: Metallic glasses exhibit excellent properties such as
ultrahigh strength and excellent wear and corrosion resistance, but there
is limited understanding on the relationship between their atomic
structure and mechanical properties as a function of their structural
state. In this paper, we bridge the processing-structure-property gap by
utilizing molecular dynamics simulation for a model binary metallic
glass, namely NigoP,o. The structural statistics including the fraction of
Voronoi index, the distribution of Voronoi volume, and medium-range
ordering are calculated to explain the observed changes in mechanical
behavior and strain localization upon relaxation and rejuvenation. Our 0.05 010 015 0.2
findings demonstrate that the evolution of mechanical properties can be
linked to the atomic structure change in terms of short- and medium- \
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range ordering. With the help of structural statistics, the mechanical

properties are determined based on simple Voronoi analysis.
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1. INTRODUCTION

Metallic glasses (MGs) have attracted widespread scientific
and technological interest because of their unique thermo-
plastic processing ability and excellent properties such as
ultrahigh strength, wear and corrosion resistance, surface
functionalization, and soft magnetism.l_5 However, wide-
spread use of metallic glasses, particularly in bulk form, is
restricted because of their limited ductility. Thus, improving
the mechanical properties of MGs in terms of ductility and
toughness will likely result in a wide range of application areas
well beyond the current niche. To address this challenge, it is
necessary to understand the correlations between their atomic
structure and mechanical properties with the goal of possibly
tuning this relationship by appropriate processing. However, it
is difficult to analyze the short-range order (SRO) and
medium-range order (MRO) by experiments. With the help of
molecular dynamics simulation, these local orderings may be
statistically evaluated and distinguished by the types of
polyhedra. Sheng et al. have made valuable contributions
toward determining the stacking schemes in various
amorphous alloys.”” Voronoi tessellation was carried out to
investigate the SRO and quantify the frequency of dominant
coordination polyhedra. Common neighbor analysis was
utilized to explain the MRO and determine how the
neighboring polyhedra are connected. In terms of statistical
analysis, the local ordering network composed of different
types of coordination polyhedra may be successfully
delineated. Recently, the evolution of SRO and MRO has
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been reported for Zr-based MGs as a function of heat
treatment and mechanical preprocesses.*”'" It was shown by
Hwang et al.'” that the individual type of polyhedron may be
categorized into three major classes based on the fundamental
geometry of each polyhedron, namely “icosahedral-like”,
“crystal-like”, and “mixed” clusters. With such classification,
the fraction change for the individual type of polyhedron is
highly consistent in each class. However, there are knowledge
gaps in the correlation between the evolution of atomic
structure and mechanical properties in metallic glasses,
particularly as a function of their structural state obtained by
various processing routes. Fundamental insights into how
relaxation and rejuvenation affect the SRO and MRO in
amorphous alloys is clearly lacking.

Here, we bridge the processing-structure-property gap by
analyzing SRO and MRO for as-cast, relaxed, and rejuvenated
NigyP,o metallic glass as a model amorphous alloy system. The
Ni—P system was chosen because of its simple chemistry and
application in a wide range of areas including automotive
industries, surface protection from corrosion and wear, and
micro/nanoelectromechanical systems (MEMS/NEMS).ll
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Figure 1. (a) Molecular model and magnified inset for NigyP,, MG in the dimensions of 21.2 X 42.4 X 4.2 (nm). The intended dimensions and
aspect ratio are chosen to allow shear banding during mechanical deformation. (b) RDF curves for the as-cast, relaxed and rejuvenated MGs
exhibiting typical pair distribution for amorphous alloys and indicating the distinct pair distance in SRO.

Adopting a refined and rigorous classification of structural
statistics proposed by Sheng et al,” we identified the
coordination polyhedra for all the atoms in the model and
classified them into two groups: (i) loose packing and (ii)
dense packing. Our results show that the fraction of dense
packing clusters increases while loose packing clusters
decreases after structural relaxation, and this trend is
completely reversed after rejuvenation. The observed embrit-
tlement and localization of strain after relaxation is attributed
to the loss of free volume enclosed by the loose packing atoms.
In addition to SRO, MRO analysis was carried out to
investigate the connections between the polyhedra and
demonstrate their effect on mechanical properties. The loss
in ductility for the relaxed model was explained by the decrease
in edge-sharing and increase in face-sharing connections,
whereas the increased toughness for the rejuvenated model was
attributed to more edge-sharing and less face-sharing
connections. Our findings reveal the relationship between the
locally complex ordering in amorphous alloys and their
corresponding mechanical properties. Structural statistics in
SRO and MRO are treated as indicators to evaluate the
mechanical performance.

2. METHODOLOGY

The simulations were performed by large-scale atomic/
molecular massively parallel simulator (LAMMPS) and an
accurate Ni—P embedded atom model (EAM) potential was
adapted from Sheng et al.” The appropriate size of the model
was selected to enable the nucleation and propagation of shear
bands in the as-cast, relaxed, and rejuvenated Nig,P,, metallic
glass."”~"* The effect of aspect ratio was also studied'” and the
trend in mechanical properties was investigated as a function of
their structural state obtained by the three processing routes.
An initial model with fcc structure was melted at 2000 K and
maintained for 2 ns. Afterward, an amorphous structure
containing 345 600 atoms with dimensions 21.2 X 42.4 X 4.2
nm was obtained from quenching a melted model at a rate of
1.0 X 10" K/s. This high quench rate assured that the material
was in a completely amorphous state. The glass transition
temperature for NigyP,, was determined to be 567 K from the
change in slope of the potential energy versus temperature
curve. The as-cast model was annealed at 560 (K) for 10 (ns)
to obtain the relaxed model. The rejuvenated model was
obtained by imposing a sinusoidal deformation with an
amplitude of 10% strain and a period of 100 ps for 20 cycles.

The isothermal—isobaric (NPT) ensemble'® based on the
Nose—Hoover thermostat'’~'* and barostat were carried out
for the heat treatment and mechanical processes. Periodic
boundary conditions were imposed along x-, y-, and z-
directions. Tensile and compressive tests were utilized to
investigate the localized deformation and measurement of
toughness. A nonperiodic boundary condition was enforced
along the x-direction and the sample was deformed along the
y-direction at a strain rate of 10° (s™') until failure or the
desired degree of deformation. For postprocessing analysis,
OVITO was chosen as a visualization tool and some
modifications, such as coordination analysis and Voronoi
analysis, were added to identify the coordination polyhedra,
clusters, Voronoi indices, and Voronoi volumes.

3. RESULTS AND DISCUSSION

3.1. Characteristics of MG Structures. The molecular
model for NigP,y MG is shown in Figure la. The radial
distribution function (RDF) for the as-cast, relaxed, and
rejuvenated models (Figure 1b) are in good agreement with
the expected amorphous structure. The first peak corresponds
to SRO, indicating that the paired atoms are confined in
certain type of polyhedra. Gaussian fitting was used for the first
peak to differentiate the evolution of SRO upon structural
relaxation and rejuvenation. As shown in the inset of Figure 1b,
the peak is shifted to the left after relaxation of the MG and the
distance of paired atoms in the first shell is reduced due to the
atomic rearrangement. By contrast, the peak is shifted to the
right and first shell distance is increased for the rejuvenated
metallic glass. Thus, the change in the proportion of
constituent polyhedra may be responsible for the SRO in
MGs and may explain how the mechanical properties depend
on the atomic structure. In addition, MRO, which is composed
of the paired atoms in the second shell, may also play an
important role. The connections among the polyhedra account
for the second peak, resulting in a splitting of the RDF.*’
Generally, there are four ways to connect the neighboring
polyhedra and form several clusters.”®*! Here, we evaluated
the proportion change in each type of connection and
demonstrated that MRO contributed to the change in
mechanical properties after structural relaxation as well as
rejuvenation.

3.1.1. Short-Range Order (SRO). The SRO was statistically
analyzed by utilizing Voronoi tessellation for the as-cast,
relaxed, and rejuvenated MGs and the Voronoi polyhedron is
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Figure 2. (a) Fraction change in each type of prevalent polyhedron as a function of annealing time. The inset is the potential energy of the MG as a
function of annealing time, indicating a sharp decrease at the beginning of annealing followed by steady state. (b) Fraction change for the relaxed

and rejuvenated models compared with the as-cast model.
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Figure 3. (a) Distribution of Voronoi volume, showing that the relaxed MG exhibits smaller and narrower volume distribution compared to the
rejuvenated MG. Two Voronoi cells (gray) in P-centered icosahedra surrounded by Ni atoms are shown in the inset. Two-dimensional Voronoi
volume distribution captured from the bulk model for (b) as-cast, (c) relaxed, and (d) rejuvenated MG. The relaxed MG shows relatively
nonuniform distribution of free volume resulting in more localized deformation.

presented in the form of (nnynsng), where n; refers to the
number of surfaces with i edges. The criterion of classification
is based on a previous report,” separating all of the common
polyhedra into two classes, namely loose packing and dense
packing. Loose packing refers to the polyhedra with voids,
whereas those with no voids are classified as dense packing.
For each class, the three most prevalent and representative
polyhedra were analyzed, and the fraction changes in the
polyhedra are shown in Figure 2a. Three phases of the relaxed
model with different annealing times of 0.2, 1, and 10 ns were
calculated. The fraction change in individual polyhedra became
larger with the increase in annealing time, except for (0,3,6,0).
The reason may be that (0,3,6,x) is a group of polyhedra
intermediate between loose packing and dense packing, which
may be classified as “mixed”-type based on the geometry of this
polyhedron.'” The atomic rearrangement and structural

relaxation progressed at a rapid rate in the beginning of
relaxation as shown in the inset of Figure 2a, indicating a sharp
drop in potential energy within 1 ns followed by relatively
steady decrease up to 10 ns.

As shown in Figure 2a, the fraction of polyhedra in loose
packing decreased with an increase in annealing time whereas
more ordered Kasper polyhedra are formed due to atomic
rearrangement and are classified as dense packing clusters.
Decreasing loose packing and increasing dense packing
indicate annihilation of voids or free volume upon structural
relaxation. Free volume in a metallic glass provides pathways
for atomic diffusion and promotes plasticity.””~>* Glasses with
few dense packing atoms show lower energy barrier for atomic
diffusion compared to the glassy state with many dense
packing atoms.” Thus, the relaxed model with more dense
packing atoms is likely to exhibit limited plasticity. In addition
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Figure 4. (a) A cluster composed of seven polyhedra, showing different types of connections that are indicated by the overlapping circles. (b) The
MRO fraction for different types of connection, suggesting that the fraction of face-sharing connection with high stiffness increased while the edge-
and interconnect-sharing decreased for the relaxed MG. The exact opposite trend was found for the rejuvenated MG.

to the change in loose packing and dense packing atoms that
leads to embrittlement, we also observed that the amount of
(0,2,8,0), (0,2,8,1), and (0,0,12,0) showed larger increments
after relaxation. The fully icosahedral (0,0,12,0) cluster has
been shown to increase Young’s modulus but decrease
plasticity.”>*® The (0,2,8,0) polyhedron, also known as
bicapped square antiprism (BSAP), and distorted BSAP
(0,2,8,1) were found to be the dominant polyhedron for
NigoP,o MG, which is in line with previous reports.”” An
increase in the number of dominant polyhedra not only
promotes the formation of ordered structure but also reduces
the disordered regions at which shear transformation is more
likely to occur. Therefore, changes in mechanical properties
may not only be correlated with changes in loose packing and
dense packing groups but may also be attributed to some
specific polyhedra. Figure 2b shows the fraction change in the
different polyhedra for the relaxed and rejuvenated models.
After rejuvenation, the MG exhibits exactly the opposite trend
in loose packing and dense packing classes with an increase in
free volume. Thus, mechanical rejuvenation may be expected
to promote plasticity in MGs.

Voronoi volume was calculated for an icosahedron with a P
atom at the center bonded to neighboring Ni atoms. The
Voronoi polyhedron was determined by the intersection of
perpendicular planes drawn at the midpoint of neighboring
atoms. The distribution of Voronoi volume for the as-cast,
relaxed, and rejuvenated model are shown in Figure 3a, with
two peaks corresponding to P and Ni. Compared with as-cast
NigoP,o metallic glass, the distribution for the relaxed MG
shifts to lower Voronoi volume, indicating shrinkage due to
atomic rearrangement; however, a shift toward larger volume
for the rejuvenated MG indicates locally dilated regions. These
results are consistent with the RDF shown in Figure 1b. The
volume distribution for the relaxed MG shows narrower but
higher peaks compared to the as-cast model, indicating that the
free volume is more concentrated and localized. The two-
dimensional (2D) distribution of Voronoi volume in 16 local
regions is presented in Figure 3b—d for the as-cast, relaxed, and
rejuvenated model, respectively. The dimensions of each local
cube are 8 X 8 X 8 A, containing about 50 atoms with average
cluster size that includes approximately four to five polyhedra.
From Figure 3b—d, the average volume for the as-cast, relaxed
and rejuvenated MG was calculated to be 8.367 + 0.136, 8.258
+ 0.098, and 8.393 + 0.146 A3 respectively. This represents

~1.3% decrease in free volume with relaxation and ~0.3%
increase in free volume with rejuvenation. These results are in
good agreement with that shown in Figure 3a, indicating
smaller and narrower volume distribution in the relaxed MG
but larger and wider distribution for the rejuvenated MG.
Thus, the distribution of free volume in the relaxed MG is
relatively nonuniform and shear flow is more likely to be
concentrated in local regions, causing catastrophic failure. In
contrast, more homogeneous flow is expected in the
rejuvenated MG since shear deformation is sustained by
more regions with larger Voronoi volume.

3.1.2. Medium-Range Order (MRO). To statistically
investigate the paired atoms in the second shell, the connection
between two P-centered polyhedra was evaluated to determine
the MRO in Nig P, metallic glass. Typically, there are four
types of connections between neighboring polyhedra, namely
vertex-sharing (VS), edge-sharing (ES), face-sharing (FS), and
interconnected-sharing (1S).2**! The number of sharing atoms
for these connection types are 1, 2, 3 and 4, respectively. Here,
we studied all clusters composed of the prevalent coordination
polyhedra and one of the clusters is presented in Figure 4a,
showing a size of seven polyhedra and connections indicated
by two overlapping circles. By inspecting the clusters one by
one, we were able to obtain the fraction of polyhedral
connections. Figure 4b shows the fraction for each type of
polyhedral connection in the as-cast, relaxed, and rejuvenated
MG. After structural relaxation, the fraction of face-sharing
increased while edge- and interconnect-sharing decreased. The
fraction change after rejuvenation was in the opposite
direction. According to the results by Ding et al,”* face-
sharing is the most favored connection when an MG
transitions from liquid state to glassy state. The clusters with
more face-sharing would show higher stiffness while those with
more edge- and interconnected-sharing would exhibit better
flexibility.

3.2. Mechanical Properties of the MGs and Their
Correlation with the MG Structure. Von Mises shear strain
was used to investigate the local deformation and shear
localization in the as-cast, relaxed, and rejuvenated Nig P,, MG
under compressive stress imposed along the y-direction (as
shown in Figure S1a). The shear strain distribution at different
applied strains is shown in Figure S1. At a strain of 5%, there
were more local regions where flow was initiated in the as-cast
and rejuvenated MG than the relaxed one. In contrast, for the
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Figure 5. (a) Von Mises shear strain for the AC, REL, and rejuvenated RE] models with aspect ratio equal to 2, S, and 15 at different strains as
marked on the figures. (b) Stress—strain curves for the three models with different aspect ratios, showing similar trend in deformation behavior,
strain at failure, and fracture energy (indicated next to the structural state in the legend). The model pillars with aspect ratio of 15 showed relatively
more brittle characteristics compared to the pillars with aspect ratio of 2 and S.

relaxed MG the shear strain was induced only in certain local
regions because of nonuniform distribution of free volume and
less clusters with flexible polyhedral connections. At a strain of
10%, there was relatively homogeneous deformation in the as-
cast and rejuvenated MG. In contrast, the regions with
maximum shear deformation developed into obvious shear
localization for the relaxed MG. At strains of 20% and 50%, the
deformation in rejuvenated MG was largely homogeneous, and
only a limited degree of strain localization was identified in the
as-cast MG. For the relaxed MG, well-developed shear
localization was observed, causing unevenness on the surface
of the x-plane. Videos showing the deformation of the MGs are
included in the Supporting Information (the scale of strain is
fixed during compression).

Tensile tests were conducted on the model pillars for three
different aspect ratios of 2, 5, and 15 with dimensions of 13.6 X
(13.6 * aspect ratio) X 1.7 nm, to calculate the fracture energy
(toughness) from the corresponding stress—strain curves.
Figure Sa shows the evolution in shear strain for different
aspect ratios, and Figure Sb shows the corresponding stress—
strain curves for the as-cast (AC), relaxed (REL), and
rejuvenated (REJ) MGs (the aspect ratio for each set is
marked on the figure). The model pillars with aspect ratio of

1S showed relatively more brittle characteristics compared to
the pillars with aspect ratio of 2 and S. This may be attributed
to rapid propagation of shear bands in high aspect ratio pillars
in contrast to relatively slower moving shear bands in low
aspect ratio pillars."> In addition, the pillars with aspect ratio of
2 showed a single region of shear localization in contrast to
multiple failure points for the pillars with aspect ratio of 5 and
15. Taking the intermediate aspect ratio of S, necking occurred
in the relaxed sample at the strain of 25% due to strong shear
localization, whereas the as-cast and rejuvenated MGs showed
relatively homogeneous deformation behavior at the same
strain. At 36% strain, some degree of shear localization was
observed in both as-cast and rejuvenated MGs because shear
flow was eventually confined in some “weak” regions with
relatively large free volume. For the rejuvenated MG, strain
was more distributed in numerous local regions. Finally, the
rejuvenated MG with an aspect ratio of 5 fractured at the strain
of 58%, showing higher ductility compared to the correspond-
ing as-cast and relaxed models. As seen in Figure Sb, the
relaxed MG exhibited higher elastic modulus and yielding
stress than the as-cast MG because of larger fraction of
(0,0,12,0) polyhedra and face-sharing connections with greater
stiffness due to the atomic rearrangement. Table S1 in
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Supporting Information lists the overall changes in atomic
structure and Table S2 lists the corresponding mechanical
properties obtained from tensile tests of MG pillars with
different aspect ratios. The fracture energy calculated for the
MG pillar with aspect ratio of S based on area under the
stress—strain curves were 965, 777, and 1047 (J/cm®) for the
as-cast, relaxed, and rejuvenated models, respectively. The
trend in fracture energy remained the same for the Nig P,
metallic glass pillars irrespective of the three aspect ratios
studied, that is, rejuvenated > as-cast > relaxed. The value of
fracture energy is listed next to the structural state of the
metallic glass in Figure 5b legend as well as summarized in
Table S2. This clearly demonstrates that toughening in metallic
glasses may be achieved by increasing the fraction of loose
packing in SRO, decreasing the fraction of dense packing,
creating more edge- and interconnected-sharing connections
within MRO, and reducing the fraction of face-sharing
connections.

4. CONCLUSIONS

The structural characteristics of as-cast state, relaxed state, and
rejuvenated NigyP,y MG were analyzed using molecular
dynamics simulation and correlated with their mechanical
behavior. The structures of the three states were characterized
by (1) the size of the first shell in RDF, (2) the fraction change
and categorization of prevalent polyhedra, (3) Voronoi volume
change, and (4) the fraction and types of polyhedra
connection. Upon relaxation, the voids or free volume were
annihilated due to the decrease of polyhedra in loose packing
group and increase in dense packing group. In addition,
increase in BSAP and fully icosahedral polyhedron was found
to promote inhomogeneous flow. The rejuvenated MGs had
relatively large and uniform free volume distribution giving rise
to homogeneous flow, whereas shear flow was concentrated in
small regions causing catastrophic failure in relaxed MGs.
Structural relaxation increased the fraction of face-sharing
connections with greater stiffness, which increased the yield
strength but reduced the ductility. Our results show that
Voronoi indices are useful indicators in evaluating the
mechanical behavior as a function of structural statistics.
This work provides a theoretical basis for understanding the
evolution in short- and medium-range order in metallic glasses
to help guide the processing routes for tailoring their
mechanical properties and vastly expanding their potential
application areas beyond the niche.
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