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Abstract: The different deformation behaviors in the yield stage, in particular, of metallic glasses
under uniaxial tension and compression are investigated from an atomic structural perspective,
by applying both experimental and simulation methods. A new computational approach for
quantitatively calculating free volumes (FVs) in structural models is developed, based on which
the manner in which FVs contribute to deformation is studied. It is found that FVs have different
expansion behaviors in terms of their saturation sizes and corresponding strain values, which are
essential structural causes of different yield behaviors in these two deformations in metallic glasses.
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1. Introduction

Metallic glasses (MGs) have a number of attractive properties, such as high strength and hardness,
wide elastic range, low internal friction, excellent corrosion and wear resistances, and so on [1,2].
However, the lack of tensile ductility at room temperature and the inability to offset catastrophic failure
makes this class of alloys quasi-brittle materials [3,4]. It has been proposed in both experimental and
theoretical investigations that tension and compression modes possess different yield behaviors [5-7].
Although studying the plasticity in tension or compression is still a long-standing issue, it has been
suggested that the yield difference could be related to the difference in plasticity between tension and
compression [8,9]. Therefore, it is necessary to the mechanisms of deformation—in the yield stage,
in particular—for both tension and compression modes.

To research the microscopic deformation mechanism of MGs, various specific structural concepts
have been proposed, including shear transformation zones (STZs), flow units, free volumes (FVs), and
flexible volumes [10-14]. It is known that, beginning with the yield stage, STZs begin to form shear bands,
which contribute significantly to the plasticity in MGs [9,15]. STZs are the fundamental units of plasticity
in amorphous metals, and are small clusters of randomly close-packed atoms that spontaneously and
cooperatively reorganize under the action of an applied shear stress. The continued propagation of
shear strain occurs by a process of self-assembly; the operation of one STZ creates a localized distortion
of the surrounding material, and triggers the autocatalytic formation of large planar bands of STZs,
commonly called shear bands [16]. However, the atomic-scale processes underlying shear localization
are difficult to study experimentally, due to the extremely short time and the very small length scales
involved [15]. Since it has been suggested that FVs significantly affect the formation of STZs, it is
reasonable to study the deformation mechanism from a FV perspective. Thus far, it has been difficult to
quantitatively calculate FVs [17-19], because FV is an ambiguous and elusive concept. In our previous
work, a method for quantitatively calculating atomic packing efficiency was developed [20], making it
possible to quantitatively detect FVs, because atomic packing has a close relation to FVs [21].
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In this work, a Zr,Cu composition is selected as the research prototype, because ZrCu is a
well-known binary alloy system with a large glass-forming composition range, and usually has
excellent mechanical properties. The yield strength difference between the tension and the compression
deformations is studied, by using a molecular dynamics (MD) simulation and several synchrotron
radiation experiments. By developing a new approach for calculating FVs quantitatively, it is found
that FVs significantly contribute to the deformation in the yield stage.

2. Experimental and Simulation Section

An alloy ingot with composition Zr,Cu was fabricated by arc-melting Zr and Cu with purities
of 99.9 wt % in a Ti-gettered high-purity argon atmosphere. The ingot was melted at least 5 times
to ensure compositional homogeneity. The corresponding amorphous ribbons were prepared by
melt-spinning, producing a cross section of 0.04 x 2 mm?. Subsequently, a synchrotron radiation-based
high-energy X-ray diffraction measurement was performed at beam line BW5, in HASYLAB, Hamburg,
Germany. Furthermore, extended X-ray absorption fine structure (EXAFS) experiments for both Zr
and Cu K-edge were carried out using a transmission mode at beam line BL14W1, at the Shanghai
Synchrotron Radiation Facility, Shanghai, China, and U7C, at the National Synchrotron Radiation
Laboratory (NSRL), Hefei, China.

It is known that MD simulation is a powerful tool for studying the structures and various
properties of MGs, while usually lacking fitting of experimental data [8,22-27]. Meanwhile, reverse-
Monte Carlo (RMC) simulation of the synchrotron radiation experimental data is another useful method
for probing structural information in MGs, while the lack of chemical potential sometimes makes such
calculation uncertain [20]. Therefore, to obtain a reliable structural model, a RMC method was adopted
for simulating the synchrotron-radiation diffraction and EXAFS data, resulting in an initial structural
model. Subsequently, a MD simulation was performed to modify this model. In detail, the LAMMPS
software (2016 version, Sandia National Laboratories, Livermore, CA, USA) was used for this
simulation, in which a realistic ZrCu embedded-atom method potential [28] was adopted. The initial
model was relaxed in the NPT (constant number of particles, pressure, and temperature) ensemble [29]
in this MD simulation under periodic boundary conditions, so that a modified as-prepared structural
model was obtained. This scheme is similar to that applied for studying MGs in previous work [30].

Furthermore, this as-prepared structural model was deformed by another MD simulation, by applying
a tensile or a compressive uniaxial strain at a rate of 1 x 108 s~! along the x-direction. The temperature
was maintained at a constant value of 300 K. Periodic boundary conditions were imposed in both y- and
z-directions. In this simulation, the ZrCu embedded atom method potential was applied.

3. Results and Discussion

The structural signals of the MD simulation for obtaining a modified structural model of Zr,Cu
MG, coupled with those obtained from the synchrotron radiation experiments, are plotted in Figure 1.
These structural signals include the structural factor (5(Q)), the total pair distribution function (G(r)),
the Cu and Zr K-edge EXAFS signals. Both of the simulated 5(Q) and EXAFS curves fit well with
their experimental ones, indicating that such modified simulation can provide us with a more realistic
structural model. According to this structural model, atomic- and cluster-level structural information
can be deduced. All of the atoms are “frozen” in the simulated structural model, so that the positions
and the sizes of atoms can be determined, making it possible to probe FVs.

The simulated uniaxial stress-strain curves of the Zr,Cu model under tension and compression
are plotted in Figure 2. These simulated curves are in good agreement with those obtained in previous
theoretical work, in terms of the elastic, yield, and plastic stages [31]. In both modes, there is a linear
relation between stress and strain when the strain is <4%, implying an elastic deformation stage.
With the increase of the strain, the rise in the stress values becomes slow, indicating an inelastic
deformation. The stress reaches a maximum at a strain of about 8% in both tension and compression,
denoting yield strength. When strain continues to increase, the strength drops, and reaches a
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quasi-steady flow stress [7]. In the tension mode, the yield strength is ~2.5 GPa and the flow stress
is ~1.8 GPa, whereas the counterparts in the compressive deformation are ~2.9 Gpa and ~2.1 Gpa.
The lower yield strength under tension was also observed in both experimental [5,6] and simulation
studies [16]. According to previous work [32], the difference between the yield strength and the
quasi-steady flow stress is related to the degree of softening during deformation, and its magnitude
reflects the propensity for strain localization in the flow region.
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Figure 1. (Color online) Structural signals, including: (a) Structure factor, S(Q); (b) total pair distribution
function, G(r); (c) Zr and Cu K-edge EXAFS (extended X-ray absorption fine structure) spectra. The solid
and the dashed lines denote experimental and theoretical data, respectively. k and x(k) represent the
photoelectron wave vector and the k-space EXAFS signal, respectively. This simulation was performed
by MD (molecular dynamics) simulation to modify the RMC (reverse-Monte Carlo) initial model.
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Figure 2. (Color online) The MD simulated uniaxial stress-strain curves of the Zr,Cu structural model
under tension (Black solid line) and compression (Red solid line).

It is known that the deformations under the applied stresses are accompanied by some short-range
structural changes in amorphous alloys [20,21,31-33]. To study short-range structural features at different
deformation stages, the distribution evolution of various Voronoi clusters (VCs), which indicate the
short-range order in MGs, was investigated using the Voronoi tessellation method [34].
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Figure 3 shows the distribution of major VCs. It is observed that the change of the fractions of
various VCs under tension is very similar to those of the compressed sample, which is in agreement
with that observed in previous work [7]. Therefore, it is difficult to study the yield difference between
tension and compression from a VC perspective. It is known that <0, 0, 12, 0> VC is the so-called full
icosahedron, possessing full five-fold symmetries, and regarded as an indicator of high shear resistance,
high packing density, and low potential energy [7,35]. In addition, it has been proposed that, during the
deformation, both <0, 0, 12, 0> and some distorted icosahedral VCs, such as <0, 1, 10, 2>, which are
densely packed units, will collapse to form loosely packed ones [7]. This leads to the formation of
more excess FVs, which are finer structures in MGs. In this sense, it is necessary to examine why the
yield strength in compression is higher than that of the tension, by quantitatively probing the FVs.
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Figure 3. (Color online) Distribution of major Voronoi clusters during (a) tension and (b) compression.

In the present work, a new computational approach that can quantitatively detect FVs in MGs is
designed. In the structural model, a hollow sphere with a changeable radius is adopted, which keeps on
moving, in this model, until it touches any of the position-determined atoms, so that all of the void spaces
between neighboring atoms can be detected. The center of each possible void is strictly defined. Any two
neighboring void spaces whose center distances are too small or too large are merged or separated,
so that the overlapping of small voids and the ignoring of large voids can be excluded. We emphasize
that a void space itself cannot denote a FV directly [36]. These detected spaces are made up of both
intrinsic voids and FVs. In other words, they represent the total void spaces not occupied by atoms [21].

It is known that there is a competitive crystalline phase in the composition of Zr,Cu [37], and it
has been revealed that the devitrification phase of Zr,Cu MG is such a Zr,Cu tetragonal phase [38].
We assume that the intrinsic voids in the glassy state [21] will be similar to those in this crystal phase.
All of the intrinsic voids in this Zr,Cu tetragonal phase are calculated, and are listed in Table 1. It is
shown that, in the crystal model, there is no intrinsic void whose radius is larger than 0.4 A, implying
that intrinsic voids in the corresponding Zr,Cu MG should have radii shorter than 0.4 A. In other
words, any void space with a radius larger than 0.4 A should be a FV, rather than an intrinsic void.
In this way, relatively large FVs can be picked out. We emphasize that it is not correct to say that there
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are no FVs with a size smaller than 0.4 A. The number of void spaces with a size smaller than 0.4 A in
both the Zr,Cu crystal and amorphous models is calculated, and it is found that there is no obvious

difference, suggesting that relatively small FVs can be ignored, in this case.

Table 1. Intrinsic voids calculated in a Zr,Cu tetragonal phase.

Sample Percentage (%)
Size (A) <0.2 0.2-0.3 0.3-0.4 >0.
Zr,Cu 0 66.7 33.3

The average sizes of FVs (large voids whose radii are larger than 0.4 A) corresponding to different
strains of the structural model are calculated and plotted in Figure 4. Figure 4a shows the evolution
of the average size of FVs in tension and compression. It is observed that the average size increases
monotonously with the increase in strain in both tension and compression modes. It is worth noting that,
in the tension mode, the average size increases from 0.604 A to 0.637 A, while the corresponding increase
in compressive deformation is from 0.604 A to 0.621 A, implying that there is a rapid increase in FV size
during tension. To further illustrate this, the changes in FVs corresponding to different strains in tension
and compression are shown in Figure 4b. It is found that the difference ratio increases, and reaches a
plateau at about 5.5% for tensile deformation, while this parameter increases, and reaches a plateau at
only about 2.7% for compressive deformation. It is apparent that the plateau in tension mode has a larger
value than in compression mode. As we know, there is usually a larger yield stress in compression mode;

therefore, we conclude that the less the FVs increase in size, the higher the yield stress is.
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0.4 A) and strain in tension and compression modes, including (a) the average sizes of FVs and (b) the
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A more interesting phenomenon is observed, whereby there is a critical point indicating the
change of the linear relation between FV difference ratio and strain. In compression mode, this critical
point has a strain value of 8%, which corresponds to the yield stress. Meanwhile, this critical point
in the tension mode has a strain value of 11%, which is far removed from that (8%) corresponding
to the yield stress. In other words, FVs do not obviously expand following yield stress during
compressive deformation, while FVs continue to expand after the yield stress, probably until they
reach the quasi-steady flow stress under tension. This may contribute significantly to the different
mechanical behaviors between compressive and the tensile deformations; in particular, the difference
in yield stress, and the difference in change until the quasi-steady flow stress is reached.

We checked the stress along y- and z-axis. The y- or z-direction stress keeps a relatively low
value—less than 1 MPa—which is much smaller than that of the x-axis. This indicates that y- or
z-direction stress does not significantly affect VC or FV parameters.

It has been suggested that the unique mechanical and physical properties of MGs are related to
their structural stability [39-41]. Recent studies have shown that atomic packing is an important factor
affecting the properties of MGs [42]. It is known that FVs are associated with atomic packing [21].
In this work, we have revealed that there is an expansion saturation of FVs in both compressive and
tensile deformations, which may be due to the lower limit of loose atomic packing in the glassy state.
The different evolutions of FVs between compressive and tensile deformations are probably due to the
differences in atomic-level packing between these two deformations.

Furthermore, the changes of total FV in both tension and compression are illustrated in Figure 5.
It is found that the total FV decreases with an increase of strain in compression, which is the opposite
of the case in tension. Although we have revealed that the average size of FVs increases during
compression, the number of FVs is largely reduced with an increase in strain. As a result, the total
FV during compression decreases with an increase in strain. We suppose that, during compression,
relatively small FVs are apt to merge into relatively large ones, leading to a decrease in FV number and
an increase in FV size.
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Figure 5. (Color online) Relations between total FVs and strain in tension and compression modes.

In this work, the yield behaviors in the simulated tension and compression are different, which
is a topic studied previously in a Nature Materials article [16]. In this Nature Materials article,
a fundamental yield criterion for an elementary STZ was proposed, which reveals that the physical
origin of this effect in metallic glasses lies in the principle of ‘atomistic friction’, as embodied in the
Mohr-Coulomb criterion. It is suggested that FV parameters, which are the focus of study in this
work, should also have a close relation with STZ. Therefore, our FV result should be related to the
Mohr-Coulomb criterion. There is interesting future work to be done on how FVs contribute to the
deformation in MGs, according to the Mohr-Coulomb criterion.
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In addition, it is known that sample size significantly affects the mechanical properties—in
particular, the plasticity of MGs, as observed in many experimental investigations [43,44]. With regard
to the simulation work, the model size is much smaller than those in the experimental samples;
thus, the calculated stress-strain curve is usually different from its corresponding experimental one.
However, as mentioned above, there are similar yield differences between tension and compression
modes for both experimental and simulation investigation [5-7]. Therefore, this work studying the
yield behaviors via the MD simulation is helpful for understanding the yield behaviors of real samples.

4. Conclusions

In this work, a new computational method for quantitatively detecting FVs is developed, based on
which the fundamental structural mechanisms affecting the yield stage in tension and compression are
investigated. It is revealed that the size of FVs increases with the strain in both tension and compression,
while FVs have a lower expansion saturation value in compression than in tension, contributing to
the higher yield strength in the former. In addition, the saturation value in compression/tension
matches/mismatches the strain of 8%, corresponding to the yield strength, which could explain why
there are different yield behaviors between these two deformation modes. This work sheds light on
the unique mechanical properties of glassy alloys from an atomic-level structural perspective.
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