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Abstract: The influence of vibrational loading on the deformation behavior of a Zr50Cu46Al4 metallic
glass (MG) was characterized via molecular dynamics approaches. High-frequency (1 GHz) vibrational
loading was imposed on the elastoplastic deformation stage during the uniaxial tension of the MG
conducted at 50 K. It was found that imposing vibrational loading scarcely reduces the average
deformation resistance. On the contrary, it results in a notable residual hardening effect after the
vibrational loading is removed, which differs significantly from the previously reported acoustic
softening mechanisms. Vibrational loading can increase the fraction of STZed atoms and enhance
the shear localization degree, which is beneficial to the shear deformation of MGs. Meanwhile,
the influence of vibrational loading on the local microstructure of MG is negligible. A plausible
explanation of these phenomena is given by considering the accelerated aging of MG stemming from
the β relaxation.

Keywords: vibrational loading; metallic glass; molecular dynamics simulation; residual
hardening; aging

1. Introduction

Metallic glasses (MGs) are a new type of material with long-range disorder of internal atomic
arrangement. They have excellent mechanical properties such as high strength, high elasticity, strong
corrosion resistance and wear resistance [1–3]. Moreover, MGs present favorable superplasticity at
elevated temperatures and their volume shrinkage during thermoplastic forming is only 0.2%. Hence,
the net-shape forming of high-precision and defect-free parts can be produced via the thermoplastic
forming (TPF) of MGs [4].

According to previous studies, MGs are highly susceptible to oxidation during TPF [5]. Oxidation
significantly changes the structures and properties of MGs, which in turn makes the TPF processes and
final products of MGs deviate from the design goal [6,7]. Therefore, it is necessary to improve existing
TPF processes and develop new methods to eliminate as much as possible the effects of oxidation on
MG TPF processes and products [8].

Vibrational loading can not only significantly reduce material deformation resistance but also
greatly increase the surface quality and forming limit of parts [9–11]. Hence, vibrational loading has
significant application potentials in fields like increasing the efficiency of metal plastic forming and
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achieving the forming of difficult-to-deform materials [12,13]. The application of ultrasonic vibration
in MG TPF is still at the exploration stage. Li et al. confirmed that even with low-frequency vibration
(f < 10 Hz), the TPF ability of Zr35Ti30Cu8.25Be26.75 metallic glass can be significantly enhanced, and
the formability increases with the increase of vibration frequency [14]. In order to reduce the oxidation
and crystallization of metallic glass during TPF, Ma et al. used ultrasonic hitting frictional heat to
replace the traditional heating mode, so that Zr35Ti30Cu8.25Be26.75 metallic glass can soften and deform
in sub-second time [15]. From these studies, we can see that by introducing vibrational loading into the
TPF process of MGs, the formability can be remarkably improved, the forming time can be shortened,
and the degree of oxidation can be reduced.

However, the underlying mechanism of vibrational loading altering the plastic deformation
behavior of MGs is elusive, and much research work is imperative. Hence, based on molecular
dynamics (MD) simulations, we studied the mechanical response and microstructure evolution of
a Zr-based MG during vibration-assisted tension.

2. Methods

2.1. Model Establishment

First, a BCC Zr slab containing 118,656 Zr atoms was built. Then, according to the ratio of
Zr50Cu46Al4, a part of Zr atoms are randomly replaced with Cu and Al atoms [16]. The resulting
system was equilibrated at 2300 K for 20 ps to achieve the homogeneous distribution of atoms, cooled
from 2300 K to 300 K at 2 K/ps, and then re-equilibrated at 300 K for 20 ps. In this process, the NPT
ensemble and Nose/Hoover thermostat and barostat algorithms were adopted, and the timestep was
set as 0.01 ps. The embedded atom method (EAM) potential was used to describe the relationship
between atoms [17]. The obtained MG model has a dimension of 2.5 × 21.0 × 46.6 nm3, as shown in
Figure 1a.

Figure 1. (a) Zr50Cu46Al4 MG model and (b) motion control curve used in molecular dynamics
(MD) simulations.

2.2. Vibration-Assisted Tension

In order to eliminate the influence of heat generation during deformation and concentrate on
the effect of the vibration itself on the deformation behavior, the deformation temperature was set
at 50 K. Before the deformation begins, the system was balanced at 50 K for 20 ps. Mixed boundary
conditions were employed, i.e., periodic boundary conditions (PBCs) were applied in the y- and z-
directions, while the x-direction was set to a free surface. In other words, the model can be considered
as a thin film. The NVT ensemble and the Nose/Hoover thermostat and barostat algorithms were used
to control the deformation conditions, and the time step was also set as 0.01 ps.
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Uniaxial tension was applied in the z-direction and controlled by velocity. The tension velocity
was set as 0.1 nm/ns, and the total deformation duration lasted for 40 ns, that is, the system was
elongated by 4 nm in the z-direction, corresponding to a true strain of 0.082. Vibrational loading
was superimposed in the 10 ns to 30 ns range, in the form of a sinusoidal wave with a frequency of
1 GHz and an amplitude of 0.05 nm, as shown in Figure 1b. It should be noted that according to
our previous attempts, 10 ns was the starting moment of the yielding stage under this deformation
condition. The total number of vibrations was 20 cycles.

Computations were performed by using LAMMPS software (30 Oct 2019 version) running on
Tianhe No. 2 supercomputer system (National Supercomputer Center in Guangzhou, China) [18].
Computation results were analyzed and visualized by using the OVITO software (version 3.0.0-dev419)
and self-developed Python codes [19].

3. Results and Discussion

3.1. Mechanical Response

Figure 2a compares the simulated true stress–strain curves of the uniaxial tension processes of MG
with or without vibrational loading. After the deformation starts, MG first underwent a linear elastic
phase, and the corresponding Young’s modulus was 31.13 GPa. After reaching a true strain of 0.02,
the linear elastic phase ended, and the MG began to yield. For the non-vibrational loading scheme,
the true stress–strain curve (in blue color) in the elastoplastic stage was nonlinear and entered the
steady flow phase after the true strain of 0.072. In the case with vibrational loading, the stress–strain
curve (in red color) underwent repetitive loading–unloading. Since the amplitude of the vibration was
quite small (about 1% of the length of the initial MG model), the loading stress–strain curve (1, 3 and 5
in Figure 2b) was mostly linear, indicating that it still lied in the linear elastic phase. Only at the end of
loading (A and B in Figure 2b), apparent yielding occurred. The unloading curve (2 and 4 in Figure 2b)
was all within the linear elastic phase. The green line in the insert of Figure 2a shows the average
flow stress during the vibrational loading phase, which was mostly similar to that without vibration
loading. That is, there was no obvious reduction in the flow stress after imposing vibrational loading,
which significantly differed from the softening effect induced by vibrational loading, as reported in
previous studies [20,21].

However, after removing the vibrational loading, the flow stress was significantly enhanced.
In the simulation range, the yield strength increased from 1.47 GPa to 1.68 GPa in the subsequent
deformation process, and the increasing magnitude reached about 14.3%. This indicates that although
the vibrational loading applied during the yielding stage failed to reduce the deformation resistance of
the MG, it introduced a significant residual hardening effect therein.

Figure 2. (a) True stress–strain curve and (b) true stress–strain curve partial magnification.
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3.2. Strain Distribution

In order to investigate the effect of vibrational loading on the deformation behavior of MGs,
we analyzed the local shear strain (also known as von Mises strain) distribution as shown in Figure 3.
An atom having a shear strain greater than 0.2 is referred as an S atom, and a cluster of S atoms is
defined as a shear transition zone (STZ), so we also call S atoms as STZed atoms [22]. It can be seen
from the figure that the distribution of STZs was denser under the action of vibrational loading. Even in
the subsequent deformation process after removing vibration, the MG subjected to vibrational loading
still had a more intensive internal STZ distribution, comparing to the non-vibrational loaded MG.

Figure 3. Distribution of shear transition zone (STZs) during the uniaxial tension of MG, (a–g) without
vibrational loading and (h–n) with vibrational loading.

To quantitatively characterize the effect of vibrational loading on shear transformation behavior,
Figure 4a depicts the fraction of S atoms during tension while Figure 4b displaying the shear localization
factor calculated according to the definition described in our previous study, which is the standard
deviation of the local shear strain [23]. It is implied that after imposing the vibrational loading,
both the fraction of S atoms and the shear localization factor increase dramatically. A higher shear
localization factor indicates a more significant localization degree of deformation. That is, under the
action of vibrational loading, more S atoms were shear transformed, more STZs were generated, and
the deformation became more localized. The evolution of S atom fraction also presents an obvious
synchronous feature with the vibration, i.e., the fraction of S atoms rose quickly in the tensile phase of
the vibration cycle while decreased slightly in the compressive phase. Thus, it resulted in the serrated
shape of the red-colored curve in Figure 4a. After removing the vibrational loading, the increase of
the fraction of S atoms dramatically slowed down, while the shear localization factor directly became
nearly constant, during the subsequent non-vibrational loading. Meanwhile, those of the uniaxial
tension without vibrational loading kept increasing monotonously and the deviation between two
loading schemes gradually decreased.
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Figure 4. The evolution of (a) the fraction of S atoms and (b) the shear localization factor during tension.

Figure 5 shows the evolution of the fraction of S atoms in each atom type, which is also calculated
based on the definition proposed in our previous work [23]. It is implied that among the three atom
types in the Zr–Cu–Al MG system, Cu is the most prone to shear transformation, followed by Al and
Zr in sequence. After imposing vibrational loading, the fraction of STZed atoms in each atom types all
experiences sharp increase, with the increase in Cu as the most prominent.

Figure 5. The evolution of the fraction of S atoms in each atom type during tension, (a) without
vibrational loading and (b) with vibrational loading.

3.3. Local Microstructural Evolution

The icosahedral clusters in MGs have an important influence on the crystallization tendency,
glass-forming ability and mechanical properties [24]. Figure 6 compared the evolution of the contents of
top-ten icosahedral cluster under two deformation conditions. It was implied that the low coordination
number (coordination number of 11–12) icosahedral clusters, including the full icosahedron <0 0 12 0>

and the distorted icosahedra <0 2 8 1> and <0 2 8 2>, were dominant. The low coordination
number nature of these clusters experience a discriminable increase makes them more susceptible to
deformation [25]. After the imposing vibrational loading, the contents of the <0 2 8 1> and <0 0 12 0>

clusters were notably increased, while those of other clusters changed little. Since <0 0 12 0> clusters,
especially Cu-centered <0 0 12 0> clusters, had high packing density and strong shear resistance, the
increase of <0 0 12 0> content would surely lead to the increase of flow resistance. However, when the
vibrational loading was removed, the difference in the proportion of these clusters quickly disappeared.
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Figure 6. The evolution of Voronoi polyhedra contents during tension, (a) without vibrational loading
and (b) with vibrational loading.

Figure 7 shows the radial distribution functions of MGs at different stages of deformation. It can
be seen from the figure that there was basically no difference in the radial distribution function at each
stage, indicating that the difference in the loading mode had little effect on the spatial structure of the
MG [26]. Hence, we could find that the vibration loading under this condition was not strong or severe
enough to introduce notable microstructure change of the MG.

Figure 7. Radial distribution functions of metallic glasses (MGs) during tension, (a) without vibrational
loading and (b) with vibrational loading.

As stated above, the vibrational loading imposed during the uniaxial tension had a significant
influence on the shear deformation behavior of MG and caused obvious residual hardening effect.
Meanwhile, the influence of vibrational loading on the local microstructure of MG was negligible,
especially after removing the vibrational loading. Thus, the influencing mechanism of vibrational
loading under this condition could not be explained from the aspect of local microstructure change.

Based on nanoindentation tests and simulations, Packard et al. analyzed the strengthening effect
of cyclic loading on MG in the elastic range [27]. They found that after several cycles of loading, the
sample’s deformation resistance increased by 20%–30%. They declare that vibrational loading induces
locally restricted plasticity inside the material, i.e., forms a locally hardened area inside the material,
but cannot be detected by available techniques [28]. Recently, Yu et al. found that under the action of
vibration loading with small amplitudes, the MG will experience an accelerated aging process, and
they attributed it to the Johari-Goldstein (β) relaxation [29]. The aged MGs will be stiffer or stronger
than the virgin materials, thus, the residual hardening effect is introduced [30,31].
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4. Conclusions

In this study, the influence of vibrational loading on the deformation behavior of a Zr–Cu–Al MG
was characterized via molecular dynamics approaches. The vibrational loading imposed during the
uniaxial tension had a significant influence on the shear deformation behavior of MG, by introducing
notable residual hardening effect, enhancing the shear transformation degree and increasing the shear
localization degree. Meanwhile, the influence of vibrational loading on the local microstructure of MG
was negligible, especially after removing the vibrational loading. The residual hardening effect was
attributed to the accelerated aging of MGs introduced by vibrational loading.
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