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The mechanical properties of metallic nanoglasses (NGs) strongly depend
on the average size of glassy grains (Davg). Nevertheless, current knowledge
on the effects of sizes of glassy grains is incomplete for the mechanical
properties of NGs. Herein, ZrxCu100-x (25 ≤ x ≤ 75) nanoglasses containing
glassy grains with different chemical compositions, i.e., the heterogeneous
NGs (HNGs), are investigated by molecular dynamics simulation, and the
relation between ultimate tensile strength (UTS) and Davg is determined.
Specifically, the UTS decreases with decreasing Davg in Zr-Cu HNGs when
Davg < 10 nm, mainly resulting from the increased volume fraction of glass-
glass interfaces, while UTS would follow the Hall–Petch like relation for
Zr-Cu HNGs when Davg > 10 nm, which is closely related to glassy grains
with compositions dominated by Zr atoms. This study provides a deep
insight into the mechanical property dependence on grain size in the HNGs,
which could be a novel strategy in resolving the issue of strength-ductility
tradeoff in NGs.

KEYWORDS

metallic nanoglasses, non-crystalline alloys, mechanical properties, molecular
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1 Introduction

Metallic glasses (MGs) are amorphous alloys prepared through the melt quenching
route (Miroshnichenko and Salli, 1959; Klement et al., 1960). Due to the lack of crystalline
defects (Inoue, 1995; Inoue et al., 2003), MGs normally have an ultrahigh mechanical
strength, which enables them to become an ideal candidate (Ashby and Greer, 2006;
Gu et al., 2007) for the structural applications. However, the issues of intrinsic brittleness
have restricted the use of MGs. Recently, planar defects, i.e., glass-glass interfaces (GGIs),
are introduced into the amorphous alloys (Jing et al., 1989), resulting in a new type
of amorphous alloys, i.e., metallic nanoglasses (NGs) (Fang et al., 2012; Wang C. et al.,
2016a; Mohri et al., 2018; Pei et al., 2020; Li and Zheng, 2022a). It is (Gleiter, 2013; 2016;
Franke et al., 2014; Gleiter et al., 2014) suggested that NGs are composed of glassy grains as
separated by GGIs (Chen et al., 2017), analogous to the microstructures of polycrystalline
alloys (Baksi et al., 2020; Cheng et al., 2020; Ghafari et al., 2020; Li and Zheng, 2022b).More
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importantly, the ductility of NGs could be much improved, namely,
through decreasing the sizes of glassy grains (Wang et al., 2015;
Wang et al., 2016b X.; Li et al., 2018; Guo et al., 2019; Nandam et al.,
2020; Li and Zheng, 2021; Yang et al., 2021). Nonetheless,
mechanical strength of NGs with decreasing sizes of glassy grains
would reduce significantly, resulting in strength-ductility tradeoff
issue for NGs.

For the first time, mechanical properties of amorphous
alloys may be controlled in a new way, i.e., by alternating
their microstructures (Voigt et al., 2023a; 2023b; Singh et al., 2023;
Vasantham et al., 2023), similar to those applied for crystalline
materials, as demonstrated in our previous experimental work
(Li et al., 2021a) that the grain-size effects play an important
role in tuning the mechanical properties of NGs. From atomistic
simulations, Adibi et al. (Adibi et al., 2014; 2015) have found that
the mechanical strength of NGs would decrease monotonously
through reducing the size of glassy grains inNGswith a homogenous
chemical composition. Furthermore, their results indicated that
the influences of sizes of glassy grains on mechanical strength
of NGs is closely related with the chemical compositions of
glassy grains. Therefore, it is suggested that the grain-size effects
on mechanical properties of NGs containing glassy grains with
heterogenous compositions (HNGs) are much different from those
observed inNGswith a homogenous composition.However, current
knowledge is still lacking for the HNGs, posing an issue needs to be
further addressed.

To date, inert gas condensation (Averback et al., 1990;
Chen et al., 2015; Nandam et al., 2021), magnetron sputtering
(Wang et al., 2014; Ketov et al., 2015; Sniadecki et al., 2016;
Mohri et al., 2017; Nandam et al., 2017), severe plastic deformation
(Wang et al., 2011; Shao et al., 2013) and pulse electrodeposition
(Shen et al., 2011; Guo et al., 2017; Li et al., 2021b) have been
developed to fabricate NGs. Despite of the manufacturing routes,
the preparation of NGs in large dimensions is still challenging
and, as a result, there are only a very few studies (Hu et al., 2017;
Sharma et al., 2021) that determine the mechanical properties
of NGs through mechanical tests, largely attributing to the
fabrication barrier of current techniques. Molecular dynamics
(MD) simulation is a versatile tool that could overcome the
limitation of experimental methods, which allows us to investigate
their mechanical properties at atomistic scales. This approach
much relies on the availability of interatomic potentials and
most simulation studies (Kalcher et al., 2020; Adjaoud and Albe,
2021; Ma et al., 2021; Yuan and Branicio, 2021) focus on Zr-
Cu system since there is a lack of reliable interatomic potentials
developed for describing amorphous alloys. Thus, in this work,
the Zr-Cu HNG models containing glassy grains with different
compositions (ZrxCu100-x, 25 ≤ x ≤ 75) have been constructed for
MD simulations to address the aforementioned issues of grain-size
effects in HNGs. The simulation results show that, for Zr-Cu HNGs,
the ultimate tensile strength (UTS) would decrease and increase
through reducing the average size (Davg) of glassy grains when
Davg < 10 nm and Davg > 10 nm, respectively, resulting in grain
size effects much different from those observed in NGs composed
of glassy grains with a same chemical composition (Adibi et al.,
2014; 2015). This work demonstrates that developing HNGs could
be a novel approach that would resolve the tradeoff issue of
strength-ductility in NGs.

2 Simulation methodologies

MD simulations were performed on the large-scale
atomic/molecular massively parallel simulator (Plimpton, 1997).
The interatomic potentials between Zr-Zr, Zr-Cu and Cu-Cu were
described by the embedded atom method (Mendelev et al., 2009).
The potentials have been optimized to simulate the amorphous
atomic structures of Zr-Cu glasses accurately, meaning that they
can be effective in simulating the mechanical properties of Zr-Cu
NGs. The equations of motions were numerically integrated at a
timestep of 1 fs, and periodic boundary conditions were applied in
x, y and z directions. A barostat and Nose-Hoover thermostat were
applied to control the pressure and temperature of simulation cells,
respectively.

A crystalline ZrxCu100-x (25 ≤ x ≤ 75) alloy was initially
constructed (Hirel, 2015) and relaxed at 300 K under isobaric-
isothermal ensemble. The relaxed crystalline Zr-Cu alloy was first
kept at 2,000 K until it was completely transformed into a liquid
phase. The melts were then rapidly quenched to 300 K at a cooling
rate of 1010 K/s, resulting in ZrxCu100-x (25 ≤ x ≤ 75) MG with a
well-defined glass phase.TheHNGmodel systems containing glassy
grains with various sizes were constructed by filling ZrxCu100-x
MGs with Zr contents x randomly chosen between 25 and 75
into a nanostructured model system, whose grain sizes and shapes,
interfaces and triple junctions among grains could be well tuned to
represent those observed in experiments (Zheng et al., 2005). The
procedures of construction of HNG model systems were described
as follows: First, the ZrxCu100-x (25 ≤ x ≤ 75)MGmodels constructed
by the MD simulations as described above were randomly chosen
to fill into the regions defined as the interiors of glassy grains in
a nanostructured model, forming HNG models containing glassy
grains with different sizes varying from 3 to 32 nm. Secondly, the
adjacent glassy grains were prevented from being too close with
each other. i.e., the distances among those atoms across surfaces of
glassy grains were restricted to be larger than 1 nm, thereby forming
HNG models with well separated glassy grains, as illustrated in
Figure 1. Subsequently, theHNGmodelswere kept at 300 K for 20 ns
in MD simulations to equilibrate the free surfaces of glassy grains
in the systems. Thirdly, the HNG model systems were compacted
under the hydrostatic pressure of 1 bar, followed by annealing at
500 K and subsequent cooling to 300 K; Consequently, GGIs could
be formed among glassy grains in Zr-CuHNGs. Finally, Zr-CuHNG
models composed of glassy grains with heterogenous compositions
interconnected by 30–150 GGIs were obtained. In this work, Zr-
Cu HNGs with various average sizes of glassy grains, i.e., Davg =
3, 5, 7, 10 and 15 nm, had been constructed for MD simulations
and the room-temperature uniaxial tensile tests had been performed
on Zr-Cu HNGs at a constant strain rate of 3× 107 s−1 in the x
direction. There were lateral tractions in the y and z directions, and
the temperature was kept at 300 K throughout the tensile loading
processes, which were controlled by the canonical ensemble and
visualized by the OVITO software packages (Stukowski, 2010).

3 Results and discussions

The mechanical properties of Zr-Cu HNGs are determined
from the stress versus strain curves obtained by MD simulations,
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FIGURE 1
Schematics of the formation of Zr-Cu HNGs with heterogenous chemical compositions in MD simulations, where GGI atoms are highlighted with grey
color. The composition of each glassy grain, ZrxCu100-x, is randomly chosen from 25 ≤ x ≤ 75.

FIGURE 2
(A) Stress vs. strain curves for Zr-Cu HNGs with different Davg. (B) Size effects on the ultimate tensile strength UTS; the line is the guide to the eye.

which have been presented in Figure 2A. If Davg is reduced from
15 to 10 nm, the UTS of Zr-Cu HNGs would increase from 2.46 to
3.05 GPa, exhibiting a Hall–Petch like relation. In contrast, the UTS
starts gradually decreasing to 2.77 GPa when Davg of Zr-Cu HNGs
has been further reduced to 3 nm, resulting in an inverse Hall–Petch
like relation illustrated in Figure 2B. Therefore, it is evidential that
there exists a critical value of Davg, which is about 10 nm, for the
Zr-Cu HNGs studied in this work. With such critical Davg, UTS
of Zr-Cu HNGs is the maximum. It is noteworthy that the grain-
size effects on the UTS for Zr-Cu HNGs is much different from
those for Zr-Cu NGs containing glassy grains with a same chemical
composition (Adibi et al., 2014; 2015), which exhibit an inverse
Hall–Petch like relation only. It is thus remarkable that the Zr-Cu
HNGs would possess mechanical properties with an outstanding
combination of the mechanical strength and the tensile ductility

when their Davg is tuned to the critical value, as demonstrated by the
tensile curves in Figure 2A. Nonetheless, an experimental study that
reports the mechanical properties of HNGs is currently unavailable,
which prevent us to further validating the simulation results.

Figure 3 shows the deformation of Zr-Cu HNGs with Davg = 7
and 15 nm at atomic scales and shear transformation zone (STZ)
or embryonic shear band is recognized as a region under plastic
deformation with an atomic shear strain equal to or greater than 0.2,
which is defined as follows (Falk and Langer, 1998; Shimizu et al.,
2007; Cheng et al., 2009):

ηi = (JiJ
T
i − I)/2, (1)

ηMises
i = √η

x
xy + η2

xz + η2
yz + [(ηxx − ηyy)

2 + (ηxx − ηzz)
2 + (ηyy − ηzz)

2]/6,

(2)
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FIGURE 3
Atomic shear strain mappings on Zr-Cu HNGs with (A–C) Davg=7 nm (upper row) and (D–F) 15 nm (lower row), which are deformed at strains of 3%
(left column), 6% (middle column) and 9% (right column); the labels in the mappings illustrate the dominant alloying elements (Zr-rich: x > 50, Cu-rich:
x < 50) in the interiors of glassy grains.

where ηi is the local Lagrange strain matrix for atom i, Ji is the
local transformation matrix for atom i and ηMises

i is the local shear
strain for atom i. As it can be seen in Figure 1, Zr-Cu HNGs are
heterogeneous in the chemical compositions since the Zr content
x for each glassy grain is randomly chosen between x = 25 to
75. For simplicity, glassy grains in HNGs are classified into two
different categories based on the types of their dominant elements,
namely, glassy grains with compositions x > 50 and x < 50, which
are dominated by Zr and Cu atoms, respectively. Clearly, embryonic
shear bands start initiating when Zr-Cu HNGs are under plastic
deformation at the strain of 3%. After reaching the strain of 9%, both
systems would deform heterogeneously with nucleation of STZs
either inside the glassy grains or from theGGIs. Nevertheless, for Zr-
Cu HNGs with Davg = 15 nm, the number of embryonic shear bands
in the interiors of glassy grains with x > 50 is prominent, suggesting
that the glassy grains with chemical compositions dominated by
alloying element Zr have contributed significantly to themechanical
properties of Zr-Cu HNGs (with Davg > 10 nm). In contrast, for
Zr-Cu HNGs with Davg = 7 nm, the shear banding in glassy grains
with x > 50 would not be much different from those in glassy grains
with x < 50. It is thus suggested that, for Zr-Cu HNG with Davg <
10 nm, the number of STZs in the interiors of glassy grains with Zr
content x > 50 is similar to that in the glassy grains with dominant
Cu atoms (x < 50). It is then supposed that the GGIs could alternate
the shear banding in Zr-Cu HNGs, and the inverse Hall–Petch like
relation determined for UTS is attributed to the GGIs in HNGs
with Davg < 10 nm.

Figure 4A shows the histogram plots of chemical compositions
of GGIs in Zr-Cu HNGs, demonstrating that GGIs could have a
mean chemical composition with a Zr content of x’ = 50. Figure 4B
shows typical concentration profiles across a GGI between two
adjacent glassy grains. It is worth noting that these two glassy grains
have Zr contents of x = 63 and 43, and the GGI composition
determined with a Zr content of x’ = 50 is not simply the average
of Zr contents x of those two adjacent glassy grains. Therefore, it is
evidential that the atomic structures of GGIs couldmuch differ from
those in the interiors of glassy grains. Figure 5 shows the histogram
plots for atomic volumes of GGIs in the Zr-Cu HNGs. In general,
atomic structures of GGIs are less dense, whose atomic volume
(17.7 Å3) determined fromFigure 5A is larger than that (17.2 Å3) for
the interiors of glassy grains, meaning that the excess free volumes
would be created in the GGI regions. The histogram plots for atomic
internal energy of GGIs are shown in Figure 5B, demonstrating
that the atomic internal energy (U = −4.87 eV/atom) of GGIs is
higher than that (U = −4.93 eV/atom) of the glassy grains. In other
words, the atomic structures of GGIs containing excess free volumes
could be thermodynamically unstable. Figure 5C demonstrates the
dependence of atomic volume of glassy grains on the chemical
compositions. Obviously, there is an increase in the number of free
volumes for glassy grains once if the Zr content x has been increased.
Thus, glassy grains with Zr contents x > 50 are suggested to be less
dense, as compared to those with chemical compositions dominated
by alloying element Cu. Furthermore, the composition-dependent
internal energy illustrated in Figure 5D clearly manifests the fact
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FIGURE 4
(A) The histogram plots on the chemical compositions of GGIs in Zr-Cu HNGs; the dash curve is the fitted profile of the distribution. (B) The elemental
concentrations across these two adjacent glassy grains with Zr contents of x = 63 and 42; the cross point in the concentration profiles suggests that
the GGI has a Zr content of x’ = 50.

FIGURE 5
The histogram plots on the atomic volume (A) and atomic internal energy U (B) of GGIs in Zr-Cu HNGs; the dash curves are the fitted profiles of the
distributions. The atomic volume (C) and atomic internal energy U (D) of glassy grains depend on Zr contents x (25 ≤ x ≤ 75); the lines are the guides to
the eye.

that the glassy grains with Zr contents of x > 50 are in much higher
energy states and, similarly, this outcome is caused by the increasing
number of free volumes resulting from an increased Zr content x in
the interiors of glassy grains.

Figure 6A presents the grain-size effects on the peak intensities
of the radial distribution functions (RDFs) determined for Zr-Cu
HNGs. As it can be seen, the intensity of the first RDF peak would
decrease when Davg is reduced. Moreover, for the second RDF peak,
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FIGURE 6
The RDF curves of (A) Zr-Cu HNGs with different Davg, and (B) the interiors of glassy grains with various Zr contents x (25 ≤ x ≤ 75).

FIGURE 7
The fractions of VPs (A) at GGIs and in the interiors of glassy grains. The VP fractions for glassy grains with various Zr contents x (25 ≤ x ≤ 75) are
illustrated in (B). (C) Schematics of bcc- and icosahedron-like VP.s.

a decrease and an increase in the intensities have been identified at
the radius distances of 4.34 and 5.61 Å, respectively, when Davg of
Zr-CuHNGs is reduced.Considering the increasing volume fraction
of GGIs with decreasing Davg, the formation of GGIs is thus
suggested to be responsible for the influences of sizes of glassy
grains on the intensities of RDF peaks. The RDF curves for glassy

grains with Zr contents x = 25 to 75 are separately evaluated and
illustrated in Figure 6B. For the first RDF peak, the reduction of
intensity with increasing Zr content x is found to be dramatic and,
at the same time, its RDF peak position would shift from 2.64 to
3.08 Å as the Zr content increases from x = 25 to 75. Furthermore,
there are substantial decrease (4.38 Å) and increase (5.55 Å) in
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intensities of second RDF peak when the Zr content x is increased,
suggesting that the atomic structures of glassy grains resulting from
an increased Zr content x have been much altered by alloying
element Zr.

TheVoronoi polyhedrons (VPs) have been analyzed to probe the
topological structures of Zr-Cu HNGs with heterogenous chemical
compositions, which are presented in Figures 7A, B. The Voronoi
index, <n3 n4 n5 n6>, represents a VP consisting of n3, n4, n5 and n6
numbers of polyhedron faces with 3, 4, 5 and 6 edges, respectively.
It is worth noting that the bcc- and icosahedron-like VPs normally
possess a coordination number (n3+n4+n5+n6) of 13–14 and 11–12,
respectively, which are all dominant in the overall population of VPs,
as visualized in Figure 7C. In general, amorphous alloys containing
more bcc- and icosahedron-like VPs would have a larger shear
resistance and exhibit a bettermechanical strength, which are harder
to deform by externally applied loads. Figure 7A demonstrates that
the fractions of both types of VPs have been reduced in the GGI
regions, which are attributed to the excess free volumes in the GGI
regions. Therefore, atomic structures of GGIs are suggested to have
a mechanical strength lower than that of glassy grains, in consistent
with the previous work (Feng et al., 2020; Guan et al., 2022) that the
GGIs are mechanically weaker than glassy grains, simply because
the GGIs possess short-range order only, whose atomic structures
could be similar to those of shear bands. Such atomic structures at
interfaces would pose great influences to the mechanical properties
of Zr-Cu HNGs. A dramatic reduction in bcc- and icosahedron-like
VP fractions resulting from the formation of free volumes is evident
for glassy grains when Zr content x increases from x = 25 to 75, as
illustrated by Figure 7B, indicating that the mechanical strength of
glassy grains with Zr contents x larger than 50 could be much lower.
For Zr-Cu HNGs with an increasing Davg > 10 nm, the mechanical
strength of Zr-CuHNGs dependmore on those of glassy grains with
Zr contents x > 50 since the plastic deformation primarily localizes
inside the glassy grains with chemical compositions dominated
by Zr atoms, whose mechanical strength is much lower that
would cause the decrease in UTS with increasing Davg. For Zr-
Cu HNGs with Davg < 10 nm, the volume fraction of GGIs is
high, which could be further increased by reducing the Davg of Zr-
Cu HNGs. Thus, the decrease in UTS with decreasing Davg could
result from an increase in the volume fraction of GGIs, whose
atomic structures possess a mechanical strength lower than that of
glassy grains. In other words, it is the synergy of the increasing
volume fraction of GGIs and the existence of glassy grains with Zr
contents x larger than 50 that leads to this dependence of UTS on
Davg, as determined for Zr-Cu HNGs with heterogenous chemical
compositions.

4 Conclusion

In summary, Zr-Cu HNGs composed of glassy grains with
different chemical compositions have been studied by MD
simulations in this work, and both Hall–Petch like and inverse
Hall–Petch like relation are determined for Zr-Cu HNGs. The
obtained results show that UTS would decrease with decreasing
and increasing Davg of Zr-Cu HNGs when Davg < 10 nm and Davg
> 10 nm, respectively. Since GGIs have a mechanical strength
lower than that in the interiors of glassy grains, such decrease

in the UTS with decreasing Davg could then be attributed to
an increased volume fraction of GGIs. In contrast, the glassy
grains with chemical compositions ZrxCu100-x dominated by
Zr (i.e., x > 50) are responsible for the decrease in UTS with
increasing Davg. Consequently, there exists a maximum of
UTS at the critical Davg (∼10 nm) for the Zr-Cu HNGs with
heterogenous compositions. The obtained results demonstrate that
the tradeoff issue of strength-ductility for NGs could be resolved by
developing HNGs containing glassy grains with different chemical
compositions, which is beneficial to facilitating the practical
application of NGs.
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