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Classical molecular dynamics simulations have been performed to investigate the structural evolution in deformation-
induced rejuvenation in CugyZryo metallic glass. Metallic glasses obtained by different cooling rates can be rejuvenated
into the glassy state with almost the same potential energy by compressive deformation. The aging effect in different
metallic glasses in cooling process can be completely erased by the deformation-induced rejuvenation. The evolution of
cavities has been analyzed to understand the structural evolution in rejuvenation. It is found that as metallic glasses are
rejuvenated by mechanical deformation, a lot of cavities are created. The lower the potential energy is, the more the cavities
are created. The cavities are mainly created in the regions without cavities or with small cavities populated, indicating that
the irreversible rearrangements induced by deformation are accompanied by the creation of cavity. This finding elucidates
the underlying structural basis for rejuvenation and aging in metallic glasses from the cavity perspective.
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1. Introduction

Recently, the rejuvenation of metallic glasses has at-
tracted much interest, since it is a promising approach for im-
proving the plasticity of metallic glasses and thereby enhanc-
ing their potential applicability as structural materials.!!~10]
Experimentally, various approaches have been developed for
achieving the rejuvenation of metallic glasses. It was found
that rejuvenation of bulk metallic glasses can be achieved
through elastostatic compression for high strength and large

131 The mechanism was attributed to the irre-

plasticity.!
versible structural changes based on the generation of free vol-
ume. Similarly, shot-peening of pre-annealed metallic glasses
can also realize the mechanically induced rejuvenation.*! It
was argued that shot-peening may induce the part of the
free volume distribution associated with flow defects. It was
also found that plastic deformation by the high-pressure tor-
sion technique can also effectively rejuvenate the structure
of metallic glasses.[®! Further study revealed a transition of
the deformation mode from heterogeneous, localized deforma-
tion to homogeneous deformation in ZrsgCuggAl;o bulk metal-
lic glass and attributed the transition to a change in the lo-
cal atomic environment in the rejuvenated volume.®! More-
over, ion irradiation was also found to rejuvenate metallic
glasses, leading to significant tensile ductility and plastic de-
formation, while electron diffraction indicated subtle signa-
tures of structural changes of metallic glasses.!” Very recently,
thermal cycling induced rejuvenation of metallic glasses was
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also achieved in experiments.®! It was explained that thermal
cycling induced rejuvenation results from the intrinsic non-
uniformity of the glass structure, and thermal cycling intro-
duces heterogeneities which effectively induces flow and im-
proves plasticity. In addition, a method was proposed via
molecular dynamics simulations to control the level rejuvena-
tion through systematic thermal processing, and crucial condi-
tions for rejuvenation were clarified.”!

Although plenty of studies have been devoted to rejuve-
nation of amorphous materials, the evolution of atomic struc-
tures in rejuvenation is still elusive. Using Monte Carlo sim-
ulation for a binary Lennard—Jones mixture, rejuvenation in
glasses was observed via mechanical loading and the pair cor-
relation functions were analyzed for understanding the struc-
ture evolution in rejuvenation.!'”! However, no details of the
atomic structure information related to rejuvenation were pro-
vided. As indicated above, the increase of the free volume
and its distribution in metallic glasses plays important roles in

[1-4.6.8.11-13] However, the characteristic of free

rejuvenation.
volume in rejuvenation or how free volume influences reju-
venation of metallic glasses is not clear, either. On the other
hand, the free volume was defined as the Voronoi-cell volume
minus the volume of atom.!'*! This free volume is a thermo-
dynamic quantity, and cannot reflect the topological informa-
tion of atoms packing for the structural evolution.!'> Tt has
been revealed that there exist cavities in metallic glasses, ']

which is often regarded as a topology-based defect due to
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packing deficiencies in metallic liquids and glasses.!!3-2!! The
formation of large cavities in metallic glasses is the result
of mechanical instability.[18‘20] Moreover, cavities in metal-
lic glasses can be measured by positron annihilation life time
measurements. 22241 Therefore, characterization of cavities in
metallic glasses may provide new insight into the structure-
property relationship.

In this work, we performed classical molecular dy-
namics simulations to investigate the structural evolution
in deformation-induced rejuvenation in CugpZryy metallic
glasses by characterizing cavities. The creation and annihi-
lation of cavities in deformation process is found to be re-
sponsible for the underlying structural basis of rejuvenation
in metallic glasses. In deformation process, cavities prefer to
form in the relatively densely packed regions, leading to the
irreversible rearrangements in metallic glasses. The character-
istic of cavities provides a universal structural description for
both aging and rejuvenation mechanism in metallic glasses.

2. Model and simulation method

In our studies, classic molecular dynamic (MD) simula-
tions were performed for CugyZr,o metallic alloy and a realis-
tic embedded atom method potential was employed to describe
the interatomic interactions.!>! All of the simulations were
performed using the large-scale atomic/molecular massively
parallel simulator (LAMMPS) package.[?®! The structure con-
tains 4 x 10% atoms in a cubic box with periodic boundary
conditions applied in three dimensions. The initial configu-
ration was melted and equilibrated at 7 = 2000 K for 0.2 ns
in isothermal-isobaric (NPT) ensemble, and then cooled down
to 300 K with four different cooling rates of 0.1 K/ps, 1 K/ps,
10 K/ps, and 100 K/ps, respectively. In these processes, the
box size was adjusted to give a zero pressure. The samples
were further relaxed at 300 K in canonical (NVT) ensemble for
0.4 ns. In our MD simulations, temperature and pressure were
controlled with Nose—Hoover thermostat and barostat, respec-
tively. To examine the deformation-induced rejuvenation in
four metallic glass samples, uniaxial compression along the Z
direction with constant strain rate was applied to the samples
at 300 K. Periodic boundary conditions were applied in the X
and Y directions.

In our work, the cavities in metallic glasses were charac-
terized in terms of the numerical algorithm developed by Sas-
try et al.''”) Tn this algorithm, Voronoi and Delaunay tessella-
tions were constructed with the atomic radii of Cu (1.28 A) and
Zr (1.59 A) taken into account, and an exclusion radius was ap-
plied to determine the void regions and the volumes of cavities.
According to previous studies,!!”! 1.4 times of the atomic radii
of Cu and Zr were chosen as the exclusion radii for Cu and Zr
atoms, respectively, which are comparable to the distances that
pair correlation functions start to be nonzero.!?8! More details

about the algorithm can be found in Ref. [17]. The connec-
tivity of nearest neighboring cavities was also considered, *!
so that a rigorous and precise cavity in metallic glasses can be
quantitatively defined and characterized.

3. Results and discussions

Figure 1 shows the potential energy and volume per atom
in four samples with different cooling rates as a function of
temperature in the cooling process. Both the potential energy
and the volume decrease as the temperature decreases, exhibit-
ing a kink below a certain temperature, and indicating the glass
transition in four samples. It can be seen that the slower the
cooling rate, the lower the potential energy, and the smaller the
volume per atom, indicating that four metallic glassy samples
with different states are obtained.
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Fig. 1. The evolution of (a) potential energy per atom and (b) volume
per atom as the samples are cooled from 2000 K to 300 K with four
different cooling rates.
First, we investigate the temperature evolution of cavities
in four samples in the cooling process. As shown in Fig. 2,
both the total volume and the number of cavities decrease sig-
nificantly as the temperature decreases, indicating that there
exist numerous cavities in high temperature liquids, and the
cavities are rapidly annihilated in the cooling process. It can
be seen that in high temperature liquids, both volume and num-
ber of cavities are almost the same in four samples, indepen-
dent of the cooling rate. As temperature decreases below about
1400 K, both volume and number of cavities change with cool-
ing rate. Slower cooling rate accelerates the annihilation of
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cavities in both volume and number as shown in Fig. 2, lead-
ing to the least cavities in the sample of 0.1 K/ps. This indi-
cates that the sample of 0.1 K/ps can be relaxed much more
adequately, so that more cavities are annihilated in the cooling
process. In addition, the aging effect in the cooling process
with different cooling rates can be well characterized by the
annihilation of cavities, so that cavities can be used to charac-
terize the metallic glasses at different glassy states.
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Fig. 2. The evolution of (a) total volume and (b) total number of cavities
of four different specimens as a function of temperature from 2000 K to
300 K.

Next, we analyze the evolution of the cavities in defor-
mation process. Figure 3(a) shows the strain—stress curves in
four samples as the compressive deformation is applied. The
yield stress increases as the cooling rate is decreased. There
is almost no overshoot in the strain—stress curve in the sample
of 100 K/ps. As the cooling rate decreases, the overshoot be-
comes more significant. As the strain goes beyond the yield
point, the stress in the samples with slower cooling rates de-
creases, and the strain—stress curves almost collapse together
as the strain is over 15%. Figure 3(b) shows the evolution
of potential energy with the strain. Before compression, the
potential energies in four samples are different. As the ex-
ternal stress is applied, the potential energy in all samples in-
creases as the strain increases. The increase in potential en-
ergy is much more drastic in the sample of 0.1 K/ps. As the
strain increases, the difference in potential energy in the four
samples becomes smaller and almost the same as the strain

reaches about 40%. This indicates that these glassy samples
are rejuvenated to higher energy states, and the aging effect
produced in the cooling process in four samples can be com-
pletely erased by applying mechanical deformation. This is
consistent with previous studies.!'”! It can be seen that reju-
venation of metallic glasses can be achieved by applying me-
chanical deformation.
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Fig. 3. (a) Strain—stress curves of four metallic glassy samples in com-
pressive deformation; (b) evolution of potential energies in four samples
in deformation process. The inset in panel (b) shows the evolution of
the potential energy in four samples up to 40% strain.

To understand the underlying structural basis of the defor-
mation induced rejuvenation of metallic glasses, the evolution
of the cavities in four samples in deformation process is ana-
lyzed. Figure 4 shows the change of volume and number of
cavities with strain. Both the total volume and number of cav-
ities in these samples decrease a little as the strain increases to
before 5%. This indicates that some cavities are shrunk or an-
nihilated under the deformation in the apparent elastic regime.
In the sample of 0.1 K/ps, the volume and number of cavities
do not change much with strain smaller than 5%. This implies
that the sample is adequately relaxed in the cooling process
with a cooling rate of 0.1 K/ps, so that the compressive de-
formation does not induce further decrease in the volume or
number of cavities. However, in the samples of 1 K/ps and
10 K/ps, the deformation induces significant decrease in the
volume and number of cavities before 5%. In the sample of
100 K/ps, the volume and number of cavities do not change
much, either. This is because this sample is yielded quickly
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as the strain exceeds 2%. As the strain is larger than 5%, the
total volume and number of cavities in all samples increase as
the samples are further deformed. The increase is more dras-
tic in the sample of 0.1 K/ps, indicating that the local atomic
rearrangement is more significant and more cavities are gener-
ated in this sample under deformation. As the strain is larger
than 15%, the volume and number of cavities become simi-
lar in four samples. This behavior is quite similar to the po-
tential energy in the deformation process. Thus, four metal-
lic glassy samples at different states obtained in cooling pro-
cesses are rejuvenated into a higher energy state with similar
potential energy and atomic structure feature. It can be seen
that the aging history in four samples is finally erased by the
deformation induced rejuvenation. Moreover, the generation
and annihilation of cavities in metallic glassy samples play a
key role in both aging and rejuvenation processes. As shown
above, while the annihilation of cavities dominates in the ag-
ing process, the generation of cavities essentially controls the
rejuvenation process. Therefore, the characteristics of cavities
provide a generic description for both aging and rejuvenation
in metallic glasses.
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Fig. 4. The evolution of (a) volume and (b) number of cavities in four
metallic glassy samples in compressive deformation process.

To get further insight into the relationship between cav-
ities and rejuvenation in metallic glasses, we investigate the
role of each element in the creation of cavities in the defor-
mation process. Figure 5 shows the variation of the percent-
age of Cu and Zr around cavities with strain in the sample of

0.1 K/ps, respectively. It can be seen that while the percentage
of Cu around cavities increases with strain, the percentage of
Zr is fluctuating, and does not change much in the deformation
process. This indicates that new cavities are essentially created
around Cu atoms, leading to the increase of Cu atoms around
cavities. This also implies that most atomic irreversible rear-
rangements take place around Cu atoms, which is consistent
with the characterization of atomic rearrangements in metallic
glasses. >’
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Fig. 5. Variation of the percentage of (a) Cu and (b) Zr atoms around
cavities compared to the total number of atoms in the metallic glassy
sample of 0.1 K/ps with strain.

We also investigate the relationship between the creation
of cavities and atomic clusters in the deformation process. Fig-
ure 6 shows the major populated clusters with and without cav-
ities surrounded at different strains. It can be seen that while
much more icosahedral clusters are populated in the regions
without cavities, only a small fraction of icosahedral clusters
are located around cavities, indicating the dense packing fea-
ture of icosahedral clusters. In contrast, while the fraction
of icosahedral clusters decreases monotonically with the in-
crease of the strain, the fraction of icosahedral clusters located
around cavities does not change much with the strain. This
implies that the decrease of icosahedral clusters in the regions
without cavities is accompanied with the creation of cavities,
and icosahedral clusters are mainly transformed to some low-
populated clusters in the deformation process.*?! On the other
hand, the population of the major clusters around cavities does
not vary much with the strain. This indicates that the plas-
tic deformation mainly changes the atomic environments in
the regions without cavities, although the fraction of atomic
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clusters changes with strain.!3!-*?] This also indicates that if
only atomic clusters and their evolution are characterized in
the rejuvenation process, one cannot obtain the generic struc-
ture feature for better understanding of the rejuvenation mech-
anism in metallic glasses.

Figure 7 further confirms this point. Figure 7(a) shows the
cavity distribution in the sample of 0.1 K/ps at a strain of 5%,
and figure 7(b) shows the volume difference of cavities be-
tween the strain of 5.2% and 5%, which indicates the creation
and annihilation of cavities in the deformation process. The

4000} (@) -0% |
3000

2000

Number

1000

red circles mark the region without cavities in Fig. 7(a), and
the corresponding volume difference in cavities in Fig. 7(b),
respectively. It can be seen that the big cavities are mainly cre-
ated in the densely packed region, not in the so-called loosely
packed region. 33341 Moreover, there are some small cavities
populated around such regions, and the length scale is far be-
yond the nearest neighbor distance. This clearly demonstrates
that new cavities are mainly created in the densely packing

regions.

1800

1200

Number

600

5.2% difference

Fig. 7. (a) Snapshot of cavity distribution in the sample of 0.1 K/ps at a strain of 5%; (b) the volume difference of cavities between the strain
of 5.2% and 5%. The cross-section in the middle of the sample along the X direction is taken for the illustration. The color bar represents the
cavity volume in panel (a) and volume difference in panel (b), respectively. The circles mark the regions without cavity in panel (a) and the

corresponding volume difference in panel (b).
4. Conclusion

The rejuvenation of metallic glasses has been realized by
applying compressive deformation. Metallic glasses in dif-
ferent energy states have been rejuvenated into a higher en-
ergy state with similar potential energy. Numerous cavities
are created in this process, which is the main underlying struc-
tural basis of rejuvenation of metallic glasses. Moreover, cav-
ities tend to be formed in the densely packed regions. The
creation of cavities essentially facilitates the irreversible rear-

rangements in plastic deformation.
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