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ARTICLE INFO ABSTRACT
Keywords: Shock is one of the physical processes that materials are most likely to suffer during applications,
Nanoglasses therefore the elusive shock properties of nanoglasses are unacceptable. Additionally, establishing

Gradient microstructure
Shock response
Spallation

Molecular dynamics

gradient microstructure is a promising approach to optimize mechanics properties further. Here,
shock characteristics of CugsZrzs nanoglasses with gradient microstructures are systematically
investigated by molecular dynamics simulations in the particle velocity range of 0.5 to 5 km/s.
Two types of gradient nanoglasses (GNGs) along the shock direction are prepared and analyzed, i.
e., a negative gradient structure (S1) in contrast with a positive gradient structure (S2). The re-
sults show that the number of mechanically stable <0,0,12,0> and <0,1,10,2> atomic Voronoi
polyhedra, which are typical building blocks of the amorphous structure in terms of Voronoi
tessellation method, in grain interfaces is significantly less than that in grain interiors. As a result,
the local free volume gradually changes along the shock direction by the designed gradient
structure, which causes a significant impact on the shock wave profiles of shear strain, stress,
configurational entropy, and temperature in the GNGs. However, due to a similar chemically-
disordered feature in grain interiors and interfaces, the shock wave speeds of nanoglasses are
not sensitive to grain sizes under the same shock strength, contrary to the usual shock wave speed
mechanism in conventional polycrystalline. Thus, unlike traditional polycrystalline with grain
size gradient, the indirect free-surface method of estimating spall strength is still applicable to the
GNGs. Finally, the positive gradient structure results in lower temperature and free volume in the
spall region, which causes the spall strengths of the S2 sample higher than those of the S1 sample.

1. Introduction

Metallic glass (MG) was a new class of metal materials due to its unique atomic configuration. Some unique properties, differing
from the crystalline counterparts, have been found in MGs because they lack atomic periodicity in the long-range and exhibit chemical
short-range atomic order(Greer et al., 2013; Schuh et al., 2007). In 1960, Klement et al.(Klement et al., 1960) first prepared an MG
sample by quenching a molten AuggSis alloy with an extremely high cooling rate of 106 K/s. Unlike crystalline materials, there are no
crystal defects (e.g., grain boundaries and dislocations, etc.) in MGs, so they possess excellent mechanical properties, such as high
strength, hardness, elastic limit, and elastic energy storage(Donovan and Stobbs, 1981; Gan et al., 2019; Kosiba et al., 2019; Polk and
Turnbull, 1972; Sha et al., 2017; Wang et al., 2011; Wu et al., 2011). Therefore, MGs are considered an ideal candidate material in
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defense, aviation, and aerospace, and so far, received intense investigation(Chen et al., 2011; Guan et al., 2021; Shan et al., 2008;
Sharma et al., 2009).

Unfortunately, MGs have not yet been widely applied because of their low ductility at room temperature. Recently, the results of
theoretical, numerical, and experimental studies have shown that this low ductility is essentially caused by their compositions and
processing technologies, which generate their unique atom configuration(Cheng et al., 2008a; Lewandowski, 2001; Sopu et al., 2011;
Tang et al., 2021). For a given atomic composition, the mechanical properties of MGs can be altered significantly by changing element
ratio or adjusting processing methods (e.g., adopting different annealing times or quenching rates)(Narayan et al., 2014; Ramamurty
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Fig. 1. (a) Schematic for generating the large-scale Cug4Zr3s MG by melting/quenching procedure. (b) Displaying the size information (30 nm x30
nm x200 nm) of the large-scale Cugs4Zrss MG. (c) The establishment of initial nanoglass with linear gradient structure by using the Poisson-Voronoi
tessellation. Then, two gradient nanoglasses (GNGs) are obtained by cutting the initial nanoglass. (d) A negative gradient sample (S1) with
decreasing grain sizes along the shock direction. (e) A positive gradient sample (S2) with increasing grain sizes along the shock direction. As a
comparison, we also created two homogeneous samples. (f) Homogeneous nanoglass with grain size of 8 nm (S3). (g) Homogeneous Cug4Zr3e
MG (S4).
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et al., 2002; Shi and Falk, 2006; Winkler et al., 2008). According to Mauro et al.’s speculation(Mauro et al., 2011), the altered
properties may be derived from the changes in atomic structure topology, i.e., the statistics of the number and structure of Voronoi
polyhedra. E.g., the perfect icosahedron (<0,0,12,0> cluster) in the Cu-rich CuZr MGs has been certificated as a key microstructural
feature(Mauro et al., 2011). The fraction of this cluster controls the elastic limit and yield strength, and determines the shear
deformation behavior(Cheng et al., 2009; Wang et al., 2008). Therefore, an appropriate change in the statistics of atomic Voronoi
polyhedral clusters by the element ratio and processing technology can improve ductility. However, the improvement is still limited.

To further improve MGs’ ductility, researchers propose many strategies, such as nanoporous MGs(Inoue et al., 2007; Luo et al.,
2018; Wada et al., 2005; Zhao et al., 2013), multiphase MGs(Chen et al., 2020; He et al., 2003; Pauly et al., 2010), and nanoglasses
(Adibi et al., 2014; Ritter et al., 2011). At present, nanoglasses have been proposed as a new type of MG materials. In terms of the
preparation, nanoglasses are synthesized by cold compaction of metallic glass particles that were generated by inert gas condensation
(Adjaoud and Albe, 2016, 2018; Fang et al., 2012; Ritter et al., 2011; Wang et al., 2017; Weissmiiller et al., 1992). The microstructure
of nanoglasses comprises bulk glassy regions (grain interiors) and grain interfaces, which constitutes a distinct structure different from
bulk MGs. Preliminary modeling studies of nanoglasses have shown considerable ductility improvement compared with conventional
MGs counterparts(Adibi et al., 2014; Albe et al., 2013). According to molecular dynamics (MD) simulations, Adibi et al.(Adibi et al.,
2014) found a homogeneous superplastic flow in a nanoglass under tensile loading when the grain size was small. The homogeneous
superplastic behaviors are caused by the existence of grain interfaces that increase with decreasing grain size and are the preferred
channels of plastic deformation, thereby significantly enhancing the overall ductility of nanoglasses. For conventional MGs, a single
dominant shear band is formed at localization resulting in catastrophic failure. Although these preliminary explorations of nanoglasses
have shown encouraging ductility, their strengths reduced at the expense. Therefore, to couple strength and ductility, there has been a
strong interest in the investigations of composite structures(Qiu et al., 2021), e.g., Sha et al.(Sha et al., 2015) proposed a bimodal grain
size nanoglass, and Albe et al.(Albe et al., 2013) designed the dual-phase nanoglasses. These composite nanoglasses did obtain some
compromise between strength and ductility. Most recently, Yuan et al.(Yuan and Branicio, 2020) established three types of gradient
nanoglasses (GNGs) with the seamless linear distribution of grain sizes and performed tensile loading on these GNGs. They found that
the gradient microstructure induces shear band constraint, delocalization, and delayed failure, thereby synergizes strength and
ductility in nanoglasses. These pioneering investigations, all aimed at the preparation process and improving mechanical properties,
significantly impacted nanoglasses. As a material expected to be used in extreme environments, such as aviation and aerospace, the
investigation on shock behavior of nanoglasses are urgent and critical. Regrettably, the shock characteristics and spallation of
nanoglasses remain elusive for both the experiments and simulations. Additionally, the effect of gradient microstructure on the shock
characteristics of nanoglasses is also unknown.

Generally, the utilization of gradient structure is one of the crucial means to tune material characteristics(Islam et al., 2020; Wei
and Xu, 2021). In this work, the shock pulses are employed to study the effects of gradient microstructure on the shear deformation
behavior, shock stress, temperature, shock wave velocity, spall fracture behavior, and spall strength in a Cug4Zr3g nanoglass under MD
simulations. Consolidating glassy grains in the size range of 3 to 12 nm, there mainly are two types of seamless GNGs along the shock
direction: negative gradient structure with grain size from large to small (S1); positive gradient structure with grain size from small to
large (S2). The particle velocities analyzed in current study are in the whole range from 0.5 to 5 km/s. As a comparison, we also created
two homogeneous samples: homogeneous nanoglass with a grain size of 8 nm (S3), homogeneous CugsZrzs MG (S4). Section 2 de-
scribes the methodologies, including the model constructions, shock simulations, and necessary physical parameters. Section 3 dis-
cusses the simulation results and explains their mechanisms of physics and mechanics. Finally, the relevant innovations are concluded
in Section 4.

2. Methodologies
2.1. Sample constructions

All large-scale MD simulations are carried out using the simulation package LAMMPS (large-scale atomic/molecular massively
parallel simulator)(Hammond, 2020) to explore the shock responses of CugsZrsg GNGs and homogeneous samples. The
embedded-atom method (EAM) potential developed by Mendelev et al.(Mendelev et al., 2019) is adopted for atomic interactions of Cu
and Zr. This EAM potential made some reasonably semiempirical corrections is currently the latest to simulate Cu-Zr MGs. Therefore,
this EAM potential is a more suitable and reasonable one to describe the Cu-Zr glass system.

Figs. 1(a-e) display the process of establishing nanoglasses with linear and monotonous gradient structure. First, a small-scale cubic
Cug4Zr3g bulk MG sample containing 82,600 atoms (the side length of ~10 nm) is generated with the 3D periodic boundary conditions.
The annealing time and temperature are set to be 1000 ps and 2000 K, respectively. The melting/quenching rate of 10 K/ps is selected
to build the MG samples because this rate can form glass by inhibiting crystallization(Demaske et al., 2018; Feng et al., 2016; Huang
etal., 2014; Jian et al., 2015; Ma et al., 2017; Tang et al., 2019; Wen et al., 2018). Subsequently, the small-scale Cug4Zr3c MG sample is
replicated to generate a larger sample, as shown in Fig. 1(a). After replication, the size of large-scale Cug4Zr3s MG is approximately 30
X) x30 (V) x200 (2) nm3, with a total of 14,868,000 atoms. The large-scale CugsZr3s MG sample is further annealed for 200 ps at a
temperature (700 K) near the glass transition temperature Tg. The value of Tgis 800 K for the Cug4Zrzs MGs(Demaske et al., 2018). After
that, the sample is quenched again to 50 K and relaxed for 100 ps. All above MGs’ constructions (melting, quenching, annealing, and
relaxation) are performed with a MD integration timestep of 1 fs and an external hydrostatic pressure of 0 GPa.

The nano-scale grains in nanoglasses are generated by the Voronoi tessellation method sprinkling random points in samples. The
seed sample of grain is the large-scale MG presented in Fig. 1(b). In constructing the initial gradient nanoglass (GNG), these points
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follow a well-designed density defined to establish the aimed gradient for grain size. The density of points is designed by specifying an
average distance of all points in a specific region, following the gradient function a(Z — 72)3/ 2 1 bin the Z-direction. Where a and b are
constants, Z represents the scaled positions along the Z-direction, i.e., 0 < Z < 1. The actual value range of Z in the initial GNG is [0,
200 nm]. The size of the initial GNG sample (30 x30 x200 nm®) is the same as that of the large-scale MG. It should be noted that each
grain must maintain a distance of 1 A from grain interfaces when it is filled, because the atoms need to avoid overlapping at grain
interfaces. In addition, after the initial GNG is established, all atom pairs whose distance is less than 2.2 A were searched, and then one
of the two atoms is deleted. The selected distance of 2.2 A is based on the radial distribution function in the large-scale CugsZrss MG. In
Fig. 2, the nearest average interatomic distances of Cu-Cu, Cu-Zr, and Zr-Zr pairs are 2.48 10\, 2.79 108, and 3.18 10\, respectively, which are
in good agreement with the experimental measurements (rcy.cy = 2.48 ;\, reuzr = 2.72 A, and rz;.z = 3.12 ;\)(Babanov et al., 1995;
Chen and Waseda, 1979; Eckert et al., 2007; Kim and Lee, 2008; Laridjani and Sadoc, 1988; Mattern et al., 2008; Mendelev et al., 2009;
Paduraru et al., 2007). These data prove the reliability of the EAM potential used currently to some extent. The grain sizes (average
diameter dgy.) in the initial GNG vary first from 12 to 3 nm, and then from 3 to 12 nm in a seamless way, following an approximately
linear structure, as displayed in Fig. 1(c). To minimize the initial porosity caused by deleting atoms, the initial GNG is relaxed by
imposing an external pressure of 3 GPa at 50 K for 200 ps. After that, the sample is relaxed again at zero pressure and 50 K for 200 ps to
equilibrate atomic structure. Here, the low temperature (50 K) is used to avoid thermal activation of structural rearrangement on the
interface since micro glass structures after rapid quenching are more prone to undergo thermal activation than the macro amorphous
structures that experience a longer period of relaxation in the real world(Cheng et al., 2008b). Finally, the initial GNG is cut in the
middle to obtain two monotonous linear GNGs. The one is a negative gradient sample (S1) decreasing grain sizes along the shock
direction (Fig. 1(d)). The other is a positive gradient sample (S2) with increasing grain sizes in the positive Z-direction (Fig. 1(e)).
Moreover, we also construct two homogeneous samples as a comparison: homogeneous nanoglass with a grain size of 8 nm (S3) and
homogeneous CugsZrss MG (S4). The dimensions of the homogeneous samples (S3, S4) are the same as those of the S1 and S2 samples.

2.2. Shock simulation setup

All samples are relaxed again at 50 K for 100 ps to ensure systems are well equilibrated. Then, we reset the Z-direction to free
boundary but maintain periodicity in other directions. The shock simulations are carried out under the microcanonical ensemble (i.e.,
NVE). Subsequently, the planar shock wave is generated by a flat-surface infinite-mass wall at the lowest Z position that moves toward
the positive Z-direction (from left to right). To make all samples (S1, S2, S3, and S4) comparable with different shock strengths, the
duration of each simulated shock pulse is kept constant at 15 ps. After the wall is removed, the initial unloading wave appears at the left
end of the sample. Moreover, the shock pulse continues to propagate toward the right side, and forms a new wave reflected into the
sample when it reaches the rear surface. As time goes by, the reflected wave and initial unloading wave will encounter and interact.
Their interaction creates a tensile stress state at the corresponding site in a sample. As long as the spall strength of the material is
exceeded by tensile stress, the spall fracture will be triggered. To conduct a complete study of shock response, the particle velocities
analyzed currently are in the entire range from 0.5 to 5 km/s. The timestep used in our shock simulations is also set to 1 fs.

To characterize and compare shock responses, the gradient and homogeneous samples are divided into a large number of bins in the
Z-direction. The local physical quantities (the shear strain, stress, configurational entropy, temperature, etc.) are averaged in each bin.
Here, the width of the bin is set to 6 A to ensure a low fluctuation.

2.3. Physical parameters calculation

To analyze the atomic movement and rearrangement during shear deformation in amorphous samples, the von Mises shear strain
nMises of each atom needs to be calculated by the following steps(Shimizu et al., 2007). First, there are two configurations (reference and

current) required for the calculation of 75, For shock simulations, the reference configuration is generally the unshocked sample.

— Cu-Cu
4r Large-scale CugyZrzg MG | — Cu-Zr
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Fig. 2. The radial distribution function of large-scale Cug4Zrss MG.
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Secondly, determining the local transformation matrix J; that maps the following relationship:
{@0} = {@}, vient &

where superscript O represents the reference configuration, d;; is the separation (row) vectors. The N? denotes the total number of
nearest neighbors of atom i with a given cutoff distance. Here, the cutoff distance is set to 4.6 A in this work. Minimizing the result in
Eq. (2), the J; can be determined.

2
D (i —d; @
jen?
The strain matrix #; for each atom is computed as:
n=1/2(JJ] —1I) 3
where T and I denote the transpose, and identity matrix, respectively. Finally, the 75 for each atom is calculated by Eq. (4):
M!ses _ 2 2 2 2 2 12
- 6 ”)x (’7}')' - qzz) + (’722 - ’]xx) + rlxy + ﬂyz + /. (4)

where 7; is the strain components for each atom.

Here, we also focus on the shock response of some non-equilibrium thermodynamics in nanoglasses, i.e., stress, configurational
entropy, and temperature. According to the virial formula of Eq. (5)(Shao et al., 2018), the stress tensor (0xx, 0yy, Oz, Txy, Txz» Tyz) Of
each atom can be given:

Oop = 1/ <Zm ViaVip + erlﬂlf]ﬂ> ®

i>j

where a(f5) denotes X, Y, or Z axes, m; and v; represent the mass and velocity of atoms i, and f;; is the force between atoms i and j. €; is
the current volume of the atoms i. It should be pointed out that in this work, the shock stress is recognized as the 6,, (or o33). Besides,
the first term of Eq. (5) is a contribution only from thermal kinetic energy, so the translational velocity of the centroid of each bin is
subtracted in the v;;. The maximum shear stress (deviatoric shear stress) used in our analysis is defined as:

t=1/2(6,—1/2(6u+0y)) 6)

The configurational entropy on atom i can be achieved using the Eq. (7)(Piaggi and Parrinello, 2017):
sy = ~2mpka [ (g ingl ()~ 1) + 1) @
0

where p represents the system’s density, kg is Boltzmann constant. g}, denotes the radial distribution function centered at the i-th atom
and can be calculated as follow:

r— ru) /(262)
el 47zpr2 Zm @®

where the sum in j goes through the neighbors of atom i, and ¢ is a broadening parameter rather than stress. It is worth noting that the
system of the p and gl (r) should be the bin where the atom i is located instead of the entire sample.
The temperature of each bin, generally, is calculated by the Eq. (9)(Hahn et al., 2017):

N
T= 1/3Nk3 Z m; (Vi + viv + Vi) ©
i=1

where m; denotes the atomic mass, kg represents Boltzmann constant, and v, v;y, Vi; are the components of atomic velocity. For shock
simulations, a reasonable calculation of the temperature also needs to subtract the translational velocity of the centroid of each bin in
the shock direction. However, this method is not adopted. For more accurate and concise calculations in this work, the temperature
equation is modified to 2D as the following:

T=1 / 2Nks ZN: mi (V242 (10)

i=1
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Fig. 3. The detailed visualization of internal shear deformation at U, = 0.75 km/s. (a) S1. (b) S2. (c) S3. (d) S4. The above is the atomic schematic
of von Mises shear strain 7}** in the samples at different shock timesteps. Below them, there are shear strain profiles along the shock direction (Z-
axis). The local shear deformation is calculated by averaging the atomic 7Y in a sphere region with a radius of 0.64 nm.
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3. Results and discussion
3.1. The effects of gradient on shock-induced plasticity

3.1.1. Shear strain

Fig. 3 shows the detailed visualization of internal shear deformation at U, = 0.75 km/s. In MD simulations, the atoms with ;¢
higher than 0.2 are thought to undergo plastic shear deformation in MGs, so a large number of shear transformation zones (STZs) can
be identified by assigning colors to atoms(Falk and Langer, 2011). Generally, the density of STZs is proportional to the degree of shear
deformation. It is evident that the gradient structure has a significant effect on the shear deformation behavior in nanoglasses. The
density of STZs in the S1 sample is far less than that in the S2 sample at the same moment (5 ps, 10 ps, and 15 ps). Moreover, as shock
pulse continues, the STZs in a region that shock wave has swept are still increasing for all samples. These phenomena are also reflected
in the shock wave profiles of shear strain. It was already clarified that the STZs in the region swept by shock waves continue to increase.
Besides, the action time of shear stress gradually decreases in the positive Z-direction due to shock wave propagation. Therefore, the
shear strain of homogeneous samples (S3, S4) decreases progressively along the shock direction. Interestingly, the shear strain, at 10 ps
and 15 ps, is approximately uniformly distributed in the S1 sample, as presented in the lowest Fig. 3(a). Thus, the rate of shear
deformation in the S1 sample increases along the shock direction (Z-axis). For the S2 sample, the shear strain also decreases along the
shock direction at each moment, as displayed in the lowest Fig. 3(b). However, its decreasing trend is stronger than that of homo-
geneous samples. These results indicate that the shear deformation rate in the S2 sample decreases in the positive Z-direction.

In light of the above characteristics of STZs, it can be concluded that the shear deformation of nanoglasses during shock is closely
related to grain sizes. The shear deformation rate of nanoglasses increases with decreasing grain size. Moreover, the degree of shear
deformation also increases as the grain size decreases. To study the causes of these phenomena, it is necessary to analyze the atom
configuration of nanoglasses.

As it is known, the atomic configuration of conventional polycrystals has vast differences between grain interiors and boundaries.
With the exception of a few coherent or semi-coherent interfaces, the atoms at grain boundaries are generally in a disordered structure
and can be recognized by the common number analysis (CNA)(Liu et al., 2019). For nanoglasses, however, both grain interiors and
interfaces lack atomic periodicity in the long-range (amorphous structures)(Adibi et al., 2014). Therefore, the CNA does not work to
identify glass-glass interfaces in nanoglasses. Recently, Pan et al.(Pan et al., 2015) propose a quasi-nearest atom (QNA) parameter to
characterize interfaces in nanoglasses based on a lower atomic packing density in grain interfaces. The QNA can directly distinguish
the local atomic environment by forming a contrast in grain interiors and interfaces. A higher atomic QNA (Ng) corresponds to a looser
atomic packing. Fig. 4 shows the separation of the dominant grain interfaces from the grain interiors in the unshocked samples. To be
more intuitive, the unshocked samples (S1, S2, S3, S4) are first sliced with a thickness of 1 nm along the shock direction. Then, the
atoms in slices are colored with Nq. The atoms with N smaller than 6 belong to the grain interiors (blue), whereas those larger than 6
pertain to the grain interfaces (light blue). After separation, the thickness of grain interfaces is approximately 1.0-1.5 nm. Moreover,
there are no grain interfaces in the S4 sample, thus all the atoms in S4 belong to grain interiors in the subsequent analysis.

Fig. 5 presents the fraction of atoms in the grain interiors or interfaces as functions of Z position in the unshocked gradient and
homogeneous nanoglasses. The red lines represent density distribution. For the GNGs (S1, S2), the atomic fraction of grain interfaces
significantly increases as the grain size decreases, but the density decreases. In the homogeneous nanoglass (S3), the density remains
basically stable along the shock direction. Theoretically, in an amorphous structure, a decrease in density is equivalent to an increase in
free volume. Therefore, the grain interfaces in nanoglasses have a higher free volume than the grain interiors. The deformation
behavior in an amorphous sample is mainly determined by the mutual competition between the free volume generation and anni-
hilation(Spaepen, 1977). Moreover, a higher free volume also leads to a faster rate of deformation(Turnbull and Cohen, 1961). Thus,
the difference in local shear deformation rate in the GNGs is primarily due to a change in free volume along the shock direction. In the
next part of this section, the reasons for the higher free volume of grain interfaces will be discussed in detail by the chemical
short-range order, i.e., atomic Voronoi polyhedral (VP) clusters(Feng et al., 2015).

Feng et al.(Feng et al., 2015) pointed out that the Voronoi index <ns, n4, ns, ng> can be used to characterize the VP clusters, where
n; denotes the number of i-bonded atoms on clusters. However, this characterization method is not intuitive. Therefore, we have

(@)s1 (®)s2 N,
i20
s N |
bz (©) 83 (d)s4

Fig. 4. Separation of the dominant grain interfaces from the grain interiors in a slice of unshocked samples, characterized with a parameter termed
quasi-nearest atom (QNA) that is larger than 6. (a) S1. (b) S2. (c) S3. (d) S4. The atomic QNA (Nj) is averaged in a neighbor region with a radius of
0.64 nm.
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Fig. 5. The fraction of atoms in the grain interiors or interfaces as functions of Z position in the unshocked gradient and homogeneous nanoglasses.
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Fig. 6. Schematic of the transformations of the icosahedron-like clusters. The red lines denote the changes of clusters after transformations. Solid
lines are the part added, while dashed lines are that disappeared.
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proposed the stereographic projection method(Guan et al., 2021) in our previous work to intuitively show the VP clusters. In terms of
multiple types of VP clusters in MGs, the <0,0,12,0> clusters have the highest degree of regularity and fivefold symmetry, which are
called the perfect icosahedral clusters. Moreover, we also found that some clusters’ structures are very similar to the <0,0,12,
0> clusters because they can be transformed from simple structural changes of the <0,0,12,0> clusters. Thus, these VP clusters can be
named the icosahedron-like clusters. Fig. 6 displays the transformations of icosahedron-like clusters by the stereographic projection
method. As it is known, the simplest structure transformations have three main mechanisms: @ changing a pair of atomic bonds
between shell atoms; @ obtaining a shell atom on cluster; @ losing a shell atom on cluster. As shown in Fig. 6, the <0,0,12,0> clusters
can be transformed into <0,2,8,2>, <0,1,10,2>, and <0,2,8,1> clusters by the mechanisms of @, @, and ®, respectively. These
clusters not only still have a high degree of local fivefold symmetry, but also retain most of the connection characteristics of the <0,0,
12,0> clusters. This fully shows that the structures of these three clusters are highly similar to the <0,0,12,0> clusters. Therefore, the
<0,2,8,2>, <0,1,10,2>, and <0,2,8,1> clusters are the icosahedron-like clusters.

Fig. 7 displays the fractions of center atoms for various clusters in the grain interiors and interfaces of S1, S2, S3, and S4 samples.
There is no doubt that the perfect icosahedral clusters (<0,0,12,0>) dominate the CugqZrsg amorphous structure. However, their
number in grain interfaces is significantly less than grain interiors. For the icosahedron-like clusters, the significant difference between
grain interiors and interfaces is mainly manifested in the <0,1,10,2> clusters. In the non-icosahedral clusters, the difference between
grain interiors and interfaces is not significant. Therefore, the fractions of <0,0,12,0> and <0,1,10,2> clusters in the grain interfaces
generated by the cold compaction method are significantly less than those in the grain interiors produced by the annealing process.

To analyze the influence of <0,0,12,0> and <0,1,10,2> clusters on free volume in detail, the atomic-packing efficiency (APE),
which is one of the main structure parameters for VP clusters, needs to be investigated. The APE’s equation was proposed by Yang et al.
(Yang et al., 2012) to characterize the space utilization of VP clusters:

n Vm
n=1/n ZV—_ (11)
i=1

where n is the total number of a certain type of VP clusters, Vi, and V;, denote the volume of the embedded atoms inside the i-th cluster,
and the total volume of the i-th cluster itself, respectively. The detailed calculations of the V;, and Vj, can be found in Ref. (Yang et al.,
2012). Based on the above definition, a higher value of # indicates that this cluster has a better space utilization and lower atomic
Voronoi volume.

Table 1 summarizes the APEs of <0,0,12,0> and icosahedron-like clusters in the grain interiors and interfaces of GNGs (S1 and S2)
and homogeneous samples (S3 and S4). Here, the APEs of icosahedron-like clusters show a weaker difference, so these clusters’ APEs
are averaged to reduce calculation cost. As a comparison, the average APEs of all clusters are also calculated in Table 1. It is apparent
from this table that the APEs of icosahedron-like clusters in grain interiors and interfaces tend to be similar to those of <0,0,12,0>
clusters, regardless of whether they are Cu-centered or Zr-centered. This further indicates that the atomic microstructure of
icosahedron-like clusters is indeed close to <0,0,12,0> clusters. Moreover, the APEs of both <0,0,12,0> and icosahedron-like clusters
are higher than the average APEs of all clusters. Thus, the atomic Voronoi volume in <0,0,12,0> and icosahedron-like clusters is
relatively small. In previous studies(Feng et al., 2014), the <0,0,12,0> clusters were found to be a key structure to resist shear
deformation in a Cu-Zr MG. Based on the current analysis of APEs, the reason for the high shear resistance of <0,0,12,0> clusters is
their better space utilization, so they are more difficult to atomic displacement. Finally, in the nanoglasses (S1, S2, and S3), the average
APEs of all clusters in grain interfaces are lower than those in grain interiors, which indicates the Voronoi volume of atoms in grain
interfaces is relatively large. As proved above, the atomic Voronoi volume of <0,0,12,0> and <0,1,10,2> clusters is smaller. The
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Table 1
The atomic-packing efficiency (APE) of <0,0,12,0> and icosahedron-like clusters in the grain interiors and interfaces of GNGs (S1 and S2) and
homogeneous samples (S3 and S4). The average APEs of all clusters are also calculated.

Sample Clusters Atomic-packing efficiency (%)
Zr-centered Cu-centered
S1 Grain interiors <0,0,12,0> 72.54 68.42
Icosahedron-like clusters 72.16 68.08
All clusters 71.37 67.69
Grain interfaces <0,0,12,0> 72.33 68.41
Icosahedron-like clusters 71.96 68.01
All clusters 70.54 67.14
S2 Grain interiors <0,0,12,0> 72.55 68.42
Icosahedron-like clusters 72.11 68.11
All clusters 71.28 67.66
Grain interfaces <0,0,12,0> 72.41 68.34
Icosahedron-like clusters 72.01 68.11
All clusters 70.65 67.12
S3 Grain interiors <0,0,12,0> 72.63 68.22
Icosahedron-like clusters 72.24 68.04
All clusters 71.25 67.46
Grain interfaces <0,0,12,0> 72.51 68.23
Icosahedron-like clusters 72.12 68.13
All clusters 70.35 67.26
S4 Bulk MG <0,0,12,0> 72.71 68.62
Icosahedron-like clusters 72.41 68.33
All clusters 71.49 67.87

relatively low fractions of these two types of clusters in grain interfaces cause the average Voronoi volume of atoms to rise inevitably.
According to the researches of Turnbull et al.(Turnbull and Cohen, 1961), the free volume in amorphous structures can increase with
the Voronoi volume because of the constant volume of atoms. Therefore, the reason for the higher free volume in grain interfaces is the
fractions of <0,0,12,0> and <0,1,10,2> clusters are relatively lower.

3.1.2. Stress

Fig. 8 shows the shock stress and shear stress (o33, and 27) profiles as functions of Z position at different time with the particle
velocities of 0.5 km/s, 1.0 km/s, and 1.5 km/s. Clearly, the gradient structures affect the stress waveforms, and this is especially
significant under weak shocks. For the S1 sample, at U, = 0.5 km/s, the o33 on the left side at 10 and 15 ps is higher than that at 5 ps.
Previous studies(Li et al., 2020) on polycrystalline showed that when the grain size is larger, the shock stress is slightly higher.
Therefore, the larger grain size may increase the shock stress of nanoglasses to some extent. Besides, it was already clarified that the
shear deformation rate on the left side of the negative gradient structure is weak. Theoretically, during shear deformation, a lower rate
results in a weaker relaxation of stress. Finally, the shock stress will also slightly increase after the shear deformation stabilizes. In
Fig. 8(a), the shear stress on the left side tends to be stable at 10 and 15 ps. Therefore, the o33 on the left side of the S1 sample rises at 10
and 15 ps. It can also be noticed that there is a discernable two-wave structure at 15 ps. However, the two-wave structure is caused by
the difference in shear deformation rate rather than the separation of elastic precursor and plastic wave. As mentioned earlier, the
shear deformation rate in the GNGs increases with the decrease of grain size. The shear stress quickly increases to the maximum as the
shock front sweeps through, and then decreases gradually. During the decrease of shear stress, a higher shear deformation rate cor-
responds to a lower o33. For the S2 sample, at U, = 0.5 km/s, the 633 on the left side at 10 and 15 ps is lower. The 633 gradually
increases along the shock direction because the positive gradient structure makes shear deformation more and more difficult. For the
homogeneous samples (S3 and S4), at U, = 0.5 km/s, the o33 basically maintains stable in the Z-direction because there is no gradient
structure causing local differences in grain size and shear deformation rate. However, the S4 has a higher o33 than the S3. Therefore,
the nanoglasses reduce the shock stress of MGs under weak shocks.

As the shock strength increases (U, =1.0 km/s, 1.5 km/s), the shock stress (g33) profiles gradually become flat for all samples. The
reason for this phenomenon is the decrease rate of shear stress increases with shock strength, as displayed in Fig. 8. Moreover, after the
shear deformation stabilizes, the shock stress is not very sensitive to grain size under strong shocks. Therefore, the shear deformation in
the local region swept by the shock front quickly reaches a stable state under strong shocks, which means the difference of shear
deformation rate in the gradient structures is difficult to reflect in stress.

3.1.3. Configurational entropy

Fig. 9 shows the configurational entropy profiles as functions of Z position at different time with the particle velocities of 0.5 km/s,
1.0 km/s, and 1.5 km/s. Theoretically, the size and structure of the local region that has undergone shear transformation strongly affect
the configurational entropy (or degree of structural orderness) of MGs(Falk and Langer, 1998). In other words, a higher STZs density
(shear strain) in a local region has a higher configurational entropy. As shown in Fig. 3, the STZs densities of all samples at the shock
site are higher, so all configurational entropy waveforms present a peak on the left. Importantly, the gradient structures significantly
affect the configurational entropy waveforms. In the case of U, = 0.5 km/s, the configurational entropy of S1 at the shock front
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Fig. 8. Shock stress profiles as functions of Z position at different time with the particle velocities of 0.5 km/s, 1.0 km/s, and 1.5 km/s. (a) S1. (b)
S2. (c) S3. (d) S4. The solid lines refer to shock stress 633. The dotted lines denote double maximum shear stress 27.

gradually increases during propagation, while that of S2 progressively decreases. It was already clarified that the gradient structures
make the local shear deformation rate different. Moreover, the shear deformation at the shock front is in the initial stage. Therefore, the
shear deformation rate is also one of the factors that affect the configurational entropy. During shear deformation, a relatively higher
rate will cause a higher configurational entropy in an amorphous structure because higher atomic fluctuations increase the degree of
confusion in the configuration(Way et al., 2007). For the homogeneous samples (S3 and S4), the configurational entropy at the shock
front basically remains constant.

As the shock strength increases (U, = 1.0 km/s, 1.5 km/s), the shear deformation rates of all samples substantially increase, and
the time for the shear deformation to reach a steady-state is greatly shortened. When the shear deformation is stable, atoms will be
relaxed to a lower stable energy level. This means that the configurational entropy caused by shear deformation rate is relaxed. At this
time, the configurational entropy is mainly determined by the degree of shear deformation (density of STZs). Therefore, as the shock
front sweeps through, the configurational entropy quickly increases to a maximum, and then decreases gradually to a stable value. A
larger grain size corresponds to a smaller stable value because a region with a large grain size has a low density of STZs. Moreover, the
decrease rate of configurational entropy increases with shock strength.

3.1.4. Temperature

Fig. 10 displays the shock temperature profiles as functions of Z position at different time with the particle velocities of 0.5 km/s,
1.0 km/s, 1.5 km/s, and 2.0 km/s. Unexpectedly, all temperature waveforms have a peak on the left. These results are related to the
shock pattern selected. Generally, there are two methods of generating planar shock waves in a sample: flat-surface rigid piston, and
flat-surface infinite-mass wall. For the rigid piston method, the force field of atoms in piston is removed to achieve rigidity, and then
the piston is applied with a constant velocity to generate a shock pulse. This method does not cause temperature peak on the shock side
(Wen et al., 2019). However, the piston has a weaker ability to confine atoms because of the lack of force field. Therefore, when the U,
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Fig. 9. Configurational entropy profiles as functions of Z position at different time with the particle velocities of 0.5 km/s, 1.0 km/s, and 1.5 km/s.
(a) S1. (b) S2. (¢) S3. (d) S4. The unit for configurational entropy is Boltzmann constant k.

exceeds 2 km/s, the atoms in target may penetrate the piston. The infinite-mass wall does not ignore the force field so that it can
generate a higher shock strength. However, the temperature waveform of this method has a peak, caused by the wall’s force field, on
the shock side. A similar result has also been found in SiC(Li et al., 2019) that uses the infinite-mass wall to achieve shock.

For the S1 sample, in the case of U, = 0.5 km/s, the temperature waveforms show some fluctuations and decrease progressively in
the positive Z-direction. At U, = 1.0 km/s, the temperature also decreases along the shock direction. However, when the U, exceeds
1.5 km/s, the temperature displays an increasing trend in the positive Z-direction (U, = 2.0 km/s). These phenomena indicate that the
influence of the negative gradient structure on the temperature waveforms becomes significant only under strong shocks (U, > 1.5 km
/s). As discussed previously, the region with a smaller grain size exhibits a faster shear deformation rate. However, due to shock wave
propagation, the action time of shear stress is shorter in a smaller grain region for the S1 sample. Therefore, the shear deformation rate
and shear stress action time are in competition. Theoretically, the plastic shear deformation in shocked samples will produce an
adiabatic temperature rise(Fu et al., 2007). A higher degree of plastic shear deformation (density of STZs) corresponds to a higher
temperature. It should be pointed out that the shear deformations in current study are all plastic. Under weak shocks, the effect of the
action time is more significant, and the density of STZs increases with the action time. Thus, the temperature profiles decrease in the
positive Z-direction. As the shock strength increases, the shear deformation rate increases and the shear deformation reaches the stable
state in a shorter time, which gradually weakens the effect of the action time. Besides, the density of STZs after stabilization increases
with the decrease of grain size. As a result, the temperature in a smaller grain region is higher under strong shocks. For the S2 sample,
however, the shear deformation rate and action time are in a cooperative relationship. The positive gradient structure always shows a
significant influence on temperature waveforms. Therefore, the temperature decreases along the shock direction in the S2 sample for
all shock strengths. In the homogeneous samples (S3 and S4), the shear deformation degree is only affected by the action time, so the
temperature waveforms decrease along the shock direction under weak shocks. However, the effect decreases as the shock strength
increases. Thus, the temperature profiles gradually become flat with increasing shock strength.

12



Y. Guan et al. International Journal of Plasticity 149 (2022) 103154

S1

300 F T T " T ] 400 T
U =0.5km/s
a00 |- 4 300
200
100 F g
900 : ' . ! 1o ) ]
—~ U, =1.0km/s ~ 900 F
¥ 600 | ? 4
= 600 [
2 =i, 2
b5y 1 1 1 1 b5 |
o —S5ps (<%
&' 1500 U, =1.5km/s —10 ps £ 1500 [
S —15ps S
1000 1000 | g
500 . 500 |- ]
1 1
3000 - ] 1 3000 & ]
2000 [ E 2000 ]
1000 |- \ \ S A 1000 W ‘\\ E
1 1 1 1 1 -

. s
0 200 400 600 800 1000 0 200 400 600 800 1000
7 position (A) Z position (A)

(a) (b)

400 400

300 300
200 - 200 -
100 100

900 -

900 -

N
oS
-

— —
< 600 | <

4 =

L 300 © i
2 2

5 & »
g g Up =1.5km/s —10ps
£ £ —15ps
& &

—3ps
1500 - U, =1.5km/s —10ps 1500 -
— S
1000 - 1000 -
500 ﬁ ﬁ 4 500 |
. . . .

3000 |- U, =2.0km/s 7 3000 1 U, =2.0km/s ]

2000 b 2000 I b
ps —35ps
1000 5ps B 1000 —— 9.5 ps B
S —— 14 ps
1 1 L L L 1
0 200 400 600 800 1000 0 200 400 600 800 1000

Z position (A) Z position (A)

(©) (d)

Fig. 10. Shock temperature profiles as functions of Z position at different time with the particle velocities of 0.5 km/s, 1.0 km/s, 1.5 km/s, and 2.0
kmy/s. (a) S1. (b) S2. (c) S3. (d) S4.

3.1.5. Shock wave speed

Fig. 11 presents the comparison of shock wave speeds in the gradient and homogeneous samples at different time and particle
velocities. Interestingly, for 1 km/s < U, < 5 km/s, the shock wave speeds (Us) in the GNGs seem to remain constant because the
waves travel roughly the same distance at the same time interval. In addition, the shock wave speeds in the S3 sample (homogeneous
nanoglass) are approximately equal to those in the GNGs. Therefore, the grain size of nanoglasses does not have a significant effect on
shock wave speed. For conventional polycrystalline, however, the grain size significantly affects the shock wave speed(Li et al., 2020).
As it is known, the elastic wave speed (U,) is constant in a homogeneous sample, and can be calculated by the equation U, = /E/p,,
where E is the modulus of elasticity, p, denotes initial density. Thus, some researchers speculated that the density may affect shock
wave speed to some extent(Hamel et al., 2012). In our current study, the grain size affects the density of nanoglasses, but the shock
wave speed does not change significantly, so the density is not a decisive factor of the shock wave speed. The change in shock wave
speed may be derived from the difference in atom configuration. Generally, the atom configuration in grain interiors is different from
that in grain boundaries. The difference in atom configuration naturally leads to a variety in shock wave speed. Moreover, the atomic
ratio between grain interiors and boundaries changes with grain size. As the atomic ratio changes, the dynamic competition of shock
wave speeds between grain interiors and boundaries determines the final wave speed in the polycrystalline counterpart. For nano-
glasses, the atom configurations of the grain interiors and interfaces are all long-range disordered structures. Besides, the difference in
chemical short-range order between grain interiors and interfaces is only reflected in the number of the two types of clusters (<0,0,12,
0>, and <0,1,10,2>). The atomic chemically-disordered features of grain interiors and interfaces are similar, so there is no significant
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Fig. 11. The comparison of shock wave speeds in the gradient and homogeneous samples at different time. (a) U, = 1.0 km/s. (b) U, = 2.0 km /s.
(c) Up =3.0km/s. (d) U, = 4.0km/s. (e) U, = 5.0 km/s.

difference in their shock wave speeds. E.g., the shock wave speeds of the S3 and S4 are basically the same. The glass-glass interfaces do
not significantly affect the shock wave speeds of MGs, indicating that the shock wave speed of grain interfaces is similar to that of grain
interiors.

3.2. The effects of gradient on spall behavior

Spall behavior is an integral part of the whole shock process, and so far, it is also a critical concern in physics and mechanics.
Usually, shock-induced spallation occurs at the site where the initial unloading wave interacts with the reflected wave from the rear
surface (free surface). The spallation is a complex thermodynamic process, and its strength is affected by the internal microstructure
and external conditions (e.g., atom configuration, grain size, shock stress, temperature, etc.). In this work, two methods are used to
calculate spall strengths. The one method directly obtains spall strengths in bulk samples by averaging the tensile stress of atoms at the
spall site. The direct method is the advantage of MD and records stress along the shock direction over the whole simulation. The
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maximum recorded is generally considered as the spall strength. The other one is an indirect method that is most commonly adopted in
shock experiments and simulations. This method uses the velocity evolution of free surface (FS) to calculate spall strengths.

In terms of the direct method, in Eq. (12), a spall strength (ng) is obtained based on the maximum among average tensile stress of
bins subdivided along the shock direction. As detailed in Eq. (13), the indirect method estimates the spall strength (afp) by the initial
density (p,), bulk sound speed (Cjp), and “pull-back” velocity (Au). For the GNGs, the initial density at the nucleated site of the initial
void is selected as the p, used in Eq. (13). The bulk sound speed (Cp) can be calculated by the shock wave speed (U,) and particle
velocity (Up), as displayed in Eq. (14). The Au is the most critical item in the indirect method and calculated by the FS velocity
evolution, as shown in Fig. 12.

o, = max[stress(z, 1)] (12)
Pl 1

O'l‘,p = Ep()cb (umax - um[n) = Ep()CbAu (13)

Uy, =Cy+ AU, 14)

3.2.1. Spall strength

As discussed in section 3.1.2, the gradient structure makes shock stress unstable, especially when the shock strength is weak.
Moreover, the density in the unshocked samples is also affected by the gradient structures. Therefore, the hugoniot data of our GNGs
cannot be accurately given. Fortunately, the effect of gradient structures on shock wave speed is not significant. Thus, the bulk sound
speed is constant in the GNGs, and the indirect method is still suitable for the analysis of spall strengths. Theoretically, the indirect
method is not applicable for traditional polycrystalline with grain size gradient because the inconstant shock wave speed leads to
uncertain bulk sound speed and spall site. Fig. 13 shows the shock wave speed as a function of particle velocity in all samples. It is clear
that the bulk sound speed is not constant as the particle velocity increases, and all samples have the same bulk sound speed. In our
simulations, the bulk sound speed can be divided into two cases in the particle velocity range of 0.5 to 5 km/s. For the former case
(0.5km/s < Up < 2.0 km/s), the bulk sound speed evaluated in this work is 3.905 km/s, which is basically consistent with the
experimental measurement of bulk MG (3.910 km/s)(Xi et al., 2010). This result proves the reliability of the current shock research
data. For the latter case (2 km/s < U, < 5 km/s), the bulk sound speed is 2.967 km/s.

Fig. 14 uses the S3 sample as an example to display the evolution of spallation at U, = 1.0 km/s. There are four typical snapshots of
shock stress (033) from 26.5 to 32.5 ps in Fig. 14 (a). Moreover, in fig. 14(b), the internal defects (voids and cracks) in sample at the
corresponding moment are also presented. The recognition of defects is achieved through the “construct surface mesh” method which
sets the probe sphere radius to 0.4 nm(Stukowski, 2014). Based on the radial distribution function of Fig. 2, the radius should select
slightly larger than all abscissas of the first peaks, so the 0.4 nm is appropriate. At 26.5 ps, the initial unloading wave encounters the
reflected wave from the FS, and then the shock stress begins to shift from compressive to tensile. However, the tensile stress at this
moment is not significant, so no defects are generated in sample. As time goes by, the tensile stress in sample gradually increases, and
the spall region, dominated by tensile stress, is presented clearly. When the time comes to 30.5 ps, the tensile stress increases to the
maximum that the spall region cannot withstand, and some small voids distributed in the center of the spall region are identified.
Theoretically, a new FS at this moment is generated inside the spall region. Then, a wave is reflected instantaneously through the new
FS, which causes the second increase in FS velocity. The maximum tensile stress at this moment corresponds to the spall strength
defined by the direct method. As the time further increases (32.5 ps), the defects increase and grow, resulting in a larger visible band
and a rapid decrease in tensile stress. Eventually, the new FS becomes remarkable at the spall site, which causes the sample to be split
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Fig. 12. Illustration of free surface (FS) velocity evolution at U, = 0.75 km/s in the S3 sample.
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Fig. 14. The evolution of classical spallation in the S3 sample at U, = 1.0 km/s. Figures are colored by shock stress (c33) along the Z-direction
(shock from left to right) in the first column (a). The red denotes compression, and the blue is tension. Figures in the second column (b) show the
defects recognized by the “construct surface mesh” method. Here, the probe sphere radius is set to be 0.4 nm. (¢) The magnified snapshot of the
initial nucleation at 30.5 ps. (d) The evolution histories of the shock stress during spallation.

into two parts.

A magnified snapshot of initial nucleation at 30.5 ps is presented in Fig. 14(c). It can be observed that in a narrow region, there are
many voids distributed. The existence of many defects indicates that the sample is spalling off. Thus, the tensile stress will gradually
decrease in subsequent time. The shock stress profiles at the corresponding moment are shown in Fig. 14(d). At 26.5 ps, the shock stress
changes from compressive to tensile in the spall region. At 28 ps, the tensile stress further increases, and the spall region can be
observed clearly. When the time is 30.5 ps, the tensile stress, corresponding to defect nucleation, reaches a maximum of 13.11 GPa.
After that, a new FS is generated in the sample and splits the tensile stress pulse into two parts. With the increase of time, a large
damage field is presented to result in fracture, which makes a sudden drop of the tensile stress.

Figs. 15(a, c, e, g) show the FS velocity evolution of shocked GNGs and homogeneous samples under different particle velocities.
For all samples, there is no spallation at U, = 0.5 km/s. Moreover, in the case of U, = 5 km/s, their FS velocities do not appear a
pullback. This means that the temperature in the samples is already much higher than the melting point, and the indirect method of
calculating spall strength is no longer applicable. In this work, therefore, the comparison of spall strengths between the direct (bulk)
and indirect (FS) methods is only in the particle velocity range of 0.75 to 4 km/s.

Figs. 15(b, d, f, h) present corresponding calculated spall strengths from the bulk and FS. It is clear that the spall strengths obtained
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directly from the spall region in bulk samples follow a similar trend with those calculated by the FS velocity in Eq. (13). As the shock
strength increases, nanoglasses and MG naturally spall off at a faster rate, so the atomic velocity fluctuates strongly in the spall region.
As aresult, the initial defects are easier to nucleate in the spall region under strong shocks, which results in the spall strength decreases
with increasing shock strength. Moreover, a higher temperature under strong shocks also weakens the spall strength to some extent.
Finally, the comparison of spall strengths between the direct and indirect methods shows a good agreement in all samples because
according to Eq. (14), the bulk sound speed used is reasonably changed with particle velocity. This illustrates that the spall strengths of
the GNGs can be calculated with good results by the indirect method. However, there also are slight errors between the two methods
because of the accuracy limited, i.e., the output frequency setup of MD simulations, the selection of probe sphere radius, and some
factors ignored in the inherent assumptions of the spall analysis, etc.

Based on the above analysis, the spall strengths are also listed in Tables 2-5 for the S1, S2, S3, and S4 samples.

Fig. 16 displays the comparison of spall strengths between the S1 and S2 samples at different particle velocities. For the results of
direct method (bulk), in the cases of 0.75 < U, < 1.5 km/s, the spall strengths of the S2 sample (positive gradient structure) are higher
than those of the S1 sample (negative gradient structure). When the U, exceeds 1.5 km/s, the spall strengths of the two samples tend to
be the same. For the comparison of indirect method (FS), the spall strengths of the S2 sample are generally higher than those of the S1
sample. Therefore, the spall strengths in nanoglasses with the positive gradient structure are higher than those with the negative
gradient structure.

In this work, the nucleation site of initial defects appears on the samples’ right side under weak shocks, as shown in Fig. 14.
Therefore, the grain size at the nucleation site in the S2 sample is larger than that in the S1 sample. In the previous uniaxial tensile
simulations of Cug4Zrse nanoglasses(Adibi et al., 2014), the strength of a sample with larger grain size is higher because the sparse
distribution of grain interfaces leads to lower free volume. Thus, the lower free volume at the nucleation site in the S2 sample may
cause a higher spall strength to some extent. Importantly, the gradient structures significantly affect temperature distribution, and the
temperature during shock on the right side of the S2 sample is significantly lower than that of the S1 sample, as displayed in Fig. 10. In
terms of shocked MGs, Wen et al.(Wen et al., 2019) pointed out that the spallation tends to occur in the high-temperature region rather
than at the site associated with maximum tensile stress. The right side with a lower temperature in the S2 sample possesses a higher
spall strength. As a result, the coupling effects of the lower free volume and temperature improve the spall strength of the S2 sample
under weak shocks. However, as the U, increases, the spall site gradually moves to left because the duration time of the shock pulse is
constant, and the U; increases with the U,. Therefore, the spall site will have a higher temperature and smaller grain size in the S2
sample with the increase of Uy, so its spall strength decreases faster than the S1 sample.

In terms of the spall strengths, the S4 sample shows the highest value because it does not have glass-glass interfaces. Moreover, in
the nanoglasses, the estimated spall strength is maximum in the S2 sample, at 14.49 GPa, followed by the S3 and S1 samples, at 14.16
and 13.39 GPa. Therefore, the usage of a positive gradient structure also further enhances the spall strength of homogeneous nano-
glass. The difference in spall strengths between the S2 and S3 samples may be mainly caused by the temperature at the spall site rather
than grain size. Under weak shocks, the difference in temperature between the S2 and S3 samples at the spall site is more significant
than grain size. The positive gradient structure causes the shock wave to attenuate more energy on the left side of the sample, so the
temperature of the S2 sample at the spall site (right side of sample) is higher than that of the S3 sample.

3.2.2. Defect evolution during spallation

To observe the defect evolution during spallation in detail, the slices with 1 nm thick, centered at 72 nm, along the Z-direction are
selected in the S1 and S2 samples at U, = 0.75 km/s. In Fig. 17, the slices in each row show the grain, stress, and temperature fields,
respectively. The grain field indicates that the nucleation site of the initial void tends to be at the grain interfaces in nanoglasses. With
further spallation, the initial void gradually grows, and the subsequent defects begin to nucleate. Interestingly, the subsequent defects
also nucleate at the grain interfaces. Therefore, the defects of nanoglasses during spallation show heterogeneous nucleation at the grain
interfaces, which is similar to conventional polycrystalline. These phenomena indicate that there is a difference in spall strengths

Table 2
Shock and spall parameters at different particle velocities along the negative gradient direction (S1). U, is particle velocity; U; is shock wave speed; C,

is bulk sound speed; Au is pull-back velocity. Jﬁp is spall strength from bulk GNG, while ofp is spall strength from FS velocity. The units for velocity and
stress are km/s, GPa, respectively.

U, Us Cp Au sp sp
0.5 4.61 3.905 — — —
0.75 4.89 3.905 0.932 12.58 13.39
1.0 5.22 3.905 0.894 12.80 13.25
1.25 5.46 3.905 0.846 12.47 12.58
1.5 5.83 3.905 0.775 11.95 11.40
1.75 6.14 3.905 0.691 11.11 10.33
2.0 6.53 3.905 0.604 9.93 8.90
2.5 7.45 2.967 0.442 6.51 4.98
3.0 8.36 2.967 0.313 4.21 3.71
4.0 10.21 2.967 0.134 2.31 1.54
5.0 11.96 2.967 - 2.12 —
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Table 3

Shock and spall parameters at different particle velocities along the positive gradient direction (S2). The units follow that of Table 2.
Uy U; G Au o, o,
0.5 4.62 3.905 - - -
0.75 4.95 3.905 0.977 13.66 14.49
1.0 5.26 3.905 0.965 13.31 14.32
1.25 5.52 3.905 0.921 12.96 13.66
1.5 5.83 3.905 0.858 12.24 12.73
1.75 6.21 3.905 0.748 10.94 11.08
2.0 6.60 3.905 0.662 9.88 9.82
2.5 7.53 2.967 0.488 7.51 5.49
3.0 8.38 2.967 0.368 4.52 4.19
4.0 10.22 2.967 0.116 2.24 1.32
5.0 11.96 2.967 - 2.01 -

Table 4

Shock and spall parameters at different particle velocities in the homogeneous nanoglass (S3). The units follow that of Table 2.
U, U; Cy Au o, ot
0.5 4.61 3.905 - - -
0.75 4.93 3.905 0.962 13.16 14.16
1.0 5.23 3.905 0.959 13.11 14.11
1.25 5.51 3.905 0.918 12.63 13.51
1.5 5.81 3.905 0.848 12.28 12.48
1.75 6.24 3.905 0.759 10.84 11.17
2.0 6.53 3.905 0.666 9.88 9.81
2.5 7.55 2.967 0.467 6.38 5.11
3.0 8.32 2.967 0.326 3.68 3.65
4.0 10.19 2.967 0.134 212 1.50
5.0 11.93 2.967 - 1.97 -

Table 5

Shock and spall parameters at different particle velocities in the homogeneous CugsZrzg MG (S4). The units follow that of Table 2.
Uy U G Au o, o,
0.5 4.64 3.905 - - -
0.75 4.91 3.905 0.963 13.86 14.36
1.0 5.28 3.905 0.993 14.11 14.81
1.25 5.57 3.905 0.912 13.88 13.61
1.5 5.88 3.905 0.867 12.58 12.94
1.75 6.25 3.905 0.740 10.64 11.04
2.0 6.63 3.905 0.638 9.18 9.51
2.5 7.49 2.967 0.495 6.68 5.61
3.0 8.39 2.967 0.302 3.28 3.42
4.0 10.26 2.967 0.142 2.01 1.61
5.0 12.02 2.967 - 1.87 -

between the grain interiors and interfaces. The grain interfaces with a higher free volume have a lower strength during spallation. This
further proves that in the GNGs, the grain size at the spall site does affect the spall strength. The stress field shows that as the voids
nucleate and grow, large defects are formed in the sample, which leads to a decrease in tensile stress around the defects. However, the
temperature around the defects displays a significant increase, as presented in the temperature field.

With a slight increase of shock strength, the heterogeneous nucleation of defects in nanoglasses disappears rapidly, as shown in
Fig. 18. It is clear that the voids nucleate not only at the grain interfaces but also in the grain interiors. Moreover, the shock velocity of
1.25 km/s is not very high. These results indicate that during spallation, the nanoglasses do not exhibit a significant difference in
strength between the grain interiors and interfaces, contrary to conventional polycrystalline. With the increasing U,, the spall strengths
in nanoglasses decrease, while the increase rate of tensile stress rises. As a result, the voids will nucleate simultaneously at both the
grain interiors and interfaces if their strengths do not have a significant difference. Therefore, the strengths of the grain interiors and
interfaces do have a difference during spallation, but the difference is not significant.

As we know, Yuan et al.(Yuan and Branicio, 2020) have proposed some possible methods to generate GNGs in experiments. For
most experimentalists in the nanoglasses field, at present the experimental results can only give the mean-field sense information or
sample states at some specific moments, which is not enough to reveal the details of atomic-scale mechanism. However, molecular
dynamics can present the complete physical processes and calculate thermodynamic information in a micro and mesoscopic sample,
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Fig. 16. The comparison of spall strengths between the S1 and S2 samples at different particle velocities. (a) Spall strengths obtained from bulk. (b)
Spall strengths calculated by FS.
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Fig. 17. The defect evolution during spallation for the GNGs at U, = 0.75 km/s. (a) S1. (b) S2. There are three different analysis schemes used in
the figures. The slices with 1 nm thick, centered at 72 nm, along the Z-direction are selected. The top row atoms are colored by grain IDs. Atoms in
the second row are colored based on the shock stress. In the last row, the color of atoms represents the shock temperature. The sphere radius of the
neighbor region used to average atomic physical quantities is 0.64 nm.

allowing experimentalists to get more idea about their works. We hope that the results of the current work and strategies on synthesis
of GNGs will motivate experimental work in the nanoglasses field.

4. Conclusions

In present work, MD simulations are employed to study the shock characteristics and dynamic failure of CugsZrse GNGs and

20



Y. Guan et al. International Journal of Plasticity 149 (2022) 103154

U, =1.25km/s
e —

s(J ure1d £q paiojo)

é—‘Z (a)

Fig. 18. The evolution of voids during spallation for the Slsample at U, = 1.25 km/s. (a) 31 ps. (b) 32 ps. (c) 33 ps. A slice with 1 nm thick,
centered at 64 nm, along the Z-direction is selected. The atoms are colored by grain IDs.

homogeneous samples in the particle velocity range of 0.5 to 5 km/s, where we analyzed the shear deformation behavior, shock stress,
temperature, shock wave speed, spall fracture behavior, and spall strength. The simulations show that the number of mechanically
stable <0,0,12,0> and <0,1,10,2> atomic clusters in grain interiors is higher than that in grain interfaces. Due to the relatively high
APEs of these two types of clusters, the free volume in grain interfaces is larger than that in grain interiors. As a result, the region with a
smaller grain size has a higher free volume. The higher free volume corresponds to a faster rate of shear deformation. Therefore, the
shear deformation rate in the S1 sample gradually increases along the shock direction, whereas that in the S2 sample decreases. The
difference in local shear strain rate has a significant impact on the shock wave profiles of stress, configurational entropy, and tem-
perature. For the shock stress, the region with a smaller grain size presents lower value under weak shocks. This is because during shear
deformation, a higher rate results in a greater relaxation of stress. However, as the shock strength increases, the time for shear
deformation to reach a stable state gradually decreases, which means the difference in shear deformation rate is difficult to reflect in
shock stress under strong shocks. Thus, the stress waveforms gradually become flat. For the configurational entropy, its value at the
shock front depends strongly on the shear deformation rate. After the shock wave sweeps through, the shear deformation gradually
stabilizes, so the effect of shear deformation rate will disappear. At this time, the configurational entropy is mainly determined by the
degree of shear deformation (density of STZs). For the shock temperature, its increment is mainly determined by the degree of shear
deformation. The degree of shear deformation in the local region during shock is controlled by the shear deformation rate and action
time of shear stress. The shear deformation rate and action time are competitive in the S1 sample, whereas those are cooperative in the
S2 sample. Therefore, the temperature waveforms along the shock direction progressively decrease at U, < 1.5 km/s but increase at U,
> 1.5 km/s in the S1 sample, while those always gradually decrease in the S2 sample.

Importantly, there is a very weak dependence of the shock wave speed on grain size because of a similar chemically-disordered
feature between the grain interiors and interfaces. This indicates a constant bulk sound speed in the GNGs. As a result, the indirect
method, estimating spall strength, is still available for the GNGs. The spall strengths of the direct and indirect methods can match very
well when applying the change in bulk sound speed at different particle velocities. In terms of the nanoglasses, the estimated spall
strength is maximum in the S2 sample, at 14.49 GPa, followed by the S3 and S1 sample, at 14.16 and 13.39 GPa. The reason for the
higher spall strength in the S2 sample is the positive gradient structure results in lower temperature and free volume in the spall region.
For the spall evolution, the defects in nanoglasses show heterogeneous nucleation at the grain interfaces under a weaker shock (U, =
0.75 km/s). However, with a slight increase of shock strength (U, = 1.25 km/s), the heterogeneous nucleation of defects disappears
rapidly. Therefore, the strengths of the grain interiors and interfaces do have a difference during spallation, but the difference is not
significant.

Finally, a natural progression of this work is to analyze the heterogeneous nucleation of defects during shock. It is still unclear
whether atomic composition, grain size, and initial temperature will affect the heterogeneous nucleation.
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