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While conventional metallic glass (MG) is usually an alloy that contains at least two types of
different elements, monatomic metallic glass (MMG) in body-centered cubic metals has recently
been vitrified experimentally through ultrafast quenching. In this research, MMG in Ta was
vitrified by molecular dynamics simulations and used as a model system to explore the atomistic
mechanism of hardening in MG under cyclic loading well below the yield point. It was found that

significant structural ordering was caused during the elastic cycling without accumulating
apparent plastic strain, which ultimately led to the crystallization of MG that has been long
conjectured but rarely directly proved before. It was also revealed that tensile stresses were more
likely to induce structural ordering and crystallization in MG than compressive stresses.

. INTRODUCTION

The mechanical properties of materials are strongly
linked with their microstructural evolution under exter-
nal loading. Whereas structural defects such as disloca-
tions have been found to govern the microstructural
evolution and mechanical properties in crystalline mate-
rials, no such defects have been unambiguously identi-
fied in amorphous materials such as metallic glass (MG).
Therefore, despite the significant efforts that have been
made in the past,"”'? the microstructural evolution that
leads to various mechanical responses in MGs is still
under debate, among which the cyclic hardening within
the elastic regime®'? has drawn considerable attention
in recent years. It has been widely reported that the yield
strength of MGs can be significantly increased by
cycling the sample with small amplitude, which can
significantly impact the fracture and fatigue behavior of
the MGs.®"?

Although no apparent plastic strain or macroscopic shear
banding can be detected during the elastic cycling in MG, it
has been conjectured that substantial microstructural order-
ing or even nanocrystallization has occurred.®*'° Recently,
Wang et al.'' found that nanocrystals can be formed at
a semicircle notch-tip region in cyclically strained MG
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based on in situ TEM experiments. However, the molecular
dynamics (MD) simulations performed by Wang et al.'’
also suggested that before the formation of the nanocrystal,
the region around the notch-tip has experienced severe
plastic deformation due to the strong stress concentration at
the notch-tip even though the overall cycling strain was
below the yield point. To date, no direct experimental
evidence has been reported to confirm the formation of
nanocrystals in MG due to purely elastic cycling.

On the other hand, atomistic simulations which tried to
find nanocrystals in a CuZr MG during elastic cycling
under nanoindentation® also proved unfruitful. It may be
because the crystallization process in CuZr-based MG is
too slow to be observed in typical MD simulations. In
principle, such limitations can be overcome by choosing
a MG that crystallizes fast enough to be observed in the
MD timescale (~ns). While conventional multicompo-
nent MGs do not usually satisfy this criteria,
Zhong et al.'"* reported the formation of monatomic
MGs (MMGs) in Ta and V through ultrafast liquid
quenching in a recent research, which opened the door
for a new category of MGs. Since monatomic metals tend
to form crystalline structure to minimize the energy,
MMGs should crystallize more easily as compared to
multicomponent MGs, which may be detectable within
the MD timescale.

The purpose of this research is to vitrify MMGs by
MD simulations, and use them as model systems to
explore the hardening and crystallization in MG due to
elastic cycling. The influences of key parameters such as
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the system temperature, the cycling amplitude, and the
boundary conditions on the structural ordering and
crystallization in MMGs will be systematically analyzed
and discussed.

Il. SIMULATION METHODS

To be consistent with the experimental work by
Zhong et al.,'"* Ta was selected as a model system in
this research. Specifically, the vitrification of Ta was
simulated through ultrafast liquid quenching by using
MD with the LAMMPS'> package. The timestep was
5 fs, which was selected to be more efficient while still
producing results as accurate as when a timestep of
1 fs was used. The interatomic forces were character-
ized by embedded-atom potential for Ta.'® At the
beginning of the simulation, a block of single crystal-
line Ta (~33.0 nm X 6.6 nm x 13.2 nm) with periodic
boundary in x, y, and z directions [Fig. 1(a)] was first
constructed and liquefied by heating to a target
temperature of 71, = 4200 K within 100 ps. The
sample was equilibrated at the liquid state for 100 ps
and quenched to 300 K at the rates between 1.56 and
39 K/ps. As a reference, the quenching rate used by
Zhong et al.'* to vitrify Ta in their experiments was
between 50 and 100 K/ps. All simulations were performed
under zero pressure by using isobaric—isothermal ensemble
(NPT). The atomic configurations were visualized by using
AtomEye.17

lll. RESULTS
A. Vitrification of Ta

The atomistic configurations and the radial distribu-
tion function (RDF) of the quenched Ta were exam-
ined and compared to that in the crystalline and liquid
phase, respectively, which showed that the
as-quenched samples were amorphous when the cool-
ing rate was high. Specifically, crystallization was
observed in Ta at the cooling rate of 1.56 K/ps.
Figure 1(a) shows the atomistic configuration of
a representative Ta MG after being quenched to 300 K.
Furthermore, the RDF of two Ta samples quenched at
1.95 K/ps (Ta-quenched-01) and 39 K/ps (Ta-quenched-02),
respectively, was computed and compared to crystalline Ta
[Fig. 1(b)], which shows clear amorphous characteristics of
the two as-quenched Ta samples. To validate if the as-
quenched samples would behave the same as typical
multicomponent MGs, the evolution of the atomic volume
during the cooling in both samples is plotted in Fig. 1(c). For
comparison, the evolution of the atomic volume of the
Ta-quenched-01 sample during the reheating to 7 = 4200 K
at two different rates of 7.8 K/ps (Ta-reheated-01) and
1.95 K/ps (Ta-reheated-02) is also included in Fig. 1(c).
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FIG. 1. (a) Atomistic configuration of the as-quenched Ta sample at
300 K. (b) RDF of the crystalline and as-quenched Ta samples at
300 K. (c) Evolution of the atomic volume of Ta during the
quenching and reheating at different rates. The atoms in (a) were
colored according to CNA.

It was found that the two cooling curves overlapped each
other in Fig. 1(c) and both showed glass transition at 7, ~
1700 K as marked by the vertical dashed line, which was
estimated by a slope change at this temperature. For
comparison, the glass transition temperature in Ta has been
determined to be 7, ~ 1650 K by Zhong et al. in their
experiments.'* In contrast, the two reheating curves showed
dramatically different crystallization temperatures and nei-
ther of them overlapped the two cooling curves. While the
glass transition at 7 ~ 1700 K is a clear sign of the
formation of MG, the asymmetric heating and cooling
behavior have also been widely recognized as one key
characteristic of conventional multicomponent MGs. 820
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B. Hardening in MMG Ta due to elastic cycling

Since Ta was found to vitrify and crystallize within
reasonable MD timescale, the MMG Ta (Ta-quenched-01)
was used for all subsequent elastic cycling. In the following,
all simulations were performed at 7 = 1000 K. According
to Fig. 1(c), the relatively high temperature (7 = 1000 K)
would aid the microstructural evolution in Ta MMG during
external loading without causing glass transition or crystal-
lization by thermal effects alone. For example, the sample
has been tested by performing purely thermal equilibration
at T = 1000 for up to 10 ns and no crystallization or other
substantial structural change has been observed. As shown
in Fig. 2(a), free boundary conditions were applied to MMG
Ta (Ta-quenched-01) on the two surfaces perpendicular to
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FIG. 2. (a) Atomistic configuration of the Ta MMG with free surfaces
in the x-direction under cyclic loading. (b) The stress versus time
during the cyclic loading. (c) The stress versus strain during the cyclic
loading. (d) The stress—strain curves of the pre-cycled Ta MMG
samples during monotonic tensile loading. The inset indicates the
change of the maximum tensile strength due to the elastic cycling.
(e) The average tensile stress between 4.25 and 5.5% tensile strain as
a function of the number of elastic cycles. The atoms in (a) were
colored according to CNA.
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x-direction during the elastic cycling (e.g., periodically
tensile and compressive loading) along z-direction
[the x-, y-, and z-directions are defined in Fig. 1(a)].
The deformation was applied at a constant rate of
~ *5 x 10%s, which is typical for MD simulations.
The cycling amplitude was relatively small
(e = 1.25%) to ensure that the loading was in the
elastic regime. Figures 2(b) and 2(c) show the stress
evolution during the loading as a function of time and
strain, respectively. It can be seen in both figures that
the cycling was elastic and there was no accumulation
of plastic strain during the cycling. The Ta MMG
samples with different numbers of elastic cycles were
then loaded under monotonic tensile deformation;
the corresponding stress—strain curves are shown in
Fig. 2(d). The inset of Fig. 2(d) clearly indicates that
the maximum tensile strength increased with the
increasing number of elastic cycles, which is consistent
with previous reports on cyclic hardening in MG under
nanoindentation.” '’ Furthermore, a saturation of the
hardening effect that has been reported before®'? is also
indicated in Fig. 2(e). It can be seen that the increase in
average flow stress between 4.25 and 5.5% tensile strain
(or the hardening effect) became less pronounced and
eventually saturated as the number of elastic cycles
increased.

C. Crystallization in MMG Ta during elastic cycling

To explore the atomistic mechanisms that led to the
hardening in MMG Ta during the elastic cycling, we
performed more simulations in different Ta samples and
carefully examined the microstructural evolution during
the elastic cycling by common neighbor analysis
(CNA). As shown in Fig. 3(a), a crack (~2 nm X
7 nm x 1 nm) was introduced to the free surface of the
Ta MMG (Ta-SPP-crack) so that the results could be
compared with that from Wang et al.'' The influences of
free surfaces were also evaluated by simulating a Ta
MMG sample with periodic boundary conditions in x, y,
and z directions [Fig. 3(e), Ta-PPP]. The cycling
amplitude was € = *2.5% in the Ta-PPP sample and
€ = *£1.25% in the Ta-SPP-crack and Ta-SPP samples.
It can be seen from the insets of Fig. 3 that in all the
three Ta MMG samples the peak stress increased
dramatically when a certain number of elastic cycles
was reached, which corresponded to the formation of
nanocrystals. Representative snapshots are shown in
Figs. 3(b), 3(d), and 3(f) for the samples of Ta-SPP-
crack, Ta-SPP, and Ta-PPP, respectively, after n = 22,
35, and 33 rounds of cycling. In each sample, the
nanocrystal (the region with blue atoms) was identified
to have a body-centered cubic structure based on CNA.
It is important to note that the number of elastic cycles
that were needed to cause the saturation of hardening
effects as observed in Fig. 2 (e.g., when the number of
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FIG. 3. The atomistic configuration of Ta MMG samples with (a) free boundaries and a crack, (c) free boundaries, and (e) periodic boundaries
in x-direction. The inset in (a), (c), and (e) shows the corresponding stress evolution during the cycling in each Ta MMG sample. (b), (d), and (f) show
the formation of a nanocrystal due to the cycling in each Ta MMG sample, as indicated by the arrow. The atoms were colored according

to CNA.

elastic cycles reached n > 30) were consistent with that
required to initiate crystallization. Therefore, it is now
possible to explain the hardening effects observed in
Fig. 2 by gradual structural relaxation during elastic
cycling, which could eventually lead to dramatic order-
ing and crystallization in MMG Ta samples.

It is worth mentioning that in the Ta-SPP-crack
sample, fewer cycles were needed to form a nanocrystal
as compared to the sample with no crack (Ta-SPP).
Moreover, the nanocrystal was formed at the crack region
in the Ta-SPP-crack sample but near the center in the Ta-
SPP sample. This observation was consistent with Wang
et al.'! that the crack can serve as stress concentration to
facilitate the nucleation of nanocrystal during cyclic
loading. More importantly, Fig. 3(f) proves the conjec-
ture that cyclic loading within the elastic regime (e.g., at
strains well below the yield point) can cause significant
ordering and ultimately lead to the formation of nano-
crystals in MGs even when stress concentrators such as
cracks or free surfaces are absent. In contrast, no sub-
stantial structural change was found in the Ta-SPP
sample during monotonic loading up to 20% tensile
strain [Fig. 2(d)].

4 AR G JOURMNALS
http://journals.cambridge.org

IV. DISCUSSION
A. Influences of loading mode

Since the Ta MMG samples experienced both tension
and compression during the elastic cycling, it is
interesting to find out which loading mode was more
effective in inducing the structural ordering and crystal-
lization in them. For this purpose, the average energy per
atom in the Ta-SPP sample was plotted versus time
during the elastic cycling, as shown in Fig. 4. Two
cycling amplitudes, € = *1.25% and € = *=2.5%, were
considered. The results in the sample with no cycling
(e = £0%) were also included. It was found in Fig. 4 that
there was an overall trend of decrease in the average
energy per atom even when no cycling was applied. This
trend was expected since MG in general is far away from
its equilibrium state and the Ta-SPP sample was initially
stuck at a relatively high energy state due to the rapid
quenching. Nevertheless, the rate of energy decrease
gradually dropped as a function of the relaxation time
and the thermal effects alone (7 = 1000 K) could not
relax the Ta MMG into the crystalline phase within
reasonable MD simulation time. In contrast, although the
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average energy per atom dropped and rose during the
cycling, there was a general trend of energy decrease
during the elastic cycling and the rate of energy decrease
became steeper with the increased number of cycling.
The onset of crystallization can be clearly identified in
Fig. 4 by the sudden drop of energy, e.g., t =~ 4.2 and
1.2 ns for the Ta MMG with a cycling amplitude of
€ = *1.25% and ¢ = *£2.5%, respectively. What is
more, it can be seen in the inset of Fig. 4 that the tension
and compression caused dramatically asymmetric effects
on the structural relaxation of the Ta MMG. Specifically,
the half cycles during tension caused significantly higher
energy rise in the Ta MMG than during compression. In
particular, the energy variation during the compression in
Ta MMG with a cycling amplitude of € = £1.25% was
hardly sensible. It can thus be concluded that the
structural ordering and crystallization in Ta MMG during
the elastic cycling [e.g., Fig. 3(d)] were mainly caused by
the tensile loading. In other words, the Ta MMG can be
activated more effectively to overcome the energy barrier
for crystallization under tension than under compression.

B. Influences of temperature

Although it has been found that at 7 = 1000 K, the
thermal effects alone could not cause the phase trans-
formation from amorphous to crystalline in MMG Ta
within reasonable MD time, it is believed that the high
temperature should have at least facilitated the trans-
formation during the elastic cycling. To separate the
influences from stress and thermal effects on the crystal-
lization in MMG Ta, it is important to investigate if
crystallization can be caused by elastic cycling alone, for
example, at lower temperatures. For this purpose, the
elastic cycling was applied to MMG Ta (Ta-SPP and
Ta-SPP-crack) at 7 = 300 and 50 K with a cycling
amplitude of € = £5%. To expedite the simulation, the
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FIG. 4. The evolution of the average atomic energy in Ta MMG
samples with different cycling amplitudes. The inset shows the zoomed
view between 0.8 and 1.2 ns.

deformation was applied at the strain rate of ~ *1 X 10%/s
at 300 K and ~ +5 x 10%s at 50 K, respectively. The
cycling was elastic with one representative example shown
in Figs. 5(a) and 5(b). It can be seen that the loading was
symmetric during tension and compression with no
accumulation of plastic strain during the cycling.
Crystallization was observed in both Ta-SPP and
Ta-SPP-crack samples at T = 300 K while crystallization
was only observed in the Ta-SPP-crack sample at 7 = 50 K
within the simulation time of 10 ns. As shown in Fig. 5(c),
crystals formed at two regions in the Ta-SPP sample at
T = 300 K after n = 62 elastic cycles as indicated by the
white arrows. It is important to note that one crystal was
formed in the middle of the Ta-SPP sample which indicates
that free surface was not a necessity for the crystallization in
MMG Ta during the elastic cycling. In contrast, the crystal
formed near the crack on the free surface in the Ta-SPP-
crack sample at 7 = 50 K after n = 269 elastic cycles. It is
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FIG. 5. The stress versus (a) time and (b) strain during the elastic
cycling of the Ta-SPP sample at 7 = 300 K. The atomistic configuration
showing the formation of nanocrystals in (c) Ta-SPP sample at 7 = 300 K
and (d) Ta-SPP-crack sample at 7 = 50 K during the elastic cycling. The
atoms in (c) and (d) were colored by CNA.
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therefore confirmed that stress alone could induce the
crystallization in MMG Ta.

C. Ultrafast liquid quenching of Cu

In the experimental work by Zhong et al.,'* it has been
reported that face-centered cubic metals cannot be vitri-
fied by the same ultrafast liquid quenching method. To
confirm if the atomistic simulation used in this work was
consistent with the experimental method by Zhong
et al.,'"* Cu was also simulated as a model system in
face-centered cubic metals to see if MMG Cu can be
vitrified in a similar way. Specifically, a block of single
crystalline Cu (~36.4 nm x 7.3 nm X 14.6 nm) with
periodic boundary in x, y, and z directions was con-
structed and simulated with the embedded-atom method
potential of Cu.>' The sample was then heated to liquid at
Tcw = 2000 K and quenched at different rates from 0.68
to 17 K/ps. It was found that partial crystallization
occurred even at the highest quenching rate of 17 K/ps,
e.g., a few tiny crystals were formed and embedded in the
otherwise amorphous matrix. As shown in Fig. 6(a), the
RDF of Cu gradually evolved during the quenching.
While the RDF at relatively high temperatures of
T = 850 and 1000 K was similar to that at the liquid
state, the RDF at 7 = 300 K showed dramatically
different features (e.g., splitted peaks at the atomic
distance between 4 and 5.5 A) which indicated a structural
transition. In contrast, the Ta sample quenched at the rate
of 1.95 K/ps (about 10 times slower than that in Cu)
showed no apparent pattern change in the RDF [Fig. 6(b)],
which suggested that the quenched Ta at T = 300 K
maintained a similar structure to that in the liquid state.

The almost instantaneous crystallization in liquid Cu
was further investigated by analysing the atomic volume
evolution during the liquid quenching at different rates.
As shown in Fig. 7, all curves overlapped each other
when the temperature was higher than 7 = 1000 K.
However, a change in slope around 7 = 800 K was found
in all curves which suggested a structural transition at this
temperature. The zoomed view further confirmed that the

Cu quenched at 17 K/ps Ta quenched at 1.95 K/ps
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FIG. 6. The RDF of (a) Cu and (b) Ta at different temperatures during
the rapid quenching.

change was more significant at lower quenching rates, at
which a larger degree of crystallization was observed. For
example, while the two samples quenched at the rates of
0.85 and 0.56 K/ps were completely crystallized, small
crystals were nucleated in the sample quenched at 1.7 K/ps
as shown in the circled region of Fig. 7. It is worth
mentioning that no difference can be found in the RDF of
the samples quenched at rates between 17 and 1.13 K/ps.
The results in Figs. 6 and 7 thus confirmed that face-
centered cubic metals (e.g., Cu) are indeed more difficult
to be vitrified than body-centered cubic metals with high
melting points (e.g., Ta).

In this research, all simulations were limited to elastic
cycling through uniaxial loading only. However, the
unique properties of MMG Ta should make it particularly
suitable for investigating the subtle microstructural evo-
lution in general MGs under other circumstances by
atomistic simulations. For example, since the MMGs
were found to be highly sensitive to temperatures and
external loading, some subtle microstructural evolutions
such as the activation and coalescence of shear
transformation zones” " that are typical in general mul-
ticomponent MGs may be magnified and become easier to
be identified and characterized in MMGs. On the other
hand, since the microstructural evolution in MMGs is faster
than that in conventional multicomponent MGs, some
processes that are typically slow for MD simulations,
e.g., fatigue'™ "' and creep™ 2 failure, may also be
expedited in MMGs so that they can be simulated within
reasonable MD simulation time. Concisely said, although
MMGs are difficult to be produced experimentally,'* they
are ideal model systems for exploring the fundamental
properties in general MGs from atomistic simulations.
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FIG. 7. The evolution of atomic volume during the rapid quenching
of liquid Cu at different rates. The circular region shows the nucleated
nanocrystal in the sample quenched at the rate of 1.7 K/ps. The atoms
were colored according to CNA and noncrystalline atoms have been
removed for clarity.
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