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Understanding the relation between spatial heterogeneity and structural rejuvenation is one of the hottest topics in the
field of metallic glasses (MGs). In this work, molecular dynamics (MD) simulation is implemented to discover the effects
of initial spatial heterogeneity on the level of rejuvenation in the NiggPo0MGs. For this purpose, the samples are prepared
with cooling rates of 1010 K/s—10!2 K/s to make glassy alloys with different atomic configurations. Firstly, it is found that
the increase in the cooling rate leads the Gaussian-type shear modulus distribution to widen, indicating the aggregations
in both elastically soft and hard regions. After the primary evaluations, the elastostatic loading is also used to transform
structural rejuvenation into the atomic configurations. The results indicate that the sample with intermediate structural
heterogeneity prepared with 10'! K/s exhibits the maximum structural rejuvenation which is due to the fact that the atomic
configuration in an intermediate structure contains more potential sites for generating the maximum atomic rearrangement
and loosely packed regions under an external excitation. The features of atomic rearrangement and structural changes under

the rejuvenation process are discussed in detail.
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1. Introduction

Owing to their individual amorphous structures, metal-

lic glasses (MGs) possess superior mechanical properties.!! =]

However, this unique feature comes at the expense of poor
tensile ductility with severe localization of plasticity.!* ! Re-
juvenation process is one of the main methods of improving
the ductility behavior of MGs under an external loading. !’~10]
In a rejuvenated structure, the atomic configuration becomes
excited somehow to generate the loosely packed regions like

[11,12

free volumes within the glassy matrix. 1 In recent years,

several techniques have been proposed to rejuvenate the glassy
alloys; however, it has been uncovered that there is a saturated

state or an optimized level for the structural excitation. ['3-1]
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To provide some examples, Wakeda and Saida'®! simu-
lated the thermal rejuvenation process of CuZr system by us-
ing molecular dynamics (MD) to find the mechanism of struc-
tural rearrangements. It was revealed that the structural rejuve-
nation, correlated with the decrease of ordered configurations,
can also generates newly ordered local structures. This was
identified as a key reason for the saturation of rejuvenation in
the MGs. In another work, Shayakhmetov et al.!'”! showed
that an optimized state exists for the rejuvenation under the
mechanical attrition treatment, which may be due to the satu-
ration of anelastic strain energy in the body of glassy material.
Using the synchrotron x-ray diffraction, it was also found that
in highly deformed regions under the highpressure torsion the
local mean atomic volume is increased up to about 0.75%, thus

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

096401-1


http://dx.doi.org/10.1088/1674-1056/ac615e
mailto:mahyuddin.nasution198@gmail.com
mailto:abdullah.hasan.j@sawa-un.edu.iq
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 31, 096401 (2022)

achieving a saturated rejuvenated structure. '8! Under the elas-
tostatic loading, it was revealed that a saturated state happens
in the structural rejuvenation, which is due to the mutation of
positional atomic rearrangements in the alloying system.[1%-20]
Implementing MD simulation, Li et al.””!l demonstrated that
the atomic packing density transitions within different regions
of glassy structure are responsible for accumulated rejuve-
nation in the cyclic-loaded MGs. Wang and Yang!??! simu-
lated different chemical compositions of CuZr alloys under the
cyclic loading and found that the optimized structural rejuve-
nation strongly depends on the fraction of ordered coordina-
tion polyhedron. Kim et al.!>3! unveiled that the population of
flow units in a thermal rejuvenation is chiefly influenced by the
final cooling rate rather than the quenching temperature. Kang
et al.?* also confirmed that an intermediate structural state
is required for optimizing the structural excitation through the
cryogenic cycling process. Utz et al.!*! produced the binary
MG:s at different cooling rates and evaluated the structural re-
juvenation based on the potential energy landscape. They re-
ported that the lower the initial energy of MG (slow cooling
rate) the higher the internal stress in a rejuvenation process
is, where the elastic regime transforms into the plastic state.
Using elastostatic loading, Zhang et al.!*®! proposed a model
based on the de-mixing tendency, in which a competitive re-
lationship between activation enthalpy and activation entropy
explains the stress threshold in the relaxation/rejuvenation of
MGs. Jiang et al.>"! produced the CuZr MGs at different cool-
ing rates for obtaining the glassy structures with a wide range
of potential energy. They found that the rejuvenation process
in a sample with low potential energy leads more cavities to be
created in the microstructure; however, a saturated state was
detected between the population of cavities and initial poten-
tial energy. In another study, it was unveiled that the gener-
ation and distribution of free volumes under the shot peening
process is mainly dependent on the initial state of relaxation in
the MGs.[?8]

As mentioned above, several studies have been performed
experimentally and numerically, showing that there exist an
optimized or saturated state in the structural rejuvenation of
MGs. However, the reasons for inducing optimized state are
still under debate. It is suggested that the initial structural het-
erogeneity is a crucial parameter for maximizing the level of
rejuvenation in the glassy structures. Hence, the manipulation
of atomic configuration in the initial state significantly affects
the intensification of rejuvenation in the MGs. To unveil the
mechanism of optimum rejuvenation in the MGs, the NiggP2g
glassy alloy was modeled with three different cooling rates,
i.e., 1010 K/s, 10! K/s, and 10! K/s, leading to a wide range
of structural heterogeneity in the system. Afterward, an iden-
tical elastostatic loading process is carried out for each sample
to show how many changes take place in the level of rejuve-
nation in each state. The rate of rejuvenation increment in the

treated sample is determined through a relative study in each
state. The outcome of this work clearly shows the significance
of heterogeneity manipulation for achieving an optimum reju-
venation state.

2. Computational method

In this study, the molecular dynamics (MD) approach was
considered for modeling the behavior of MG. For this pur-
pose, the MD calculations were conducted by the embedded-
atom method (EAM) for an Ni—P alloying system presented
by Sheng et al.”! It should be noted that the simulations
were performed through large-scale atomic/molecular mas-
sively parallel simulator (LAMMPS) code at zero external
pressure in the isothermal isobaric ensemble (NPT).13% The
NiggP»¢ alloying system with 4.5 x 10* atoms was modeled;
while the periodic boundary conditions were considered in all
the directions. The temperature of system was controlled by
the Nose-Hoover thermostat!®*!1 and the calculations were per-
formed in integration time steps of 1 fs. To make the primary
atomic configuration with NiggP»9 composition, the P atoms
were randomly inserted into the cell of Ni with face centered
cubic lattice. The system was then melted and equilibrated at
a temperature of 2000 K for 0.3 ns and 2 ns, separately. The
quenching processes with cooling rates of 1010 K/s, 10'! K/s,
and 10'? K/s were performed to make the solid atomic config-
urations at 300 K. Hereafter, a replication process along with
a relaxation treatment were carried out to enlarge the atomic
box. It should be noted that the quenched samples under the
cooling rates of 1019 K/s, 10! K/s, and 10'% K/s were denoted
as S10, S20, and S30 in the following sections. To picture
the spatial heterogeneity of MGs, the atomic computational
tomography (ACT) was employed by considering the elastic
properties of structure. In this technique, a unique parameter
was determined to explain the type and fluctuations of atomic
pairs in a certain spherical volume and characterize the shear
modulus of nanoscale regions in the MG structure. This tech-
nique, described in Ref. [21], established a meaningful relation
between the packing density and elastic features of the alloy-
ing system.

After preparing the sample, the elastostatic loading pro-
cess under at temperature of 300 K was implemented. The
normal stress was employed along the z direction; while the
loading was continued for 6000 7 (7 = 2.09 x 10~!! s) under
90% of yield strength. It should be noted that there does not
exist any pressure along the x direction nor the y direction and
the system was affected only by a static normal stress along the
z direction.[?] After the loading process, the normal stress de-
creased to that of the reference state (P = 0) and then relaxed
for 1 ns. In the elastostatic loading process, all the parameters
including the dimension, potential energy and stress compo-
nents were recorded for subsequent evaluations. The states of
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elastostatically loaded samples S10, S20, and S30 were de-
noted as S11, S21, and S31, respectively. It should be noted
that the simulation was performed three times for each state to
ensure the reliability of data acquisition. The schematic dia-
gram of sample preparation and rejuvenation process is given

in Fig. 1.
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Fig. 1. Schematic diagram of sample preparation and elastostalic loading
process for optimizing the structural rejuvenation in MGs.

3. Results and discussion

3.1. Identification of spatial heterogeneity

The first step is to find out the effects of cooling rates
on the nanoscale spatial heterogeneity in the prepared alloys.
For this purpose, a fluctuation method is used to evaluate the

isothermal stiffness coefficient at 300 K[33!
T 1 il
Ciitt = Cliws + Cijy + Cilty- ey

In this equation, the Born, kinetic, and contribution terms
are marked by the superscripts I, II, and III. As depicted in
Ref. [13], the mean shear modulus (G) can be calculated from

30 nm

G = (C44 + Css + Cgs) /3, in which the G term results from the
combination of three terms mentioned in Eq. (1). Using this
approach, it is possible to characterize the local shear elastic-
ity from angstrom-scale to the larger-scale spatial region in the
MG.

As mentioned in Section 2, the samples are prepared with
the relaxation times of 0.3 ns and 2 ns at 2000 K. This process
is carried out to show how the holding time at high temperature
leads the final atomic structure to change. Figure 2 shows the
two-dimensional (2D) elastic heterogeneity maps of samples
S10, S20, and S30. In general, it is observed that the structural
heterogeneity in the sample exposed for 0.3 ns is higher than
that in the sample exposed for 2 ns-exposed. It is believed that
the holding time at 2000 K provides atomic homogeneity in
the liquid state. When the holding time is 2 ns, the atomic ho-
mogeneity reaches the maximum state and subsequently, the
glassy structure forms a uniform configuration with low struc-
tural heterogeneity after quenching treatment. On the other
side, in the shorter holding time (0.3 ns), the structural het-
With the structural
heterogeneity improved, the efficiency of rejuvenation process

erogeneity is intensified in the samples.

will be enhanced in the samples due to the generation of more
local stress domains in the atomic system.!'”! Hence, in the
following, we evaluate the structural variations and the sub-
sequent rejuvenation process based on the samples prepared
with the holding time 0.3 ns at 2000 K and later quenching
treatment with the cooling rates of 10'® K/s, 10'" K/s, and
10'2 K/s, marked as S10, S20, and S30, respectively.
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Fig. 2. Snapshots of spatial heterogeneity based on shear modulus for samples exposed for holding time of (a) 0.3 ns and (b) 2 ns at 2000 K and then
quenched under the cooling rates of 1010 K/s, 10" K/s, and 10'2 K/s, marked as S10, S20, and S30.
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The Gaussian distributions of shear modulus for each
sample are given in Fig. 3(a). As observed, the cooling rate
plays a significant role in changing shear modulus and spatial
heterogeneity in the glassy alloy. With thecooling rate increas-
ing from 10'? K/s to 10'? K/s, the mean value of Gaussian dis-
tribution declines from 22.3 GPa to 19.1 GPa; while the devia-
tion value shows an increasing trend from 3.5 GPa to 6.8 GPa.
This means that the increase in cooling rate leads the spatial
heterogeneity to be enhanced in the Ni-P MGs. Other experi-
mental researches also showed that the pronounced spatial het-
erogeneity is accompanied with the increase of Gaussian devi-
ation, which is related to the appearance of local regions with

a wide range of elastic properties in the MG structure. %34
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Fig. 3. (a) Gaussian distribution of shear modulus, and (b) correlation coef-
ficient as a function of distance for S10, S20, S30.

To better understand the features of nanoscale hetero-
geneity in the MGs, the fluctuations of local regions are evalu-
ated by calculating the correlation function of shear modulus,
p(r), and achieving the specific correlation length (£) through
the following equations: [13-33-3¢]

Zro,rOJrr(.u'ro - .a)(.uroJrr - ‘l_l)

\/zro,ro+r(“ro - .a)z\/ZrO,rO+r(”ro+r - ‘a)Z
p(r) =%, O

(@)

p(r)

where U, is the shear modulus of a reference position (7),
and the modulus at the position distance of r is represented
by U+ Moreover, fi denotes the average of shear modu-
lus. As observed in Figs. 2(a) and 3(b), there is a direct rela-
tion between the cooling rates and specific correlation length

(€). In general, the correlation length determines the scale
of fluctuation in the system and introduces the variability of
a strongly correlated domain into the structure.’*”] Conse-
quently, figure 2(a) clearly shows that the increase of & results
in the creation of larger clustering areas and the intensification
of soft/hard regions in the microstructure. Furthermore, one
can see that the “P” function exponentially decays as a func-
tion of r value, which is more apparent in systems with lower
& values. As a result, it is suggested that the higher cooling
rates leads to the more pronounced heterogeneity in the glassy
structure.

3.2. Elastostatic loading effects

In this subsection, the effects of elastostatic loading on
the rejuvenation behavior and atomistic rearrangements of MG
samples are investigated. Figure 4(a) shows the tensile stress—
strain curves of simulated samples with varying conditions. It
is observed that the elastostatic loading effect on the deforma-
tion behavior of sample is considerably different. In general,
the higher the level of rejuvenation, the more homogeneous
the achieved plastic strain deformation is. A failure criterion
is also considered to evaluate the plastic strain ratio in the reju-
venated sample. In this work, the failure criterion is the value
of plastic strain in the load-displacement curve, in which the
main shear band crosses the sample with an average Von Mises
strain of 0.5. As observed in Fig. 4(b), the measured values
for the homogenous strain ratios of S11/S10, S21/S20, and
S31/S30 are 1.24, 1.39, and 1.19, respectively. Here is an ex-
ample The strain ratio of 1.39 for the S21/S20 shows that the
homogenous plastic strain in sample S21 increases by 39% in
comparison with that in sample S20. This result is also sug-
gestive of the idea that the primary spatial heterogeneity is re-
sponsible for the subsequent effects of elastostatic loading on
the deformation behavior of glassy structure. To better char-
acterize the plasticity behavior, the snapshots of shear strain
maps for all the samples at a strain of 12% are presented in
Fig. 4(c).

It is found that there is a meaningful relation between
the correlation length and the deformation mode in the sam-
ples. For the sample S10, the deformation behavior is domi-
nated by a single shear band, while the elastostatic loaded state
(S11) declines the localized shear events and improves the ho-
mogenous plasticity in the alloying system. On the other hand,
the rate of the homogenous deformation from sample S20 to
sample S21 is more apparent, showing the high capability of
this alloying system for the structural rejuvenation. This event
is identified in the stress-strain curves, in which a distinctive
transition occurs from a stress overshoot (sample S20) to an
elastic-nearly plastic deformation (sample S21). Moreover,
one can easily see that the local shear events with 45° orien-
tation significantly decline in the structure of the sample S21,
indicating the considerable structural rejuvenation under the
elastostatic loading. A comparison between samples S30 and
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S31 shows that the plasticity improvement is lower than that
happens in S20/S21 state. This is due to the fact that the sam-
ple S30 with a heterogeneous structure (§ = 4.9 nm) lacks suf-
ficient potential sites for creating new shear events under the
elastostatic loading (S31).['338] Consequently, the increasing
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rate of rejuvenation degree in this condition becomes lower
than those of other samples. Nevertheless, it is worth mention-
ing that the treated sample (S31) still exhibits a homogeneous
deformation with multiple strain localization paths under the
tensile loading.
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Fig. 4. (a) Tensile stress—strain curves of samples, (b) plastic strain ratios at the failure condition, and (c) snapshots of strain distribution at a strain value of

12% under tensile test.

The assessment of atomic structure by using pair distribu-
tion function (PDF) provides significant information regarding
the evolution of rejuvenation in the MGs.3%4% The intensi-
ties and positions of peaks in the PDF analysis presents an
average density of atoms in a certain distance and reveals the
features of short range order and medium range order in the
glassy structure. The partial PDF curves can be obtained from
the following equation: 4!

No Np

L)oo

i=0j=0

gaﬁ( ) |rlj| 4)

47z:r2pNaNﬁ
where Ny and N are the numbers of o atoms and 3 atoms,
respectively; p is the number density of atoms; 7;; is the in-
teratomic distance between two constitutes. Figure 5 shows
There
does not exist any peak shift in the Ni—-Ni pair nor the Ni-P

the partial PDF curves at 250 K for all the samples.

pairs; however, the P-P pairs shows a slight displacement to
the lower r value, indicating the strong interactions of phos-
phorus atomic pairs after the structural rejuvenation. On the
other hand, the peak weakening occurs in a short range order

parts of Ni-Ni and Ni-P curves, showing that the structural
rejuvenation in NiggPyp system is accompanied with the an-
nihilation of these atomic pairs. In general, the NiP system
includes the transition metal-metalloid pairs, in which the so-
lute atoms are surrounded by the solvent ones.*!*>) Moreover,
there is a solute—solute avoidance phenomenon, which is man-
ifested in the weak first peak of P—P pairs rather than other
atomic pairs. In other words, the first peak of P—P pair is con-
siderably weaker than the other atomic bonds, indicating the
rare formation of this kind of pair in the alloying system. Un-
der the rejuvenation process, the strong interactions between
metal and metalloid atoms decrease, while P-P pairs show a
contraction in the system. This result indicates that the struc-
tural rejuvenation tends to annihilate the short range clusters
and form more loosely packed regions.[*3* Although, the
curves indicates that the highest variations occur from S20 to
S21, the PDF analysis presents a clear picture of rejuvenation
increment in none of the samples. Therefore, it is suggested to

evaluate the atomic configurations in more detail.
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Fig. 5. Partial pair distribution function for all the samples.

04 /B S10 M s11 Ni-centered |
W s20 S21 clusters
03+ S30 [S31

Fraction

(a) 1
10 11 12 13 14 15
Coordination number
041 msio Msu P-centered
B s20 S21 clusters
03+ B S31
=]
.8
g
= 02
0.1+ (b)
0

8 9 10 11 12 13
Coordination number

Fig. 6. Fractions of (a) Ni-centered clusters and( b) P-centered clusters as a
function coordination number.

The analysis of coordination number (CN) in the first

shell of atomic clusters manifests the effects of elastostatic
loading on the structural configurations of NiP MG. The dis-
tributions of Ni- and P-centered clusters for all the samples
are presented in Fig. 6. The figure shows that the mean value
of CN in the P-centered clusters is lower than that in the Ni-
centered ones, which means that the P-centered clusters have
a smaller size with lower number of atoms in the shell. The
results also indicate that the structural rejuvenation plays a
crucial role in changing the cluster fractions with different
CN values. In general, the elastostatic loading leads clusters
to decrease sharply with the increase of CN value, implying
that the rejuvenated structure prefers to annihilate the large

S. [45

cluster 1 Moreover, the high CN clusters include weaker

atomic bonds, facilitating the destruction of short-range orders
and the creation of free volumes in the backbone of MG.!!6]
The mean square displacement (MSD) of the atomic con-
stitutes is calculated at 250 K under the elastostatic loading.
Figure 7 shows the MSD curves of P and Ni atoms for sam-
ples S11, S21, and S31. At first glance, it can seen that a
sharp increase of MSD occurs for both Ni and P in all sam-
ples. Afterward, the increase rate becomes weakened with the
rise in the elastostatic loading. This result is consistent with
other studies showing that the structural rejuvenation tends to
show a saturated state in the MGs.[204] Moreover, the results
indicate that the average displacements of atoms in samples
are different from each other, so that the sample S21 experi-
ences the maximum atomic displacement during the elasto-
static loading but the atomic displacement decreases in the
samples S31 and S11, respectively. This event is consistent
with the PDF analysis and tensile stress—strain curves, indicat-
ing that the increase in the level of rejuvenation from S20 to
S21 is sharper than the counterparts in other states. The MSD
curves also represent that both P atom and Ni atom exhibit an
increasing trend under the elastostatic loading; however, one
should note that the P atoms are mainly located in the center
of short range scale clusters and rarely tends to be embedded
at the shells.[37#3] Hence, their movements in the atomic con-
figuration play an important role in the rejuvenation process
of MG. Considering Fig. 7(b), the higher MSD value of P in
sample S21 is indicative of more atomic clusters annihilate
under the elastostatic loading, which means that S20 sample
with intermediate primary spatial heterogeneity (S20) consid-
erably facilitates the introduction of disordering and loosely
packed structures under an external excitation. Furthermore,
one should note that the smaller atomic size of P element can
be a main parameter for the larger MSD. However, it is found
that the P atoms show a lower MSD value than the Ni con-
stitutes. In the NiggPpg glassy system, the P atoms act as the

solute constitutes, meaning that they are generally located in
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the center of SRO clusters forming short-size and stable con-
nection with the Ni atoms.*!1 On the other hand, the Ni atoms
usually tend to be located at the shells of clusters or distributed
in the loosely packed structures. Hence, the Ni constitutes can
show a higher atomic movement in the NiP amorphous sys-
tem. The Voronoi polyhedron analysis is another way to clar-
ify the atomic rearrangements under the elastostatic loading.
In general, this method is employed to explain the character-
istics of local structures and represent the atomic scale config-
uration of glassy matrix.!*’! The polyhedrons as the basis of
atomic structure are distinguished by Voronoi indices such as
(ni3,nia,ni5,n6), in which the n; determines the i-edged faces

of the polyhedrons.
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Fig. 7. Mean square displacements (MSDs) of Ni (a) and P (b) atoms under
elastostatic loading.

Figure 8(a) represents the ratios of main polyhedrons with
10-13 CN in the samples. In the S21/520 state, the polyhedron
ratios of (02 82), (028 1), and (0 1 10 2) all show a sharp
increase; while the populations of polyhedrons (0 0 12 0),
(0280), and (0 3 6 3) decrease under the elastostatic loading.
In the S31/30 and S11/S10 states, one can see that the increas-
ing/decreasing trends of polyhedron ratios show slighter fea-
tures. Moreover, it is observed that the polyhedrons (0 0 12 0)
and (0 3 6 3) almost remain unchanged. This result indicates
that the sharp rejuvenation in S21/S20 state is associated with
the annihilation and generation of specified polyhedrons in

the alloying system; while in the less rejuvenated states, i.e.,

S31/S30 and S11/S10, some polyhedral types resist the recon-
figure under the elastostatic loading. It is also significant to
understand the reason for creation and annihilation of speci-
fied polyhedrons during the elastostatic loading. In general,
the polyhedrons (02 8 2), (028 1), and (0 1 10 2) are mostly
Ni-centered clusters while, the P-centered ones mainly tend to
form polyhedrons (0 0 12 0), (02 8 0), and (0 3 6 3). Hence,
one can conclude that the rejuvenation process tends to form
more Ni-centered clusters in the system. This event is due to
the fact that the Ni-centered clusters are energetically less sta-
ble than the P-centered ones, resulting in the intensification
of disordered structure in the glassy system.*!) Figure 8(b)
shows the percentages of free volume in the MG samples. It
should be noted that the spatially loosely packed regions with
more than —5% deviation from the mean atomic density are
considered as the free volumes. According to the results, the
increase in cooling rate is responsible for the generation of free
volumes in the system. However, one can see that there is an
optimal state for the maximum introduction of excess free vol-
umes under the elastostatic loading. In other words, when the
free volume content is intermediate in the glassy structure (i.e.
S20), the conditions for generating more free volumes under

the elastostatic become more facilitated (i.e., S21).

Wisiusio
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Fig. 8. (a) Polyhedron-type ratios under the elastostatic loading, and (b)
percentage of free volume in the samples.
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Fig. 9. Gaussian shear modulus distributions of (a) S10 and S11, (b) S20
and S21, and (c) S30 and S31.

On the whole, the results of this work indicate that the ini-
tial structural heterogeneity should be in an intermediate state
for obtaining the maximum rejuvenation under the elastostatic
loading. Other investigations also reported that the achieve-
ment of the highest level rejuvenation is correlated with the
intermediate structural features of MGs.[>**8] In general, the
structural rejuvenation in a glassy structure is associated with
the degree of potential sites for the generation of internal
stresses, leading to the disordering phenomenon in the sys-
tem. As given in Figs. 2 and 9, sample S10 mainly includes
hard regions with high shear modulus. Moreover, the compact
Gaussian distribution of shear modulus shows a homogeneous
atomic configuration in this sample. Consequently, the popu-
lation of potential sites for generation of internal stress is not
much enough to induce a significant structural rejuvenation as
seen in sample S11. On the other hand, the structural hetero-
geneity in sample S30 is excessive and the soft regions are
dominated in the structure (see Fig. 9). This event results in
the damping or relaxation of internal stresses induced by the

elastostatic loading. In other words, the glassy structure is too
soft to introduce more free volumes in the system (See S31).
As a result, the structural rejuvenation cannot exceed a certain
value. On the other hand, an intermediate structural hetero-
geneity (S20) is comprised of more potential sites for gener-
ating the internal stress. In other words, the sample S20 is
neither extremely soft to relax the applied stress nor extremely
hard to inhibit any stress generation in the structure. Hence,
the level of structural rejuvenation becomes optimized in this
state (S21).

4. Conclusions

In this work, the effects of primary structural heterogene-
ity on the subsequent structural rejuvenation in the NigyP2q
MG are investigated. The main outcomes are as follows.

(i) For the sample preparation, it is unveiled that the cool-
ing rates increasing from 1010 K/s to 1012 K/s gives rise to the
intensification of structural heterogeneity and the aggregation
in both elastically soft and hard regions.

(ii) The tensile stress-strain curves indicate that the re-
juvenation process considerably improves the plasticity in the
sample; however, the rate of plastic strain enhancement relies
on the primary structural heterogeneity.

(iii) The PDF analysis also indicates that the Ni-Ni and
Ni—P pairs are annihilated under the rejuvenation; however,
there exists no considerable change in the population of P-P
pairs. The detailed evaluation of structure also shows that the
Ni-P sample with intermediate structural heterogeneity, i.e.
prepared with 10'! K/s experiences the optimized structural
rejuvenation, which is due to the type of atomic configuration
in an intermediate structure.
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