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Abstract

Rejuvenation is the structural excitation of metallic glasses that can significantly
increase the enthalpy and free volume. Here, the rejuvenation in ZrssCussAlg metallic
glasses with pressure preloading was studied by molecular dynamics simulation. As the
strain gradually increases, high-density deformation units in different regions are
formed in the rejuvenated Zr4sCussAlg metallic glass with pressure preloading, but they
do not form the shear bands that cause brittle fracture. In terms of the microstructure,
the pressure preloading increases the degree of the short range order, but decreases the
medium range order. 3-atom connections in the medium range order of icosahedra and
other clusters are proposed to represent the level of rejuvenation. The decrease of 3-
atom connections in the medium range order can lower the energy barrier and decrease
the elastic modulus, improving the level of the rejuvenation. With the weakening of the
3-atom connections, the rejuvenated metallic glass possesses the features of high
density, high energy, high Poisson's ratio, high defects and low localization. These
findings open an avenue to evaluate the level of rejuvenation and provide a strong
foundation for metallic glass design.
Keywords: metallic glass; rejuvenation; pressure; plasticity; molecular dynamic
simulation
1. Introduction

Metallic glasses (MGs), regarded as “green” materials, have non-directional
metallic bonds that makes them very different from traditional glasses [1-3]. In

particular, brittle fracturing is a fatal flaw in the application of MGs as structural



materials [4-7]. Due to structural softening, shear bands are the preferred positions for
plastic flow, and usually a single shear band can lead to ultimate brittle fracture [8-12].
In order to improve the reliability of MGs in engineering applications, a wide range of
research has been carried out to prevent brittle fracture [13-16]. At room temperature
and normal strain rate, rejuvenated MGs present good deformation ability [17]. Unlike
aging, rejuvenation is the structural excitation of MGs, which can significantly increase
the enthalpy and free volume [18-22]. Rejuvenating the glass structure to restore
flexibility can facilitate bonding-switching to render shear transformations throughout
the glass without strain localization in the narrow shear bands [23, 24]. Therefore,
without loss of strength and stiffness, achieving a high rejuvenated status and
preventing brittle fracture are the keys to extend the applications of MGs.

There are many ways to rejuvenate MGs. Cryogenic thermal cycling makes MGs
more disordered and results in a higher energy state, leading to rejuvenation [25-28].
Thermo-mechanical creep can achieve rejuvenation when the stress exceeds a threshold
[29]. Elastostatic loading and deformation can also activate rejuvenation [30-32]. lon
irradiation can induce rejuvenation by increasing the free-volume content, achieving
shear band intersections in MGs [33]. Some mechanical methods, such as high-pressure
torsion, notched constraining and shot peening, can achieve rejuvenation in MGs [34-
38].

Pressure can affect many properties of MGs, such as glass transition [39], phase
transition [40], crystallization [41], corrosion [42] and deformation [43]. Because of the

rapid cooling process, MGs have a large amount of atomic scale free volume [44].



Pressure can induce changes in the microstructure and energy state [45], so that MGs
can reach a rejuvenation state, which motivates us to explore the plastic deformation of
rejuvenated MGs prepared under pressure. For example, Wang et al. showed that high
pressure annealing makes the microstructure change in the “negative flow unit” with a
higher packing density, leading to the bulk MGs achieving high energy storage [46].
By a pressure-mediated pathway, Ding et al. found that Cu-Zr MGs exhibit anomalous
structure-property relationships in which the energy of the MGs is high, accompanied
by an increase in atomic density and icosahedra [47]. Zeng et al. observed that pressure
can cause a polyamorphous MG to exhibit elastic anomalies in sonic velocity, volume
modulus and Poisson's ratio during the polyamorphic transition [48]. It becomes
important to clarify the influence of pressure on the heterogeneity of the microstructure
and establish the relationship between the local microstructure and rejuvenation
through the pressure effect. Nevertheless, the correlation between the characteristics of
the rejuvenation and the atomic structure, the kinds of atomic connections responsible
for the main feature of the rejuvenation, and the deformation mechanism under pressure
remain elusive. Up to now, proper understanding of the rejuvenation of MGs prepared
by pressure preloading is still lacking at the atomic level.

Compared to experimental instruments, computer simulation provides a unique
perspective for examining the atomic scale processes in materials and is widely used to
reveal the microstructure of MGs. For example, Tong et al. found that the local changes
in the connected network of atoms are the main driving force of rejuvenation in MGs

by combining experiments and molecular dynamics (MD) simulations [49]. In this



work, the effect of pressure preloading (from 0 to 50 GPa) on the rejuvenation of
Zr46CuseAlg MGs was studied by MD simulations. Here, we applied pressure in the
process of glass-forming quenching, discussing the effects of the pressure-promoted
rejuvenation process on Poisson’s ratio, potential energy, defects, short range order and
medium range order, thereby explaining the enhanced plastic performance of
rejuvenated MGs. Our work sheds light on designing plastic MGs by weakening the
medium range order and provides a more complete description of the relationship
between pressure, rejuvenation, atomic structure and shear bands.
2. Simulation details

Based on the embedded atom method (EAM) potential developed by Cheng et al.,
MD simulations were performed in LAMMPS [50, 51]. In this work, the Zr-Cu-Al
system was selected because of its reliable empirical potential and excellent glass-
forming ability. The random Zr4sCussAlg configuration was composed of 4600 Zr atoms,
4600 Cu atoms and 800 Al atoms. At 2000 K and zero pressure, the model was fully
equilibrated for 1 ns under periodic boundary conditions (PBCs), within an NPT
ensemble (constant number, constant pressure, and constant temperature) [52]. The
Nose-Hoover thermostat and Parrinello-Rahman technique were adopted to control the
temperature and pressure [53, 54]. The model was subjected to quenching to 50 K at a
cooling rate of 10 K/s at zero pressure. According to the kink in the volume—
temperature curve, Tg was about 755 K. The pressure-promoted models were relaxed at
980 K (~1.3Tg) for 2 ns: 0 GPa, 10 GPa, 20 GPa, 30 GPa, 40 GPa and 50 GPa,

respectively. These models were then quenched to 50 K at a cooling rate of 10'? K/s



under the corresponding pressure. Finally, they were relaxed at 50 K and zero pressure
for 4 ns. The big MG models, containing 320,000 atoms (22.4x5.6x44.8 nm?) were
prepared by replicating the small models, and were subjected to a compressive strain
rate of 4x107/s along the Z-direction at 50 K. A PBC was enforced along the Y direction
under zero pressure while both X- and Z- directions maintained free surfaces. The
existence of free surfaces is the key factor in forming shear bands [55].

3. Results

3.1. Stress-strain curve

The stress-strain curves of the rejuvenated MGs prepared by different levels of
pressure preloading are presented in Fig. 1. The results show that pressure preloading
can significantly improve the deformation capability of MGs. The maximum stress and
the curve slope of the MG without pressure preloading are both greater than those of
rejuvenated MGs with pressure preloading. The larger the pressure, the smaller the
maximum stress and the slope, corresponding to the smaller Young's modulus. The
stress of the MG prepared under 50 GPa doesn’t show a steep drop, and the stress-strain
curve is almost linear after the maximum stress. The difference in the yield stress and
the quasi-steady flow stress indicates the degree of softening in the deformation process,
which reflects the tendency of strain localization. The lower strength drop of the
rejuvenated MGs with pressure preloading indicates that the degree of strain
localization is lower than that of the MG without pressure preloading. Therefore, the
compressive plasticity of an MG can be increased by pressure preloading. Previous

reports have shown that the sharp drop in stress after yielding is related to a single shear
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band [56], which means that multiple shear bands can be formed by pressure preloading.
The models prepared by pressure preloading have a lower elastic limit, which may be
attributed to more zones being available for shear transformation. To verify this, the

atomic local shear strains of the models are shown in Fig. 2.

3.2. Atomic local shear strain

According to the atomic local shear strain, the atoms of the MGs are presented
with different colors, as shown in Fig. 2 [57]. It is generally believed that only atoms
with local shear strain larger than 0.3 are considered to be involved in plastic
deformation [58]. Different plastic deformation behaviour between the MGs with and
without pressure preloading can be more clearly observed in Fig. 2a and 2f. More
uniform deformation and smaller localized strain are observed in the MG under 50 GPa.
From Fig. 2b to 2e, the directions of the shear bands of MGs under 0 ~ 40 GPa are all
close to 45° and 135°, and some different characteristics are observed. As the pressure
increases, not only is the degree of localization of shear bands in Fig. 2e weaker than
that in Fig. 2b but also more deformation units can be activated. In Fig. 2f, high-density
deformation units are observed in different regions of the rejuvenated ZrssCussAls MG
under 50 GPa. It is interesting to point out that these deformation units have more
difficulty in forming shear bands that causes brittle fracture, as compared to the MG
without pressure preloading. In the literature, it is reported that multiple deformation
units are usually induced by the multi-axial stress states, such as nano-indentation or
notched samples [59, 60]. But in this work, the multiple deformation units are observed

under the uniaxial loading state. This is because the pressure results in more shear
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transformation zones (STZs) at different locations, which can facililate a more uniform
strain distribution and avoids stress localization. The presence of high density STZs
reduces the yield strength and leads to enhanced plasticity for the rejuvenated MGs

prepared by pressure preloading.
3.3. Poisson's ratio, free volume and atomic packing density

It has been confirmed experimentally that there are direct correlations among
Poisson’s ratio, free volume, atomic packing density and pressure [61, 62]. Poisson’s
ratio (v) is the negative ratio of transverse shrinkage strain to the longitudinal
expansion strain in the elastic load direction, which reflects the resistance of the
material to volume change vs shape change. Therefore, Poisson's ratio can be used to
estimate the change of free volume and density in the MGs after pressure treatment.

v=(3-22)/(6+25) )
where G is the shear modulus and B is the bulk modulus. G and B can be derived from
the stiffness coefficients (Cj;) through the standard equations for isotropic materials [63-
65].

The free volume can be defined as the Voronoi volume less the atomic core volume
[66]. The atomic core volume is generally a constant, so the difference of the average
Voronoi volume (4Va) in the pressured and as-cast MGs can represent the change of
free volume. The positive value of AV, represents the increase of the free volume, while
the negative value of 4V, represents the decrease of the free volume.

AVa = Vap — Vaa )

where Vap and Vaa are the averaged Voronoi volumes in the pressured and as-cast MGs.
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The atomic packing density (Cq) can reflect the free volume in MGs, which is
defined as the ratio of the minimum theoretical volume occupied by the atoms to the

effective volume of the corresponding MG.

3 4. (Ri
Cg _ fi=t 3;[(2) (3)

where i=1, 2, 3 stand for the elements Zr, Cu and Al, respectively. R; is the position of
the first peak of the pair distribution function. V is the overall volume of the ZrssCussAlg
MG sample.

As shown in Fig. 3, Poisson’s ratio and the change of the average Voronoi volume
are both positively related to the atomic packing density (Cg). As the pressure increases,
Poisson's ratio and the average Voronoi volume both increase. This suggests that more
and more free volume is retained in the rejuvenated MG because the free volume is
difficult to be annihilated under pressure. Liu et al. found that under pressure, the free
volume in MGs with high Poisson's ratio is hard to annihilate, meaning more STZs can
be activated [61]. Pan found that the volume of the STZs increases with the increase of
Poisson's ratio [67]. The STZs preferentially appear in regions with large free volume.
More STZs strengthen the shear capacity, and many shear band nuclei are formed, as
shown in Fig. 2f. Our results are consistent with the literature, verifying the reliability

of our models.

3.4. Potential energy

There is also another parameter reflecting the correlation between the deformation
and microstructure, namely the change of potential energy AE.

AE = Ep — Ea (4)
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where Ea and Ep are the potential energies of MGs in the as-cast state and pressured
state. 4E is negative in the case of aging, while it is positive in the case of rejuvenation.

As shown in Fig. 4, the positive 4E increases as the pressure increases, which
suggests that pressure is helpful to the rejuvenation. From the view point of the potential
energy landscape, possessing abundant minima on its multidimensional energy surface
[68], physical aging promotes MGs to move from a high-energy state to a deeper energy
minimum, resulting in a loss of energy and entropy. Conversely, the pressure brings
MGs into the high-energy areas, increasing the inherent structural energy. The increase
in energy can cause instability of the atomic motion, which in turn changes the
concentration of defects in MGs. In order to grasp the distribution of the defects density
overall, the quasi-nearest atoms (QNAs) were considered. Each face of the Voronoi
polyhedron, identifying the nearest neighbors to each atom in the MGs, corresponds to
one of the nearest neighbors to the central atom. When two faces of a Voronoi
polyhedron share an edge, the two corresponding atoms are called a pair of adjacent
atoms. If the pair of adjacent atoms is not the nearest neighbor, the pair of adjacent
atoms is called a pair of QNAs [69]. QNAs can be used to characterize defects in MGs.
As shown in Fig. 4, when the pressure increases, the QNA increases, suggesting that
the defects increase in rejuvenated ZrssCussAls MGs. The above shows that pressure

promotes an increase of the energy in MGs, accompanied by an increase in the defects.

3.5. Pair distribution function

In order to verify whether the rejuvenated ZrssCussAls MGs are still completely

amorphous, the pair distribution function (PDF) was analyzed. Fig. 5a shows the PDF
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for MGs prepared by pressure preloading under 0, 10, 20, 30, 40, and 50 GPa. The
results show that the structure of the rejuvenated ZrssCussAls MGs is still amorphous.
The position, width and strength of the peaks can reflect structural information. The
atomic configurations of the nearest-neighbour shell make up the first peak of the PDF,
corresponding to the short range order (SRO). The splitting of the second peak of the
PDF is related to the polyhedral connection, corresponding to the medium range order
(MRO) [70]. As shown in Fig. 5b, Gaussian fitting analysis was performed for the first
and second peaks of the MGs with pressure preloading under 0 and 50 GPa. The first
and second peaks of MGs with different pressure preloadings are different, which
suggests that the pressure changes the degree of the SRO and MRO of rejuvenated
Zr46CussAls MGs. The first peak of the MG prepared by pressure preloading under 0
GPa is stronger than that under 50 GPa, while the second peak is just the opposite. This
suggests that the pressure preloading may increase the degree of SRO but decreases the
MRO. In order to verify this, the atomic structures of MGs under different pressures
were analyzed.
3.6. Bonded pairs

The bonded pairs index with four integers ijkl is used to analyze the effect of
pressure on the structure of MGs [71]. The first number i is used to determine if two
atoms are bonded (i=1 for bonded pairs and i=2 for non-bonded pairs); j is the number
of nearest neighbor atoms shared by two bonded atoms; k is the number of bonds among
common neighbor atoms; when the three integers ijk are the same, | represents the
difference in the geometry of the bonds. To further analyze the structural information

11



contained in the bonded pairs, the bonded pairs can be divided into two categories:
when the common neighbor atoms are connected to form a closed ring, that is, when
k=j, they are called "saturated bonded pairs"; otherwise, they are "unsaturated bonded
pairs”[55]. As shown in Fig. 6a, when the pressure increases, the number of saturated
bonded pairs (such as 1551, 1661 and 1441) increase, whereas unsaturated bonded pairs
(such as 1431 and 1541) decrease. Fig. 6a also shows a group of fragmented bonded
pairs composed of various low-population bonded pairs, which have a lower symmetry
and lower energy barrier to shear transitions. The number of fragmented bonded pairs
also decrease as the pressure increases. Besides the geometry of the bonded pairs, the
bonded length was also calculated, as shown in Fig. 6b. As the pressure increases, the
overall bonded length decreases. The above means that the bonded characteristic of the
rejuvenated ZrssCussAls MGs with pressure preloading has been changed from the low-
symmetry to the high-symmetry levels, accompanied by a decrease of the bonded length.
The atomic structure is remarkably mediated by virtue of pressure and is identified in

detail by the VVoronoi polyhedra analysis in the following.

3.7. Short range order

The Voronoi polyhedra (VP) can be described using the Voronoi index <ns, na, ns,
ne>, where n; represents the number of i-edged faces [72]. Fig. 7 shows the distribution
of the top 4 VP of ZrssCussAlg MGs with different pressure preloading values, where
the element types are not distinguished. There is also a group of fragmented VP
composed of various low-population VP, which have low symmetry and a low barrier

to shear deformation [63]. As the pressure increases, the <0,0,12,0>, <0,2,8,1> and
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<0,2,8,2> VP increase, while the fragmented VP decrease. The decrease of the
fragmented VP can increase the barriers to shear deformation, making MGs difficult to
achieve high density STZs. Besides the fragmented VP, the <0,0,12,0> VP are also
selected as the representative polyhedra for analysis. The <0,0,12,0> VP, corresponding
to full icosahedra, are strongly correlated with the shear deformation of MGs [73]. A
larger yield strength was observed for higher icosahedra content, associated with the
enhanced shear resistance compared to other types of SRO [56]. The <0,0,12,0,> VP
increased from 8.13% to 10.49% when the pressure increased from 0 to 50 GPa. Other
researchers also found that the MGs after the pressure adjustment are in a high energy
state, accompanied by the increase of atomic packing and icosahedral SRO [47, 74].
The increase of <0,0,12,0,> VP also can increase shear resistance, making MGs
difficult to achieve high density STZs. However, as shown in Fig. 2f, more uniform
deformation and smaller localized strain are observed in the ZrssCussAls MG under 50
GPa. The above shows that the SRO is not effective in explaining the role of pressure
in promoting the deformation of the rejuvenated ZrssCussAls MGs, so a higher order

structure is needed, that is, the MRO.

3.8. Medium range order

The MRO is related to the polyhedral connection. The neighboring polyhedra can
be connected by sharing one, two, three or four atoms, which corresponds to sharing
one vertex, one edge, one face and one flattened tetrahedron [75, 76]. The connectivity
of the <0,0,12,0> VP and other main VP was analyzed because of their close

relationship with shear deformation [73, 77]. As shown in Fig. 8, as the pressure
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increases, the connectivity between <0,0,12,0> VP and the other main VP, such as
<0,2,8,1>, <0,0,12,0>, <0,2,8,2> and <0,2,8,0>, is weakened. Combined with Fig. 7,
although the number of icosahedra in the rejuvenated MGs is much larger than that in
ordinary MGs, the interrelation between the icosahedra and other polyhedra is
weakened. The pressure-induced rejuvenation increases the SRO but decreases the
MRO that usually has a high shear resistance [78, 79], which suggests that the MGs
under pressure preloading have low resistance to deformation. Therefore, the high
energy of the rejuvenated ZrssCussAlg MGs is mainly attributed to the pressure-
promoted weakening of the MRO.

Fig. 9 shows the different connections of <0,0,12,0> and other VP under different
pressures, depending on how many atoms are shared between them. As the pressure
increases, the number of polyhedra connected by 3-atom decreases, while those
connected by 2-atom and 4-atom increase in the rejuvenated MGs. The number of
polyhedra connected by 1-atom hardly changes with pressure, so it's not shown. The
number of 3-atom connections increases while the number of 2-atom and 4-atom
connections reduces in the MG, relative to the liquid [73, 76, 80]. It demonstrates that
with the increase of pressure, the rejuvenated MG is closer to the liquid. Ding et al. also
found that slow cooling rates can lead to more orderly structures, accompanied by
increase of the 3-atom connections and decrease of the 2-atom and 4-atom connections
[76]. This means that the number of 3-atom connections increases at the cost of the 2-
atom and 4-atom connections, and they can switch between each other. In other words,
the number of 2-atom and 4-atom connections increases at the cost of the 3-atom

14



connections in the rejuvenated ZrssCussAls MGs, reducing the structural ordering. So
the structural feature of weakening the 3-atom cluster connections can represent an
increase in the rejuvenation level.

4. Discussion

The propensity of a region to shear deformation depends mainly on its local
microstructure. In terms of microstructure, the enhanced plasticity performance of
rejuvenated ZrssCussAlg MGs arises from the increase of the QNA and the decrease of
the MRO. This is because the pressure preloading reduces the ability of an atom to
diffuse by reducing the removable space. At the same time, Poisson's ratio in the elastic
range is almost linear with the atomic packing density. So, the main influence of
pressure on the deformation units is in nucleation rather than growth. The pressure
reconstructs the atomic configuration and forces the stress of the deformation units to a
level below the stress of the overall failure, favoring a homogeneous deformation. So,
the rejuvenated ZrssCussAls MGs with the weakening MRO, possess high density, high
energy, high Poisson's ratio, high defects and low localization, as shown in Fig. 10.

In detail, different polyhedral connections can result in different stiffnesses of the
local structures. For instance, Ding et al. found that polyhedra with 3-atom connections
show the stiffest elastic response during the shear deformation [76]. The fraction of 3-
atom connections in the rejuvenated ZrssCussAls MGs decreases with the increasing
pressure, leading to the decrease of stiffness in local regions. The number of 2-atoms
and 4-atoms connections increases, suggesting that the local structure is more prone to
deformation. Therefore, many shear band nuclei are formed in regions with numerous
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of 2-atom and 4-atom connections, due to these connections behaving in a more flexible
manner. From the view point of energy, 3-atom connections can lead to a higher energy
barrier of the basin in the potential energy landscape, and an increase of the shear
modulus [81]. Therefore, the decrease of 3-atom connections leads to lowering the
energy barrier and the stiffness for shear deformation. In addition, the pressure-
promoted MGs are already in a high energy state, so the low activation energy of local
plastic units leads to more STZs being activated. As the strain increases, the STZs
coalesce, interact and branch. The distribution of local shear strain is more uniform,
leading to enhanced plasticity.
5. Conclusions

The effects of pressure preloading on the microstructure and plasticity of
Zrs6CussAlg MGs were investigated. New design strategies can be achieved for
improving the deformation capability in MGs via the pressure preloading approach.
The larger the pressure, the smaller the maximum stress and Young's modulus. In terms
of microstructure, the enhanced plasticity performance of ZrssCussAls MGs arises from
the increase of the QNA and the decrease of the MRO. The number of the 2-atom and
4-atom connections increases at the cost of the 3-atom connections of the icosahedra
and other VP in the rejuvenated ZrssCussAls MGs. The decrease of 3-atom connections
can lower the energy barrier and the stiffness for shear deformation, improving the level
of rejuvenation. This can lead to more STZs being activated in the rejuvenated and
high-energy ZrssCussAls MGs. The rejuvenated ZrssCussAls MGs, with the weakened
MRO, possess high density, high energy, high Poisson’s ratio, high defects and low

16



localization. The results obtained give improved understanding in the rejuvenation
mechanisms of MGs prepared by pressure preloading and are expected to provide
guidance in the design of MGs with enhanced plasticity.
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Figure captions

Fig. 1. Stress-strain curves of rejuvenated ZrssCussAls MGs under different pressures.
Fig. 2. Atomic local shear strain of rejuvenated ZrssCussAls MGs at macrostrain 10%
under the pressure (a) 0 GPa, (b) 10 GPa, (c) 20 GPa, (d) 30 GPa, (¢) 40 GPa and (f)
50 GPa.

Fig. 3. Poisson’s ratio v and the difference of the average Voronoi volume AV, of
rejuvenated ZrssCussAls MGs under different pressures. 4Va = Vap — Vaa, Where Vg and
Vaa are the averaged Voronoi volume in the pressured and as-cast MGs.

Fig. 4. Quasi-nearest atom (QNA) and the change of potential energies (4E) in
rejuvenated Zr4sCussAls MGs under different pressures.

Fig. 5. Pair distribution function of rejuvenated ZrssCussAls MGs under different
pressures.

Fig. 6 Bonded pairs and bonded length of rejuvenated Zr4sCussAls MGs under different
pressures

Fig. 7. The distributions of Voronoi polyhedra, corresponding to short range order.
Fig. 8. Medium range order of icosahedra and other Voronoi polyhedra formed by their
central atoms.

Fig. 9. The percent of connected clusters of <0,0,12,0> and other Voronoi polyhedra,
for three cluster connections (2-atom, 3-atom and 4-atom, as shown in the insert) under
different pressures.

Fig. 10. Schematic description of the effect of pressure on rejuvenation.
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Fig. 1. Stress-strain curves of rejuvenated ZrssCussAlg MGs under different pressures.
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Fig. 2. Atomic local shear strain of rejuvenated ZrssCussAls MGs at macrostrain 10%
under the pressure (a) 0 GPa, (b) 10 GPa, (¢) 20 GPa, (d) 30 GPa, (e) 40 GPa and (f)

50 GPa.
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Vaa are the averaged Voronoi volume in the pressured and as-cast MGs.
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Fig. 10. Schematic description of the effect of pressure on rejuvenation.
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