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Abstract

This study systematically investigates the effects of three rejuvenation modes, namely
biaxial loading, thermal pressure loading, and cryogenic thermal cycling, on the
microstructures and mechanical properties of CuesZrie metallic glasses (MGs) using
molecular dynamics (MD) simulations. The simulation results demonstrate that biaxial
tension application during loading results in a rejuvenated glassy state with high
strength. Specifically, we find that the yield stress, Young's modulus, and shear modulus
of the rejuvenated glass obtained by biaxial tensile loading decreased by 2.8%, 2.1%,
and 2.7%, respectively, compared to an as-cast MG reference. We also find that MGs
achieve the greatest degree of rejuvenation, at the expense of strength, with the use of
thermal pressure loading. Interestingly, the application of cryogenic thermal cycling
results in a rejuvenated state with a lower strength drop compared to thermal pressure
loading. Furthermore, analysis of the potential energy and medium-range-order (MRO)
size indicates that the microstructures of MGs achieves a high-energy ordered glass

state after thermal pressure loading, but a high-energy disordered glass state after
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biaxial tensile loading and cryogenic thermal cycling. These findings provide
meaningful insights into the effect of rejuvenation modes on the microstructures and
mechanical properties of MGs, as well as useful guidelines for designing MGs with

high strength and superior plasticity for prospective applications in industry.
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1. Introduction

The Metallic glass (MGs) exist in an out-of-equilibrium configuration at room
temperature and tend to spontaneously move towards a more stable, low-energy state
through a process called physical aging [1]. As this process occurs, the physical and
mechanical properties of MGs tend to deteriorate [1]. Conversely, the rejuvenation of
MGs is a process that operates in the opposite direction of aging, whereby the material
is transformed into a higher energy state, leading to an enhancement in deformability
at room temperature [2-4]. Rejuvenation leads to structural changes in the MGs,
resulting in a transition from localized shear banding to homogeneous plastic
deformation, thereby making it possible to create high-strength and high-toughness MG
based materials. This property makes rejuvenation an extremely attractive process for
developing high-performance materials.

Previous studies have reported that mechanical methods [2, 5-7], irradiation [4, 8]
or thermal treatment [9, 10] can be utilized to rejuvenate MGs. However, the use of
such methods can also induce internal stress in the material, which significantly reduces
its ultimate strength [2, 5]. The “irradiation rejuvenation” region with gradient structure
increases the tensile ductility of MGs, leading to a change of deformation mode from
brittle to ductile [4]. Nonetheless, ion radiation is a localized process making it

challenging to effectively rejuvenate the entire MG sample [8]. In this regard, thermal



treatment rejuvenation of MGs has garnered significant attention. Wakeda et al. have
demonstrated that pure thermal treatment can rejuvenate MGs, provided that two
conditions are satisfied simultaneously: the cooling rate following isothermal annealing
must be higher than that of the quenching process, and the annealing temperature must
exceed the critical temperature [9]. More recently, Sohrabi et al. have demonstrated that
cryogenic thermal cycling is able to rejuvenate low-purity LagoAl2sNiis MGs, resulting
in their transition from brittle to ductile deformation behavior [8].

Numerous studies have provided valuable insights into understanding the effect of
rejuvenation on the MG. However, the microstructures and mechanical properties of
MGs resulting from the application of various rejuvenation modes is still left to be
properly characterized and understood. Therefore, it is necessary to select the most
representative rejuvenation modes and critically compare their effects.

In general, mechanical rejuvenation modes, such as shot peening [11], wire
drawing [12], high-pressure torsion [2], and uniaxial elastostatic loading [13, 14]
introduce a high density of localized shear bands through severe plastic deformation.
Thus, mechanical rejuvenation is characterized by localized rejuvenation and severe
shape changes. Uniaxial elastostatic loading has emerged as a promising approach to
overcome the drawbacks of traditional mechanical rejuvenation. For instance, Park et
al. conducted uniaxial elastostatic compression of CuZr MGs at room temperature and
observed homogeneous rejuvenation throughout the entire sample [13]. Furthermore,
Tong et al. reported that anelastic creep strain, as opposed to plastic strain, can induce
structural rejuvenation in MGs [14].

In comparison to mechanical rejuvenation modes, various thermal treatment
methods have been proposed, including pure thermal treatment [9], thermal pressure
loading [15-17], and cryogenic thermal cycling [10, 18]. Li ef al. demonstrated, through
simulations, that thermal pressure-induced rejuvenation in MGs can mitigate their
inherent brittleness while preserving their high strength [15]. Moreover, Miyazaki et al.
reported that isothermal annealing followed by cooling at a rate equal to the quenching

process can lead to rejuvenation and result in higher strength than pure thermal



treatment [17]. Cryogenic thermal cycling is an energy-efficient and non-destructive
method that effectively enhances the mechanical properties of MGs [18]. Ketov ef al.
revealed that the rejuvenation effects of cryogenic thermal cycling are dependent on the
cycle number, holding time, and chemical composition [18]. Their experimental
observations suggest that cryogenic thermal cycling can achieve rejuvenation of MGs,
which is attributed to their non-uniform thermal expansion coefficient.

In this work, we investigate the impact of three promising rejuvenation modes,
namely biaxial loading, thermal pressure loading, and cryogenic thermal cycling, on
the microstructures and mechanical properties of MGs. We employ molecular dynamics
(MD) simulations, with the aim of unveiling novel insights into the rejuvenation
mechanisms of MGs, which can pave the way for designing high-strength and high-
toughness materials. Our work fills a gap in the literature, as the critically compared
effect of rejuvenation modes on the microstructures and mechanical properties of MGs
is still to be discussed. We expect our results can be leveraged to advance the field of

MGs and inspire further investigations.

2. Simulation methods

All MD simulations in this work employs LAMMPS [19]. The pressure and
temperature in the simulations are controlled by Parrinello-Rahman barostat and a
Nose-Hoover thermostat, respectively. The simulated system is a nanoscale CussZr36
MG sample containing approximately 0.43 million atoms arranged in a slab with
dimensions of 24.4 (x) x 48.8 (y) x 6.1 (z) nm’. An embedded atom method (EAM)
potential tailored to CuZr alloys is utilized to describe the interatomic interactions [20].
A constant integration timestep of 2 fs is used in all MD simulations. To create the large
CussZris MG sample, a smaller sample (~13,000 atoms) with periodic boundary
conditions (PBCs) along all three independent directions is initially equilibrated at a
temperature of 2000 K for 2 ns, and then rapidly cooled at a quenching rate of 1 K/ps
to a temperature of 300 K at zero external pressure. The large MG sample is built by

replications of the small MG sample, which is then annealed at 800 K above the glass



transition temperature for 1 ns to minimize artificial patterns introduced during the
replication process. During the replication procedure, PBCs are applied in all three
dimensions and the quenching rate is the same as that used in the preparation of small
MG samples. The constructed large MG sample is hereafter referred to as the ‘as-cast
MG’.

Subsequently, the as-cast MGs undergo thermal pressure loading, biaxial tensile
loading, and cryogenic thermal cycling. The thermal pressure loading process is
illustrated in Fig. 1(a). The applied pressure P, is set to 3 GPa, and the annealing
temperature 7 is set either at 800 K, 900 K, or 1000 K. Both the heating rate (A—B)
and cooling rate (C—D) are 1 K/ps. The glass transition temperature 7, = 650 K is
determined by the intersection point of the volume-temperature curve for the glassy and
liquid states [15].

Figure 1(b) depicts the biaxial tensile loading process. The as-cast MGs are
subjected to a chosen stress g, (A—B in Fig. 1(b)), which is held constant for 20 ns
(B—C), followed by unloading (C—D), and finally relaxation for 5 ns (D—E). For
biaxial loading, a constant tensile stress is applied instantaneously in the x- and y-
directions, while the ambient pressure is maintained in the z-direction. The biaxial
loading stresses (o.) employed in this study are 2.3 GPa, 2.4 GPa, 2.5 GPa, and 2.6
GPa, respectively. All post processing is conducted at room temperature, and the chosen
loading stresses are below the yield stress (g, = 2.9 GPa). In the present work, different
applied pressures are utilized for thermal pressure loading and biaxial loading. It is
because that the focus of thermal pressure loading is primarily on the high-pressure
environment, while the high pressure condition is not necessary for rejuvenation in the
case of biaxial loading.

Figure 1(c) illustrates the cryogenic thermal cycling process. We set the upper
temperature to 400 K, the lower temperature to 10 K, and the cycle number (CN) to 40.
The hold times at lower and upper temperatures are t; = 100 ps and ¢ = 10 ps,
respectively. Wang et al. have reported that the selection of holding time (¢; and #,) has

no obvious effect on the results of cryogenic thermal cycling [18]. The heating rate and



cooling rate are both 1 K/ps.

The MG samples obtained through the aforementioned three rejuvenation modes
are referred to as "post-processed MGs' throughout this study. After post processing,
uniaxial tensile tests are conducted on the as-cast and post-processed MGs at room
temperature. During the uniaxial tensile tests, PBCs are imposed in the y- and z-
directions, while the free surface condition is utilized along the x-direction. We employ

a constant tensile strain rate of 10® s! along the y-direction.
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Fig. 1. Schematics of the CussZr3s MG samples loading processes. (a) [llustration of the
thermal pressure loading. (b) Illustration of the biaxial tensile loading at room
temperature, where Ax and Ay represent the elongation after post processing in the x-

and y-directions, respectively. (¢) [llustration of the cryogenic thermal cycling process.

3. Results and discussions

3.1. Potential energy

Compared to as-cast MGs, post-processed MGs exhibit changes in their potential
energy. A positive potential energy change (AE) indicates rejuvenation of the MG, while
anegative AE indicates aging [15]. Fig. 2(a)-(c) present the AE values of CugsZris MGs
after undergoing thermal pressure loading, biaxial tensile loading, and cryogenic

thermal cycling, respectively. As shown in Fig. 2(a), when the annealing temperature



(T) 1s 800 K, the AE is negative, indicating that the CussZr3s MGs is aging. On the
other hand, when 7, is 900 K and 1000 K, the AE is positive, indicating that
rejuvenation is achieved. It is well established that thermal pressure loading can
rejuvenate MGs at annealing temperatures 7, = 1.37; [15]. Thus, rejuvenation in
CuessZr3s MGs can only occur at 7, = 845 K, which is consistent with our simulation
results.

In Fig. 2(b), it is evident that the potential energy change of the post-processed
MGs is dependent on the loading stress, o, i.e., when the loading stress o, = 2.3 GPa,
AE <0, indicating MG aging, however, when the loading stress g, = 2.4 GPa, AE > 0,
indicating MG rejuvenation. Additionally, it can be observed that the magnitude of AE
increases with an increase in loading stress. It is well-established that the degree of
rejuvenation of MGs with the same composition is proportional to the AE value [17].
Nevertheless, at loading stress levels approaching the yield stress (o), there is a risk of
inhomogeneous plastic flow [21]. Therefore, for biaxial tensile loading rejuvenation,
the appropriate loading stress must be carefully chosen. The maximum loading stress
chosen for this study is 2.6 GPa, which does not cause shear banding and can rejuvenate
the MG.

Figure 2(c) illustrates an increase in AE with the cycle number until it stabilizes at
a positive value. When CN = 15, AE is positive, but the degree of rejuvenation is
insufficient. The magnitude of AE continues to increase as the cycle number rises, with
the value tending towards stability after 20 cycles. The occurrence of rejuvenation
through cryogenic thermal cycling is surprising due to the small macroscopic strains
and temperatures significantly below those that trigger thermally induced structural
changes. The reason for the potential energy change caused by this method is that after
several cycles, the local rearrangement of atoms gradually replaces the original glass
microstructures [22]. This phenomenon is closely linked to the heating stage of each
thermal cycle and the inhomogeneity of the local thermal expansion coefficient of the
MG samples [22]. In fact, the impact of cycle number on the potential energy of MGs

is highly complex, and MGs with differing chemical compositions may display



completely different behaviors [23].

Based on the above analysis, it can be inferred that thermal pressure loading,
biaxial tensile loading, and cryogenic thermal cycling have varying impacts on the AE
of MGs. When 7, = 1000 K, thermal pressure loading yields a AE of 0.01 eV/atom,
while biaxial tensile loading with a stress of 2.6 GPa results in a AE of 0.0021 eV/atom.
On the other hand, cryogenic thermal cycling leads to a stable positive value of AE as
the cycle number increases, with AE = 0.0012 eV/atom. The analysis indicates that the
highest AE value for CussZr3s MGs is achieved after thermal pressure loading, implying

it achieves the most significant degree of rejuvenation.
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Fig. 2. Potential energy change (AE) of CussZris MG induced by different loading
processes. (a) Thermal pressure loading, (b) biaxial tensile loading, and (c) cryogenic
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3.2. Thermal pressure loading
3.2.1. Mechanical properties

Figure 3(a) shows the tensile stress-strain curves for the post-processed MG at
various annealing temperatures, along with the curve for the as-cast MGs for
comparison. It is observed that at 7, = 800 K, the yield stress (o) remains nearly
unchanged. However, the flow stress (of) exhibits a sharp decrease with increasing
tensile strain, indicating the formation of mature shear bands in the CugsZrzs MGs [24].
At T, = 900 K, the yield stress decreases slightly, and the decrease in flow stress with
increasing tensile strain is less pronounced, implying a change in the plastic
deformation behavior of CussZris MGs. At T, = 1000 K, the yield stress experiences a
significant decline, followed by a slowed decrease in flow stress, also indicating a
change in the deformation mechanism of CussZr3s MGs. These results indicate that as
the annealing temperature increases, the yield stress decreases. Further insight into the
deformation mechanism is presented in Fig. 3(b).

Figure 3(b) displays a series of snapshots that illustrate the deformation of both
as-cast and post-processed MGs. The as-cast MG exhibits catastrophic failure, with
evident shear banding. At an annealing temperature of 7, = 800 K, two mature shear
bands interact, leading to necking of the MGs and eventual failure of the material. At
annealing temperatures of 7, = 900 K and 7, = 1000 K, no mature shear band formation
is observed, and the shear strain is uniformly distributed throughout the sample,

indicating a change in the deformation mechanism of the MGs from brittle to ductile.
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Fig. 3. (a) Uniaxial tensile stress-strain curves for the as-cast and post-processed
CuesZrzs MGs. (b) Deformation snapshots at a 0.2 tensile strain. The color mapping

represents the local shear strain.

Thermal pressure loading exerts a significant influence on stress-strain curves,
particularly on the yield stress (g,,) and flow stress (or) values. The difference between
gy and g, denoted as Ag = g, — ay, is used to indicate the degree of softening and
reveal changes in the plastic deformation mechanism [15]. A larger Ao value
corresponds to easier strain-softening. The results, listed in Table 1, demonstrate that as
the annealing temperature increases, the value of Ao decreases, indicating that shear
banding gradually transforms into homogeneous plastic flow.

To demonstrate the impact of thermal pressure loading on the strength of MGs, we
analyzed their elastic constants. The Young's modulus £ and shear modulus G are
commonly used to measure the strength of MGs, with higher values indicating greater
strength [25]. Fig. 4 displays the calculated values of £ and G for the post-processed
MGs annealed at temperatures of 800 K, 900 K, and 1000 K. The E values for these
samples are found to be 82.05 GPa, 79.47 GPa, and 73.16 GPa, respectively, while the
corresponding G values are 29.56 GPa, 28.53 GPa, and 26.20 GPa, respectively. As the
annealing temperature increases, both £ and G values decreased continuously,
indicating a strength reduction. The results demonstrate that increasing the annealing

temperature results in a gradual weakening of MGs.

Table 1

Summary of softening degree (Ao) results after thermal pressure loading.

Post-processed MGs

As-cast MG
T.= 800 K T.=900 K T.= 1000 K
gy (GPa) 2.90 2.90 2.73 2.18
Ao = (o, — 0f) 1.28 1.13 1.09 0.64
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Fig. 4. Effect of thermal pressure loading on Young's modulus and shear modulus of
CuesZrzs MGs. The black and blue lines represent the £ and G values, respectively,

while the symbols represent the corresponding data points.

3.2.2. Amorphous microstructures

The process of MG rejuvenation has been found to result in a fictive temperature
increase, which is intimately connected with the amorphous microstructures [26]. Thus,
it is of crucial to investigate the effect of rejuvenation on the microstructures of MGs.
In this study, we analyzed the gradient atomic packing microstructures model to
examine the structural changes caused by thermal pressure loading. This model,
proposed by Luo et al. [27], allows for the deduction of hidden order within the
amorphous microstructures based on the geometrical frustration of polyhedral, which
is classified into six species represented by Roman numerals I to VI [28].

From the perspective of atomic packing, the amorphous can be divided into three
regions: solid-like, transition, and liquid-like [29]. The solid-like region is responsible
for the strength of the material and consists of stable motifs that are highly resistant to
shear transformation. This region is primarily composed of the I polyhedral species.
The liquid-like region, on the other hand, is responsible for the plasticity of the material
and consists of unfavorable topological clusters that are more conducive to the initiation

of shear localization. This region includes the 1V, V, and VI polyhedral species. The
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transition region is an intermediary between the solid-like and liquid-like regions and
includes the II and III polyhedral species. Shear transformation zones (STZs) occur
primarily in the liquid-like regions of the amorphous material due to its local structural
heterogeneities, which then evolve into shear bands [30]. While liquid-like regions
promote the nucleation of the shear band, solid-like regions impede its propagation [29].

Figure 5(a)-(c) compares the gradient atomic packing microstructures in the as-
cast and post-processed MGs. The most important polyhedral for CussZr3s MGs is the
full icosahedra (FI) with Voronoi index <0,0,12,0>, which is the backbone
microstructures of MGs and is closely related to the ordered microstructures and is
depicted in Fig. 5(a). The gradient atomic packing microstructures model in Fig. 5
indicates that the fraction of polyhedral changes after thermal pressure loading. It is
observed that the fraction of solid-like region and transition region increases with the
increase of annealing temperature, while the fractions of liquid-like regions are
gradually decreasing. This seems contradictory to the finding that the plasticity of MGs
increases while the strength decreases following thermal pressure rejuvenation.
However, this is mainly due to the fact that the liquid-like regions are more easily
compressed to accommodate the volume reduction under compressive pressure, leading
to a decrease in the fraction of liquid-like regions accompanied by an increase in the
fraction of strength-related solid-like regions. Moreover, the fraction of Cu-centered
<0,0,12,0> remains almost constant as the annealing temperature decreases (see Fig.
5(a)). Therefore, further investigation is required to understand the structural order in

MGs.
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Fig. 5. Variation in the fraction of different kinds of atoms after thermal pressure loading
on CussZr3s MGs. (a), (b), and (c) show the fraction of solid-like, transition, and liquid-
like regions in as-cast and post-processed MGs, respectively. The fraction of Cu-

centered <0,0,12,0> clusters is shown in (a) for reference.

Many theoretical studies have focused solely on short-range-order (SRO) while
neglecting the role of medium-range-order (MRO), which leads to inaccurate
predictions of the internal structural characteristics of MGs. SRO refers to the ordered
atomic polyhedra in the range of the first nearest neighbor [31], while MRO, which
extends beyond the nearest-neighbor interaction, is constructed by various polyhedra
packing [31, 32]. As shown in Fig. 6(a), the average and maximum size of MRO in

MGs increase with increasing annealing temperature, indicating that the internal
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microstructures of MGs becomes more ordered [32]. These findings highlight the
importance of considering MRO when studying the microstructures of MGs. Moreover,
the results in Fig. 6(a) suggest that the microstructures of MGs transforms to a high-
energy ordered state after thermal pressure rejuvenation. Compressive pressure
modulates the local atomic environment in CussZr3s MGs by changing the average
chemical composition and bond length associated with the local atomic environment
[33]. As a result, the microstructures become more ordered under compressive pressure,
even though the MGs become more energetic due to rejuvenation.

It is widely recognized that free volume is an inherent structural defect in MGs
and plays a significant role in their deformation mechanisms [34]. The higher the free
volume fraction, the more readily plastic flow occurs. However, it is challenging to
measure changes in free volume because it is distributed among atoms, and it is highly
sensitive to local structural configurations. To address this issue, the Voronoi volume
less the atom core volume has been proposed as a means of quantifying changes in free
volume [34]. The formula is given by Viee = Vvoro = Vatom, Where Vyoro and Vagom are the
Voronoi atomic volume and the atom core volume, respectively. Fig. 6(b) displays the
changes in free volume of MGs following thermal pressure loading. It is evident that
the fraction of free volume decreases with increasing annealing temperature. This
finding contradicts a homogeneous plastic deformation mechanism and can be
attributed to the effect of compressive pressure on the microstructures. These results
indicate that post-processed MGs can achieve a high-energy rejuvenation state, even as

the microstructures becomes more ordered and the fraction of free volume decreases.
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3.3. Biaxial tensile loading
3.3.1. Mechanical properties

Figure 7(a) illustrates the stress-strain curves of both the as-cast and the post-
processed MGs subjected to various loading stresses o.. In the simulations, the loading
stress of the post-processed MGs ranges between 70% and 90% of the yield stress (o, =
2.9 GPa). As shown in Fig. 7(a), as the loading stress increases, the decrease in flow
stress slows down gradually, while the yield stress of all MGs remains essentially
unchanged, indicating strain delocalization. To observe the extent of delocalization in
the plastic flow of MGs, we examined the deformation processes by analyzing the local

shear strain. Fig. 7(b) shows a sequence of snapshots that capture the deformation in
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the MGs. The as-cast MG sample exhibits catastrophic failure with shear banding.
However, the post-processed MGs at loading stresses g, = 2.3 GPa (Fig. 7(b)) display
dominant shear bands, indicating localized plastic flow. At loading stresses o, = 2.4
GPa, g, = 2.5 GPa, g, = 2.6 GPa, there is no evidence of shear banding, and the post-
processed MGs exhibit homogeneous plastic flow. Thus, there is a transition in the
deformation mode of the MGs from localized shear banding to homogeneous plastic
flow as the loading stress increases.
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Fig. 7. Mechanical properties of as-cast and post-processed CussZr3s MGs. (a) Tension
stress-strain curves for as-cast and post-processed MGs and (b) snapshots of
microstructures deformation at a 0.2 strain. The color map indicates the local shear

strain.

Table 2 presents the calculated Ao values. At a loading stress of o, = 2.3 GPa, the
post-processed and as-cast MGs exhibit similar Ao values, indicating that ductility is
not significantly improved. As loading stress increases, the Ao of post-processed MGs
gradually becomes smaller than that of as-cast MGs, suggesting that there may be no
shear localization and that tensile ductility is enhanced. In contrast to Kalcher et al. [35],
which found that 40 ns of uniaxial elastostatic tensile loading at 500 K was necessary
to improve the plasticity of CussZr3s MGs, these results show that biaxial tensile loading
at room temperature can rejuvenate CuesZrss MGs in just 20 ns. Table 2 also shows that
the yield stress of post-processed MGs is not lower than 2.8 GPa. After biaxial tensile

loading, the yield stress decreased by no more than 2.8%, which is a significant
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improvement over Kalcher et al. [35]. Previous studies have shown that uniaxial
loading stresses near the yield stress can cause localized shear banding [21]. However,
our simulations demonstrate that biaxial tensile loading not only does not induce shear
banding at loading stresses close to the yield stress but is also more effective in

improving toughness compared to uniaxial tensile loading.

Table 2

Summary of softening degree (Ao) results for CussZrie MG.

As-cast Post-processed MGs

MG  4.=23GPa 0.=24GPa 0,=2.5GPa 0,=2.6 GPa

g, (GPa) 2.90 2.88 2.87 2.82 2.80
o /oy / 79% 83% 86% 90%
Ao
1.28 1.26 1.14 1.11 1.05
= (0y —95)

The transition in the deformation mode observed can be explained by the larger
residual shear strain in the post-processed MGs sample resulting from biaxial tensile

loading. To quantify the fraction of atoms retaining larger shear strain, we use the von

Mises strain nMises = \[ % Tr(n — n,1)?, which is defined as the square root of half the

trace of the deviatoric strain tensor, 77, minus the local hydrostatic strain, 7,,, of an atom
[36, 37]. In this work, we consider atoms with a n"$¢% greater than 0.3 as S-atoms. A
region with several tens or hundreds of S-atoms is more susceptible to evolve into a
STZ. The accumulation of STZs generates a shear band that propagates rapidly due to
the absence of defects in MGs that can prevent it, ultimately leading to failure [38].
Indeed, due to the local structural heterogeneities of MGs, STZs are primarily
concentrated in the local region when stress is imposed [39]. Nevertheless, increasing
the fraction of S-atoms can promote the homogeneous distribution of STZs in MGs,

ensuring delocalized plastic flow.
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In Fig. 8, we can observe the fraction of S-atoms for post-processed MGs. At a
loading stress of o, = 2.3 GPa, the fraction of S-atoms is low, which causes the STZ to
accumulate in local areas leading to catastrophic failure of the MGs. However, with the
increase in loading stress (o, = 2.4 GPa, g, = 2.5 GPa, and g, = 2.6 GPa), the fraction
of S-atoms increases. After tension to a strain of 0.2, the MGs exhibit no evidence of
shear banding, indicating enhanced tensile ductility and prevention of catastrophic
failure. This is attributed to the uniformly distributed STZ in the MGs, which is
generated by the accumulation of S-atoms and ultimately rejuvenates the MGs.

The above results suggest that a stress level above 80% of the yield stress is
necessary for achieving uniform distribution of STZs through biaxial tensile loading at
room temperature. Any stress level below this threshold may not be effective in
improving the plasticity of the material. Therefore, our findings in Fig. 7 and Fig. 8
emphasize the importance of identifying the appropriate stress threshold for achieving

the desired mechanical properties through biaxial tensile loading.

= (=) >

The fraction of S-atoms (%)
(5]

6.=23GPa 6,=2.4GPa 6.=25GPa o,=2.6 GPa
Fig. 8. Evolution of S-atoms into a STZ in post-processed MGs. The main plot shows
the fraction of S-atoms at different pressure values, while the inset illustrates the process

of S-atoms evolving into an STZ.

Figure 9 illustrates the calculated values of Young's modulus £ and shear modulus
G for the post-processed MGs under different loading stresses. The results demonstrate

a continuous decrease in both £ and G with the increase in loading stress, indicating a
18



reduction in strength. At 2.3, 2.4, 2.5, and 2.6 GPa loading stresses, the values of E for
the post-processed MGs are 82.64, 82.09, 81.93, and 81.12 GPa, respectively. The
corresponding G values are 29.76, 29.5, 29.49, and 29.15 GPa, respectively. However,
the decrease in Young's modulus is within 2.1%, and the drop in shear modulus is within
2.7%. These findings suggest that biaxial tensile loading effectively enhances the

plasticity of MGs without compromising too much strength.
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Fig. 9. Effect of biaxial tensile loading on Young's modulus and shear modulus of

CugsZris MGs.

3.3.2. Irreversible deformation induced by biaxial loading

Previous experimental studies [21, 40, 41] and simulation [35] have demonstrated
that permanent deformation of MGs in the elastostatic regime can be achieved by
removing the applied stress. This permanent deformation does not occur abruptly upon
the application of stress, but rather is induced by prolonged stress loading, with the
degree of deformation being influenced by the loading stress [35]. These findings
suggest that irreversible structural changes may occur in the elastostatic regime, leading
to permanent deformation [21, 40]. Fig. 10(a) displays the equivalent strain and time
curves of MGs subjected to biaxial tensile loading at room temperature. The equivalent

strain is defined as [42]:

e = \[2 [(Ex - Ey)z + (Ey - 52)2 +(ex — &) + 6()/9?3/ vt sz)] M
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where &, €, and ¢, are principal strain in the direction of x, y, and z, respectively; yy,,,
Yxz> and yy,, are shear strain in the direction of xy, xz, and yz, respectively. During the
loading-unloading process, the shear strains all equal zero, i.e., Yy, = Vx; =¥y, = 0.
The equivalent strain of the MGs is comprised of three components: elastic response
(€g), anelastic response (&, ), and viscoelastic response (&,). When the loading stress is
removed from the MGs, the elastic and anelastic strains can recover, while the
viscoelastic strains cannot (see Fig. 10(a)). This indicates that the MGs undergo
permanent deformation during the elastic loading. The biaxial tensile loading at room
temperature causes a permanent structural change in the MGs, leading to a modification
of their mechanical properties.

Figure 10(b) illustrates the equivalent strain versus time during relaxation under
various loading stresses, consisting of both primary and secondary stages. In the
primary stage, the displacement increases markedly with time and then becomes
smoother in the secondary stage. To represent the deformation rate, we use the slope
within the time interval between =5 ns and = 20 ns [35]. The deformation rate values
calculated for MGs are 0.0138 (o, = 2.3 GPa), 0.0176 (o, = 2.4 GPa), 0.0349 (g, =2.5
GPa), and 0.0508 (o, = 2.6 GPa), respectively. During the relaxation process, MGs with
loading stress of g, = 2.3 GPa exhibit a relatively slow deformation rate, while the rate
of deformation increases significantly with increasing loading stress. When the loading
stress is below 80% of the yield stress (e.g., g, = 2.3 GPa), the increase in displacement
is insufficient to affect the microstructures of the MGs. However, when the loading
stress exceeds 80% of the yield stress, the MGs exhibit a greater deformation rate,
indicating a more significant structural change. As the loading stress increases, the
deformation rate also increases because the proportion of viscoelastic strain becomes
larger. Thus, a higher deformation rate implies a greater degree of structural change

[35].
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Fig. 10. Equivalent strain response of post-processed MG under different loading

stresses. (a) Equivalent strain vs. time curves for post-processed MG under loading

stress. (b) Equivalent strain vs. time at various loading stresses. The ¢, €4, and &, are

the strain components corresponding to the elastic responses, anelastic responses, and

viscoelastic responses during the loading stage, whereas €g, €4, and €, are the same

components measured during the unloading stage.

Moderate biaxial tensile loading is beneficial for MGs since it can restore the
macroscopic plasticity lost due to annealing. However, for MGs with loading stress o,
= 2.3 GPa, the same loading time does not alter their mechanical properties because the
structural change is insufficient. When the loading stress exceeds 80% of the yield stress,
room temperature biaxial tensile loading has a positive effect on the mechanical
properties of MGs. The findings in Fig. 10(a) and (b) highlight that permanent

deformation in the elastic regime leads to a change in the amorphous microstructures,
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which affects the transition of the plastic deformation mechanism from brittle to ductile.

3.3.3. Amorphous microstructures

Inducing structural disordering through permanent deformation of MGs in the
elastic regime can significantly alter their mechanical properties [40]. The changes in
the fraction of polyhedral after biaxial tensile loading are shown in Fig. 11(a)-(c). For
post-processed MGs with loading stress of g, = 2.3 GPa, the fraction of the liquid-like
region increases slightly, while that of the solid-like region remains nearly unchanged.
Consequently, the mechanical properties of MGs with stress g, = 2.3 GPa do not
change significantly. However, for post-processed MGs with loading stress of o, = 2.4
GPa and g, = 2.5 GPa, the fraction of the solid-like region remains almost constant,
while the fraction of the liquid-like region increases, leading to MGs with strong and
tough mechanical properties. In contrast, for post-processed MGs with a loading stress
of 0. = 2.6 GPa, the fraction of the solid-like region decreases slightly, while the
fraction of the liquid-like region increases significantly. This result is consistent with
the previous observations of stronger-and-tougher MGs after biaxial tensile loading.
Moreover, as shown in Fig. 11(a), when the loading stress is o, = 2.4 GPa, g, = 2.5
GPa, and o, = 2.6 GPa, the post-processed MGs exhibit a lower fraction of FI,

indicating a more disordered microstructures.
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Fig. 11. Variation in the fraction of different kinds of atoms after biaxial tensile loading.
(a), (b) and (c) show the fraction of the solid-like, transition, and liquid-like regions in
as-cast and post-processed MGs, respectively. The fraction of Cu-centered <0,0,12,0>

is shown in (a) as a reference.

The results shown in Fig. 12(a) and (b) suggest that biaxial tensile loading induces
structural disordering in MGs, resulting in a decrease in the average and maximum size
of the MRO clusters and an increase in the free volume. The decrease in the size of the
MRO clusters indicates that the internal microstructures of MGs becomes more
disordered, which is consistent with the observations in Fig. 11(a)-(c). The increase in
free volume suggests that biaxial tensile loading is beneficial to plastic flow, as there is

more space for atomic rearrangement during plastic deformation. Overall, these results
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indicate that biaxial tensile loading can induce structural disordering in MGs, leading

to stronger and tougher mechanical properties.
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Fig. 12. Microstructures and free volume analysis of as-cast and post-processed
CuessZr3s MGs. (a) Samples here are processed by biaxial tensile loading. The average
and maximum sizes of MRO clusters in as-cast and post-processed MGs. (b) Free

volume for the as-cast and post-processed MG samples.

3.3.5. The average degree of the five-fold local symmetry

To reveal the changes in the microstructures during the tension, we use the average

degree of the five-fold local symmetry W = Zi( f2 X Pi), where f;° is the fraction of

pentagonal in Voronoi polyhedron type i, which is defined as f;> = n? /Y3456 15,

n¥ is the number of k-edged polygon in Voronoi polyhedron type i, P; is the fraction of
polyhedron type i [43].

In CussZr3s MGs, the regions with lower degree of five-fold symmetry, referred to
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as liquid-like regions, have higher potential energy, lower packing density, and an
unstable configuration state. Plastic deformation occurs more easily in these regions
[44]. However, further plastic deformation can only occur in regions with higher degree
of five-fold symmetry, as regions with lower degree of five-fold symmetry cannot
accommodate more plastic strains [44]. Typically, geometrically unfavorable motifs,
such as liquid-like regions, have a lower degree of five-fold symmetry, while solid-like
regions have a higher degree of five-fold symmetry [45, 46].

The variation of the W parameter with tension strain in the MG samples is shown
in Fig. 13. It is apparent that both the as-cast and the post-processed MG with a critical
stress of o, = 2.3 GPa exhibit comparable behavior. Specifically, a rapid decrease in W
occurs above € = 0.1, followed by reaching constant values below € = 0.1. This drop in
W is attributed to the breaking of clusters in solid-like regions and their transformation
into clusters in liquid-like regions. The constant # is primarily due to the formation of
a shear band, which ultimately leads to the catastrophic fracture of the MGs. For loading
stresses g, > 80% (e.g., o, = 2.4 GPa, g, = 2.5 GPa, g, = 2.6 GPa), the W value
continues to decrease until the tension reaches € = 0.2. Consequently, the shift in the
deformation mechanism of post-processed MGs from shear banding to homogeneous

plastic deformation can be attributed to the changes in .
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Fig. 13. The evolution of the average degree of the five-fold local symmetry W during

tension.
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3.4. Cryogenic thermal cycling
3.4.1. Mechanical properties

The stress-strain curves of as-cast and post-processed MGs with different cycle
numbers are illustrated in Fig. 14(a). The MGs were subjected to uniaxial tensile
loading at cycle numbers of 15, 20, 25, 30, and 35. The value of AE tends to stabilize
after the 20" cycle. Therefore, we compared the tensile behavior of the MGs prior to
and after stabilization of AE. It was observed that at the 15" cycle, the flow stress
slightly increased, while the yield stress remained essentially unchanged. These results
suggest that the deformation mechanism of MGs did not change significantly. However,
for cycle numbers between 20 and 35, the yield stress decreased significantly while the
flow stress showed minor changes, indicating a change in the deformation mechanism
of CussZr3s MG. Fig. 14(b) presents a sequence of snapshots capturing the structural
deformation in MGs. When the cycle number is 15, primary and secondary shear bands
appear, leading to localized plastic flow. Conversely, for cycle numbers between 20 and

35, there is no mature shear band in the CussZr3s MG, suggesting that the material has

good ductility.
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Fig. 14. (a) Tension stress-strain curves for as-cast and post-processed MGs. (b)
Snapshots of microstructures deformation at a 0.2 strain. The color indicates the local

shear strain.

To investigate the change in plastic flow, we calculated Ao, and the results are

presented in Table 3. The values of Ao gradually decrease as the cycle number increases
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and become stable. Therefore, the change in the plasticity mechanism of MGs with the
cycle number can be divided into two parts: first, the plastic flow improves as the cycle
number increases; second, the plastic flow does not change significantly as the cycle
number continues to increase. The findings in Fig. 14 and Table 3 demonstrate that
increasing the cycle number above 20 enhances the plasticity of ussZr3s MG. However,
it is essential to note that the improvement in plasticity does not change significantly

with the continuous increase in the cycle number.

Table 3

Summary of softening degree (Ao) results of CuesZrzs MG.

As-cast Post-processed MGs
MG CN=15 OCN=20 CN=25 CN=30 CN=35
g, (GPa) 2.90 291 2.66 2.66 2.65 2.66
Ao
1.28 1.22 1.06 1.04 1.08 1.11
= (Uy - Uf)

Figure 15 illustrates that the values of Young's modulus £ and shear modulus G
for CuesZrzs MG decrease after cryogenic thermal cycling, suggesting a decrease in the
material's strength. The values of £ for the post-processed MGs at cycle numbers of 15,
20, 25, 30, and 35 are 81.73, 80.12, 79.46, 80.11, and 80.28 GPa, respectively.
Correspondingly, the G values are 29.45, 28.36, 27.92, 28.22, and 28.39 GPa,
respectively. When the number of cycles is greater than 20, the values of £ and G tend
to stabilize, suggesting that the strength change of MGs is stable. This observation is

consistent with the above-mentioned findings of changes in stress-strain.
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Fig. 15. Effect of cryogenic thermal cycling on Young's modulus and shear modulus of

CugsZris MGs.

3.4.2. Amorphous microstructures

Figure 16(a)-(c) shows the change in the fraction of polyhedral after cryogenic
thermal cycling. The fraction of solid-like regions remained stable when the cycle
number was increased to 15, indicating no significant decrease in the strength of the
MGs. However, when the cycle number increased to between 20 and 35, the fraction of
solid-like regions decreased, suggesting a reduction in the strength of the MGs.
Moreover, in this cycle range, the fraction of <0,0,12,0> also decreased, indicating a
more disordered microstructures of the MGs. The polyhedral fraction in the transition
region remained roughly constant after cryogenic thermal cycling. Notably, when the
cycle number was between 20 and 35, the fraction of polyhedral in the liquid-like region
increased significantly, suggesting a possible improvement in the ductility of MGs.
Overall, the results demonstrate an increase in the ductility and a decrease in the
strength of MGs after cryogenic thermal cycling. In addition, the factors affecting the
number of atoms in the liquid-like region are different for different rejuvenation modes.
In the present work, the number of atoms in the liquid-like region does not vary much,
which is possibly related to the chosen parameters.

In comparison with cryogenic thermal cycling and biaxial loading, the solid-like

region and liquid-like region exhibit completely different changes after thermal
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pressure loading, which is mainly attributed to the compressive pressure during thermal
pressure loading. The liquid-like region is more prone to be squeezed and the reduction
in volume at high pressure, while the solid-like region associated with dense packing
increases. One possible reason for the failure to find a correlation between the reduction
of liquid-like region and the enhanced plasticity is that rejuvenation is associated with

an increase in the fictive temperature [26].
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Fig. 16. Variation in the fraction of different kinds of atoms after cryogenic thermal
cycling. (a), (b) and (c) show the fraction of the solid-like, transition, and liquid-like
regions in as-cast and post-processed MGs, respectively. The fraction of Cu-centered

<0,0,12,0> is shown in the (a).

The changes in the average and maximum size of the MRO clusters of CussZr36
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MG after cryogenic thermal cycling are presented in Fig. 17(a). It is observed that both
the average and maximum size of MRO clusters decrease after thermal cycling.
Furthermore, when the cycle number exceeds 20, the average and maximum sizes of
MRO clusters decrease significantly, indicating a more disordered internal
microstructures of CuesZrss MG. This disordered microstructure promotes
homogeneous plastic flow, but it also leads to a breakdown of the rigid backbone
microstructures, causing a decrease in strength.

Figure 17(b) illustrates the impact of cryogenic thermal cycling on the fraction of
free volume in CussZr3s MG. The results show that the fraction of free volume increases
with the cycle number, and when the cycle number exceeds 20, the increased free
volume tends to stabilize. At this stage, the ductility of the MGs is found to have
improved significantly due to the presence of increased free volume. In contrast, when
the cycle number is too small, such as 15 cycles, the free volume increases less and
does not significantly affect the ductility of CuesZrss MG. Therefore, it can be
concluded that cryogenic thermal cycling significantly increases the fraction of free
volume in CuesZr3s MG, which eventually improves its room temperature plasticity,
especially when the cycle number is sufficient.

The results in Fig. 17 emphasize that the CussZr36 MG evolves into a high-energy
disordered structural state after cryogenic thermal cycling. The free volume of MGs
increases after cryogenic thermal cycling, which provides an excellent condition for

homogeneous plastic flow.
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Fig. 17. Microstructures and free volume analysis of as-cast and post-processed
CussZr3s MGs. (a) Samples here are processed by cryogenic thermal cycling. The
average and maximum sizes of MRO clusters in as-cast and post-processed MGs. (b)

Free volume for the as-cast and post-processed MG samples.

4. Conclusions

In conclusion, this study investigates the effects of various MG rejuvenation
modes using MD simulations. The results show that biaxial tensile loading is a feasible
rejuvenation method for CussZr3s MGs and that it is more effective in toughening than
uniaxial tensile loading. The rejuvenation of MGs through thermal pressure loading
results in the highest plastic performance, while biaxial tensile loading can achieve the
highest strength. Cryogenic thermal cycling can also rejuvenate MGs, to be noted, with
less sacrifice in strength than thermal pressure loading. The microstructures of the
rejuvenated MGs processed by the different methods are characterized by high-energy

ordered or disordered glass states. These findings not only contribute to our
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understanding of the effect of rejuvenation modes on the structure and mechanical
properties of MGs, but also provide valuable guidance for developing stronger and
tougher MGs for practical applications in the fields automotive components, medical

devices, and aerospace parts.
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