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• C14, C15 and five-fold local symmetry
structures are observed in Cu64Zr36 me-
tallic glass annealed isothermally at 950
K.

• Effect of temperature and strain rate on
yield strength and stress drop of
annealed Cu64Zr36 metallic glass is stud-
ied.

• Initial shear band results from the
order-disorder transformation at 10 K
and 5 × 107 s-1.
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In the presentwork,we investigate the isothermal annealing process of Cu64Zr36metallic glass (MG) bymeans of
molecular dynamics (MD) simulations, and characterize the compression properties under different tempera-
tures and compressive rates. The pair distribution functions, the bond-orientational order, and the cluster-type
index method are modeled and analyzed to characterize changes in the structure. Results of the modeling and
analysis reveal that the MgZn2-type Laves, MgCu2-type Laves and five-fold local symmetry structures can be
formed during the isothermal holding at 950 K. Study on the compression properties shows that at a fixed strain
rate, the yield strength and yield drop all increasewith decreasing temperature. At a fixed temperature, however,
the increase of the strain rate leads to a noticeable increase in the yield strength at 600 K, but has little effect on
yield strength at 10 K. Moreover, the modeling and analysis of the structure at a temperature of 10 K and strain-
rate of 5 × 107 s−1 demonstrate that the order-disorder transformation initiates the shear band.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Metallic glasses (MGs) are novel alloys with amorphous structures,
which have many remarkable properties and therefore are promising
. This is an open access article under
for use in many fields [1–4]. However, there are still many issues and
challenges that need to be addressed owing to the complex atomic
structures of MGs [5]. There are three commonly used approaches for
the study of MGs: experiments [6–9], theoretical [10–12] and computer
simulations [13–17]. Among them, the computer simulations have be-
come reliable and quite popular due to exponentially increasing com-
puter power. The computer simulations cannot replace the
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. The potential energy during the isothermal holding (for 950 K).
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experiments completely, however, it can provide detailed knowledge
and useful predictions at the atomic level. In numerous computer simu-
lation studies of MGs, the Cu-Zr binary alloys have served as one of the
research focuses [18–20], because it is not only one of the most popular
bulk metallic glass-forming systems, but also easier to model and anal-
ysis than alloys with more elements.
Fig. 2. The PDF curves during the isothermal holding and cooling proc
Despite a lot of research efforts in the Cu-Zr metallic glasses, it still
shows the great values of research and never failed to attract attention.
The existing studies [21–23] on the Cu-Zr binary system always show
that the icosahedral atomic structure plays an important role in the
glass-forming ability (GFA), for example, the fraction of icosahedra in
the matrix can be an indicator of GFA [22]. Recently, the nano-sized
Cu2Zr Laves phase was found in the Cu64Zr36 metallic glass via molecu-
lar dynamics (MD) simulations [24–26]. The Cu2Zr Laves phase consists
of the icosahedra and polyhedra with a coordination number of 16,
demonstrating that the icosahedra in Cu-Zr system can also provide
the possibility of crystallization.

By using MD simulations, the Cu2Zr Laves phase has been confirmed
in the annealed Cu64Zr36 metallic glass. However, the type of the crystal
structure has not been identified, and some ordered structures could
easily be ignored if one only observes a local section of annealed
model. Moreover, it is also worth noting that a good understanding
andknowledge of themechanical properties is essential for the develop-
ment of accurate and cost-effective design methods for metallic glasses,
once the structure of the annealed Cu64Zr36metallic glass is determined.

The purpose of this paper is to describe the microstructural evolu-
tion of the Cu64Zr36 metallic glass that was isothermally annealed
above its glass transition temperature, to identify the type of crystal
structure, and emphatically to investigate the compression behaviors
of the annealed sample, by using MD simulations. In the study, the
pair distribution functions (PDF), the bond-orientational order (BOO)
and the cluster-type index method (CTIM), are employed to describe
the details of the structure.
ess (300 K–2000 K) (a) total; (b) Zr-Zr; (c) Zr-Cu; and (d) Cu-Cu.



Fig. 3. Contours q6 distribution in the annealing process: (a) cooling process after
isothermal holding; and (b) isothermal holding. Colors represent the number of atoms
with specific q6 values.

Table 1
The number of the most abundant 8 clusters.

Cluster type Number

Cu (12 12/1551) 2093
Cu (12 8/1551 2/1541 2/1431) 363
Cu (12 8/1551 2/1441 2/1661) 140
Cu (11 6/1551 2/1541 2/1431 1/1441) 113
Zr (16 12/1551 4/1661) 642
Zr (16 9/1551 3/1541 1/1431 3/1661) 144
Zr (15 9/1551 3/1541 1/1431 2/1661) 130
Zr (15 12/1551 3/1661) 113
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The rest of this paper is organized as follows. Section 2 provides the
detailed information of MD simulations for the isothermal annealing
process and compression tests. Section 3 illustrates the structure evolu-
tion of the Cu64Zr36 metallic glass during isothermal annealing, and pre-
sents the stress-strain curves of annealed sample using compression
tests at different strain rates and temperatures. In Section 4, the struc-
tural change during deformation is discussed. Finally, some concluding
remarks are given in Section 5.

2. Methods

The MD simulations were performed, using the large-scale atomic/
molecular massively-parallel simulator (LAMMPS) program package
[27]. The Cheng's embedded type atomic interactions were used to de-
scribe the interaction between atoms [28]. A time step of 1 fs was
used, and the periodic boundary condition was applied in the x, y, and
z directions. In our previous work, the glass-transition temperature for
the Cu64Zr36 metallic glass is ~770 K when the liquid is rapidly cooled,
using a cooling rate of 1012 K/s via the MD simulations [29]. To obtain
the annealed sample, a number of steps were performed. Firstly, a sim-
ulation system containing 4320 Cu and 2430 Zr atoms was equilibrated
at 2000 K to obtain the liquid structure. Secondly, the liquid structure
was cooled to 950 K using a cooling rate of 1012 K/s and isothermal hold-
ing for 120 ns. Finally, the structure was cooled to 300 K using the
beforementioned cooling rate and then relaxed for 1 ns.

To simulate compressive deformation, a simulation model contain-
ing 162,000 atoms was initially built from 4 × 6 × 1 replicas (in x, y,
and z direction). The replicas were based on the structure of the
annealed Cu64Zr36 metallic glass configuration (obtained above). The
systemwas subsequently relaxed at 950 K for 0.5 ns, and then the tem-
perature was reduced to three different temperatures using a cooling
rate of 1012 K/s. The final temperatures were 10 K, 300 K, and 600 K.
The mechanical behavior was simulated via uniaxial compression
along the y axis using constant deformation rates (5 × 107 s−1,
108 s−1, and 5 × 108 s−1) and different temperatures (10 K, 300 K,
and 600 K). The x direction was set as the free surface to enable the
shear offset on this surface. The y and z directions were set as periodic
boundaries. From the simulations, the stress-strain curves were ob-
tained for the different experimental conditions. Noting that all the
stress-strain curves are tested only once. Because the simulation over-
comes the man-made errors and environment influence.

3. Results

Fig. 1 presents the potential energy of the system as a function of the
annealing time for a temperature of 950 K. The potential energy de-
creases monotonically as the annealing time increases, and the reduc-
tion rate is noticeably higher for t b 40 ns. The decrease in the
potential energy is attributed to the rearrangement of the amorphous
atoms into a more ordered state.

The PDF, g(r), is a structural parameter that is typically used to deter-
mine the primary structural characteristics of the liquid, amorphous,
and crystalline states [30]. It is a pair correlation representing the prob-
ability of finding atoms at a distance, r, away form a reference atom. The
total PDF is expressed as follows:

g rð Þ ¼ V

N2

XN
i¼1

ni rð Þ
4πr2Δr

* +
; ð1Þ

where V is the volume of simulation system, N is the total number of
atoms, and ni(r) is the number of atoms around the ith atom within
the radius, r to r+ Δr of spherical shells. For the partial PDF, the format
is written as

gαβ ¼ V
NαNβ

XNα

i¼1

niβ rð Þ
4πr2Δr

* +
; ð2Þ

where Nα and Nβ are the numbers of type α and β atoms, respectively.
To help elucidate the microstructural evolution during the entire

simulation process, the PDF curves for eight temperatures are depicted
in Fig. 2(a)–(d). Here, Fig. 2(a) displays the total PDF, gtotal(r), while
Fig. 2(b) presents the partial PDF function, gZr-Zr(r), for the Zr atoms. Ad-
ditionally, Fig. 2(c) shows the partial PDF, gZr-Cu(r), for the Zr and Cu
atoms, and Fig. 2(d) represents the partial PDF, gCu-Cu(r), for the Cu
atoms. For a temperature of 2000 K, the PDF curves exhibit a pattern
that is characteristic of an amorphous (liquid) structure. As the temper-
ature decreases, the second peak of gZr-Zr(r) [Fig. 2(b)] becomes
narrower and more pronounced, whilst the second peak of gZr-Cu(r)
[Fig. 2(c)] and gCu-Cu(r) [Fig. 2(d)] decomposes into two peaks, signify-
ing an enhancement of the atomic ordering. During the isothermal



Fig. 4. Schematic diagram of the (a) Cu-centered (12 12/1551) cluster; and the (b) Zr-centered (16 12/1551 4/1661) cluster. The red balls are the root pair atoms, the green balls are the
near-neighbor atoms shared in common around root pair, the yellow balls are the rest atoms in the cluster.
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holding at 950 K, the second peak of gZr-Cu(r) [Fig. 2(c)] and gCu-Cu(r)
[Fig. 2(d)] exhibits a more pronounced peak splitting with an increase
in the annealing time. During the subsequent cooling process, there is
a noticeable change in these PDF curves, where the second peak of gZr-
Zr(r) [Fig. 2(b)] splits into two peaks. The subpeak of the second peak
of gCu-Cu(r) [Fig. 2(d)] decomposes into two smaller peaks. Furthermore,
the third peak (r N 6 Å) in Fig. 2(b)–(d) of these curves also exhibits sig-
nificant changes. For instance, the third peak splits into two peaks in
which their magnitude increases with a decrease in the temperature.
It may be surmised from Figs. 2(a)–(d) and 1 that the crystal nucleation
occurs when the system is subjected to isothermal holding at 950 K.
After the isothermal holding, rapid quenching is applied to the system,
where the rapid growth of the crystal nuclei occurs.

To further study the structural information of the isothermal holding
and subsequent quenching process, the BOO parameter [31] is analyzed
from theMD simulation results to evaluate the local structural ordering.
The BOO parameter is defined as

ql ið Þ ¼
4π

2lþ 1
∑
l

m¼−l
qlm ið Þj j2

 !1=2

; ð3Þ

Here,

qlm ið Þ ¼ 1
Nb ið Þ∑

Nb
j¼1 ið ÞYlm rij

� �
; ð4Þ

where Nb(i) is the number of the nearest neighbors of atom, i, Ylm is the
spherical harmonic functionwith degree, l is the free integer parameter,
andm is an integer that changes from - l to l. Among the ql parameters,
q6 is sensitive to measure the local structure features.
Fig. 3(b) and (a) present the contours of the q6 distribution that re-
sults from the isothermal holding and the subsequent quenching pro-
cess, respectively. Colors denote the number of atoms with specific q6
values. For t b ~20 ns, the atoms are most concentrated for the q6 values
ranging from 0.37 to 0.48 [see Fig. 3(b)].With an increase in the anneal-
ing time, the maximum q6 value increases to ~0.62. In the following
quenching process [see Fig. 3(a)], the number of atoms is most concen-
trated for the q6 values centered around 0.2 and 0.6. For the high con-
centration of atoms that are centered around the latter value (q6 =
0.6), the number of atoms in this region increases at a faster rate, as
compared to the isothermal holding process. Moreover, it can be ob-
served in Fig. 3(a) that for the cooling process, the maximum q6 value
of the profile is shifted to the right (q6 N 0.6). It has been reported that
the q6 values for icosahedral symmetry structure is 0.663 [32] and the
atoms with the q6 values of ~0.2 correspond to a coordination number
of 16 [26]. Based on the above results, therefore, the annealing process
leads to the generation of crystal structures that consist of icosahedra
and clusters with a coordination number of 16.

To obtain the detailed structural information of the annealed sample
(300 K), its microstructure was analyzed, using the cluster-type index
method (CTIM) [33]. For this method, the local structure is defined as
[Z, n/(ijkl),…], where Z is the coordination number around the central
atoms, and n/(ijkl) is the number of (ijkl) H-A bond-types. Table 1 pre-
sents the 8 most abundant clusters whose numbers are N100. For the
Cu-centered clusters, the icosahedron (12 12/1551) is the most abun-
dant type, followed by the distorted icosahedron Cu (12 8/1551 2/
1541 2/1431) and Cu (12 8/1551 2/1441 2/1661). For the Zr-centered
clusters, it can be observed that (16 12/1551 4/1661) is more abundant
than the other Zr-centered clusters. Fig. 4 shows the schematic diagram
of these two populous clusters characterized by the CTIM. According to



Fig. 6. Stress-strain curves for temperatures of 10 K, 300 K, and 600 K at a strain rate of (a) 5 × 107 s−1, (b) 108 s−1, and (c) 5 × 108 s−1.

Fig. 5. (a) local structure of theMgZn2-type laves structure; (b) local structure of theMgCu2-type laves structure; (c)five-fold symmetry structure; (d)modeled atomic arrangement of the
precipitate-rod in Mg-Zn alloy [34].
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Fig. 7. Snapshots of samples at a strain of 15%. The samples are deformed in compression test under temperatures of 10, 300, and 600 K, and strain rates of 5 × 107 s−1, 108 s−1, and
5 × 108 s−1.
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the BOO analysis, it can be concluded that the Cu-centered (12 12/1551)
and Zr-centered (16 12/1551 4/1661) are theproducts of crystallization,
which can also be characterized by a Voronoi polyhedra of type Cu-
centered b0 0 12 0N and Zr-centered b0 0 12 4N. Observing the snapshot
of the central atoms of these two clusters in 1-nm thick layer of simula-
tion system, it can be found that the nano-size domains in Fig. 5(a) and
(b) are the local structure of the MgZn2-type (C14) and MgCu2-type
Fig. 8. The change of yield strength and yield drop with the temperature and strain rate.
(C15) Laves structure, respectively. Moreover, we also see a five-fold
symmetry structure in a layer. In order to identify this structure clearly,
Fig. 5(c) presents a part of this layerwith all the atoms. It isworth noting
that recently, Qin et al. [34] found a new class of intermediate structure
containing the short-range ordered C14 and C15 and two kinds of 2D
five-fold symmetry locally, as shown in Fig. 5(d). We can find that
five-fold structure in Fig. 5(c) is similar to the one of five-fold
Fig. 9. Comparison of the Cu2Zr Laves phase at strains of 0% and 15%.



Fig. 10. The fractions of Cu-centered b0 0 12 0N and Zr-centered b0 0 12 4N polyhedron as
a function of strain in the region that evolves into the shear band.
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nanodomain structures in Fig. 5(d). Therefore, there are three kinds of
ordered structure in the annealed system, maybe these ordered struc-
tures during annealing compete with each other and finally relax into
stable crystal, or maybe this annealing process tend to form the struc-
ture which similar with Qin's finding.

For the annealed system, it is vitally important to know the corre-
sponding mechanical properties. Fig. 6 shows the temperature depen-
dence of the compressive stress-strain curves observed for strain rates
ranging from 5 × 107 s−1 to 5 × 108 s−1. The characteristics of these
stress-strain curves are very similar. In the elastic-deformation region,
the stress-strain curves show the linear behavior. After the yielding
point is reached, the plastic deformation begins, and shortly thereafter,
the compressive stress reaches the peak strength. Subsequently, a sud-
den, rapid drop in the stress occurs, which indicates that the deforma-
tion is localized into shear bands, as can be seen in Fig. 7. After
yielding, the plastic flow stress fluctuates about a constant value. Inter-
estingly, at the temperature of 10 K and strain rate of 5 × 107 s−1, the
stress-strain curve shows the obvious serrated flow phenomena.

Fig. 8 shows the yield strength and yield drop values for tempera-
tures and strain rates ranging from 10 K– 600 K and 5 × 107 s−1–
5 × 108 s−1, respectively. With decreasing the temperature from 600
to 10 K, the yield strength increases, indicating the strong temperature
dependence of yield strength. The concentration of the free-volume
zone can lead to a concentration of the local shear stress [35]. At 10 K,
the thermodynamic mobility of atoms decreases and the bonds
Fig. 11. The number of polyhedral type transformed from (a) Cu-centere
between the atoms become stiffer, leading to a difficulty of free-
volume accumulation and creation. Therefore, the higher applied stress
for the nucleation of the shear band is needed at 10 K, resulting in an in-
crease in the yield strength. In addition, it can be observed that the yield
strength increases with the increase of strain rate at 600 K. However, at
10 K, the strain rate has little effect on the yield strength. Therefore, it
can be concluded that the strain rate sensitivity of yield strength de-
creases as the decreasing the temperature. For the yield drop, it can be
seen that the yield drop increases with decreasing temperature for a
given strain rate. However, at a constant temperature the yield drop
shows no definite trend with respect to a change in the strain rate.
4. Discussion

The above results clearly show that the stress-strain curve of the
annealed Cu64Zr36 metallic glass exhibits a large yield drop and obvious
serrated flow at 10 K and 5 × 107 s−1. Therefore, we explore the struc-
tural change during this deformation, and study the structure-
mechanical properties relationships.

The result of structural analysis has shown that there are three kinds
of ordered structure in the annealed Cu64Zr36 metallic glass, all of these
ordered structures consist of Cu-centered b0 0 12 0N and Zr-centered b0
0 12 4N clusters. Here, the contents of these two kinds of clusters were
calculated at strains 0% and 15%, as presented in Fig. 9. After deforma-
tion, the fraction of these two kinds of clusters in the matrix was quite
similar to that of the sample that was subjected to virtually no strain.
However, the fraction of these clusters in the shear band was signifi-
cantly lower than that in thematrix. This demonstrates that most struc-
tural changes occur within shear band.

To gain a better understanding of how the fraction of polyhedron
changes in the shear band during deformation, the fraction of some
popular polyhedra as a function of strain in the region that evolves
into the shear band, was analyzed. The results are presented in Fig. 10,
and as can be seen, the sudden reduction (at 7.5%–8% strain) of the
Cu-centered b0 0 12 0N and Zr-centered b0 0 12 4N clusters indicates
that themixed ordered structurewas annihilated in the shear band dur-
ing deformation. This result is consistent with that reported in Ref. [36].

The annihilation of the ordered structure must be accompanied by a
change in structural characteristics. In order to investigate this issue, we
calculate the number of the polyhedral type that are converted from the
Cu-centered b0 0 12 0N and Zr-centered b0 0 12 4N polyhedra, as a func-
tion of the strain. As shown in Fig. 11(a)–(b), in general, the number of
the polyhedral type increases with increasing strain, then evidently
shows a sudden increase of 7.5% - 8% in the strain, and then varies
over a small range. The increase of the polyhedral type tentatively
d b0 0 12 0N polyhedra and (b) Zr-centered b0 0 12 4N polyhedra.



Fig. 12. The evolution of Cu-centered b0 0 12 0N polyhedra during deformation.
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indicates that the ordered structure in the shear band turns into a disor-
dered state.

To further evaluate the variation of the specific polyhedral type in
Fig. 11, the fractions of 7 popular and the other types of polyhedra as a
function of the applied strain are evaluated. These results are displayed
in Figs. 12 and 13. In Fig. 12, when the strain is below 0.075, the icosahe-
dra that evolve into the shear band transforms into theb0 1 102N, b0 2 8
2N, and b0 2 8 1N polyhedra. The fractions of these polyhedra change
within 5%. When the strain reaches a value of 0.08, the fraction of the
b0 1 10 2N, b0 2 8 2N, and b0 2 8 1N suddenly increase from values of
Fig. 13. The evolution of Zr-centered b0 0
5.5%, 3.9%, and 1.1% to 9.54%, 8.8%, and 4.0%, respectively. Moreover,
the fraction of the b0 3 6 4N, b0 3 6 3N, b0 2 8 4N, and b0 2 8 3N polyhedra
increase from 0% to 5.7%, 2.7%, 2.5% and 1.8%, respectively. However, as
shown in Fig. 12(h), most of the icosahedra transform into other types
of polyhedra, where the fraction of the other types polyhedra increases
from 12.1% to 36.1% when the strain exceeds 0.075. For the Zr-centered
b0 0 12 4N polyhedra, as shown in Fig. 13, most of them also transform
into other types of polyhedra. Therefore,we can definitely conclude that
the order-disorder transformation occurs in the shear band. That is to
say, the ordered structure in the shear band is annihilated and turns
12 4N polyhedra during deformation.



Fig. 14. The variation of temperature and stress during compression. The stress-strain
curve between the green and pink is one of the serrations.
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into a disordered structure. In addition, it is worth noting that the initial
stress drop in stress-strain curve is also at ~7.5%–8% strain, illustrating
that the abrupt decrease of the stress is accompanied by the order-
disorder transformation.

Under uniaxial compression, the stored elastic-strain energy during
the elastic-loading process can be converted into heat, which would af-
fect the mechanical behavior significantly [37,38]. Fig. 14 presents the
variation of temperature and stress during compression. The tempera-
ture is calculated using T = 2Ek/3kb (Ek is the average kinetic energy of
atoms, Kb is the Boltzmann constant). It can be clearly found that the
abrupt rise in temperature apparently follows the initiation of the
stress-drop event. This indicates that the order-disorder transformation
results in the initial shear band rather than the thermal activities.

In Fig. 14, the abrupt drop in stress corresponds to a rapid in-
crease and decrease of the temperature when the strain changes
from 7.6% to 8%. Then in the subsequent serrated flow, the correla-
tion between the stress and temperature remains similar character-
istics. For example, for strains that range from 12.4% to 13.2%, the
stress drop of the serration is accompanied by a similar increasing
and decreasing trend in the temperature. This demonstrates that
the serrated flow has a relationship with thermal activity. In addi-
tion, it is evident that the temperature decreases to almost zero dur-
ing the stress drop. In order to visualize the temperature
distribution, we calculate the temperature of the sample at strain
of 7.6% to 8%, as presented in Fig. 15. It can be seen that the rise in
the temperature (141 K) of the shear band is followed by a dramatic
decrease in the local temperature. This decrease in the temperature
Fig. 15.Distribution of the temperature in the sample from 7.6% to 8% strains. The local tempera
Kelvin.
corresponds to a dissipation of the thermal energy into the sur-
rounding matrix. Therefore, it can be inferred that the thermal activ-
ity is difficult to cause the fracture due to the insufficient heat.

5. Conclusions

Using the MD simulations, we have studied the structural evolution
of the Cu64Zr36 metallic glass that was isothermally annealed above the
glass transition temperature (950 K), and then analyzed the compres-
sion properties of annealed samples that were subjected to tempera-
tures of 10 K, 300 K and 600 K, and strain rates ranging from
5 × 107 s−1 to 5 × 108 s−1. It was found that the Cu64Zr36 metallic
glass partially crystallizes during annealing at 950 K. Specifically, the
crystallized structure is mixed with MgZn2-type Laves, MgCu2-type
Laves, and five-fold local symmetry structures. As for the compression
properties, it is greatly affected by the temperature and strain rate. Im-
portantly, the serrations are visible in the stress-strain curve, especially
at a temperature of 10 K and strain-rate of 5 × 107 s−1. During this com-
pression test, the order-disorder transformation causes the initial shear
band.Moreover, the temperature fluctuations in the shear band prelim-
inarily demonstrates that the thermal activity is associated with serra-
tion behavior, but is difficult to cause the fracture because of the
insufficient heat.

It is worth noting that in our MD simulations, the type of serration is
not regular, and the sample does not fracture at 15% strain. Therefore, a
more detailed and rigorous effect of the thermal activities on the serra-
tion behavior and fracture needs to be illuminated, aswell as the studies
on the fractured surfaces. Future work will focus on investigating these
problems.
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