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Using the rolling process, it is possible to induce multiple shear bands in the microstructure of metallic glasses (MGs) and improve
the overall plasticity in the subsequent mechanical loadings. Hence, it is crucial to understand the mechanism of shear banding
and plastic deformation under the rolling process. In this work, molecular dynamics (MD) simulation was applied to evaluate the
formation and generation of shear bands in a CuZrMG under cold- and hot-rolling processes. Based on the results, it is found that
the shear bands are formed with secondary branches in the cold rolling, while the shear events are scattered in the bulk of material
in the hot rolling. Considering Voronoi analysis, it is revealed that the hot rolling is accompanied by the recovery of crystalline-like
clusters provided that rolling process continues for subsequent passes. On the other hand, the cold-rolled sample shows a stable
behavior in the evolution of crystalline-like clusters; however, the population of main icosahedral polyhedrons decreases in
the system.

1. Introduction

Metallic glasses (MGs) are in the category of amorphous
materials that are known to exhibit superior mechanical
properties and excellent functional behaviors [1–4]. How-
ever, the poor ductility at room temperature is one of their
drawbacks for application in the engineering systems [5–7].
It is generally accepted that the plastic deformation of MGs
is occurred in the narrow sheared regions, named as shear
bands, which is resulted from the sliding of energetically
favorable defects under an external force [8–10]. Recently,
many investigations have been conducted to mitigate the
brittle behavior of MGs through the formation and

interaction of multiple shear bands in the microstructure
[11–14]. Although, a single shear band changes to a crack
due to the severe strain localization, the multiple shear
banding extends plastic deformation in the bulk of specimen
[15–18]. Ebner et al. [19] indicated that the high pressure
torsion (HPT) induced the extra shear strains in the
amorphous structure, leading to improvement of plastic
defamation. Boltynjuk et al. [20] reported that the HPT
process intensifed the structural heterogeneity and in-
creased population of shear bands. In this state, the hardness
and elastic modulus declined; however, the strain-rate
sensitivity was enhanced in the MG. Astanin et al. [21, 22]
revealed that the HPT process increased the shear band
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density to more than 1.76 μm−1, while the distance between
shear bands were in the range of 80–120 μm. Li et al. [23]
demonstrated that the introduction of prestrain and shear
bands by one-directional cold rolling led to the signifcant
improvement of fracture toughness in the ZrTiCuNiAl
BMG. Moreover, the orientation of preshear bands played a
major role in the fnal mechanical properties. Using mo-
lecular dynamics (MD) simulation, Zhao et al. [24] evaluated
the infuence of prestress on the plasticity and mechanical
properties of CuZr MGs under the indenting process. Teir
results indicated that the morphologies of shear band were
afected by the magnitude of prestress so that the cata-
strophic propagation of shear bands in the nanoindentation
process was correlated to the large prestress values. Fan et al.
[25] indicated that the 10% prestraining of ZrCuAl amor-
phous alloy increased the Helmholtz activation energy and
generated the population of shear transformation zones
(STZs), leading to homogenous plasticity under the sub-
sequent external loading. Another investigation showed that
the precold rolling decreased the population and magnitude
of pop-ins in the load-displacement curves of nano-
indentation test, resulting in a gradual transition from in-
homogeneous to homogenous fow behavior [26]. Xie and
Kruzic [27] reported that the precold rolling improved the
fracture toughness more than 50%, which is due to the
promotion of numerous shear bands along the main crack
path in the rolled sample. Reddy et al. [13] reported that the
hot rolling process induced the scattered thick shear bands
in the sample, while the dense fne shear events were dis-
tributed in the microstructure under the cryo-rolling pro-
cess. Scudino et al. [28] investigated the role cold rolling on
the mechanical behavior of ZrTiCuNiAl BMG and found
that the small plastic strain applied by the pretreatment was
efcient for enhancing the plastic deformation under the
compressive or tensile loadings. It is a proven idea that the
prerolling process is an efcient method for improving the
plastic deformation in the MGs. However, the identifcation
of shear-banding in the rolled samples has been a hot topic
for tuning the plastic deformation and ultimate strength. In
this paper, we aimed to characterize the evolution of shear
bands in the rolled MGs and show that how the parameters
of rolling process (cold or hot) change the shear-banding
features.

2. Modeling and Simulation

2.1. Sample Preparation. Te simulation box of Cu54Zr46
composition with the dimensions of 30×18×12 nm3 was
frstly modeled by the Large-scale Atomic/Molecular Mas-
sively Parallel Simulator (LAMMPS) and with the consid-
eration of atomic interactions described through the
embedded atom method (EAM) potential [29]. For this
purpose, the atomic box was heated to 2000K and held in a
molten state for 2 ns, and then it was cooled down to 300K
with the cooling rate of 1011 K/s. It should be noted that the
sample preparation was conducted under the NPTensemble
and periodic boundary conditions and time step of 1 fs. It is
worth to note that it is possible to simulate a wide range of
CuZr composition and prepare various MGs through the

MD method. However, we selected the Cu54Zr46 composi-
tion with the moderate mechanical properties in the CuZr
system [30–32].

2.2. Nano-Rolling Process. In the nano-rolling process, two
sets of rigid rotating rollers were prepared to reduce the
sample thickness for 8% and 12%, respectively (See Fig-
ure 1). Te lower and upper rollers for both of sets rotated
(0.003 rot.·ps−1) in the clockwise and anticlockwise direc-
tions, respectively. Te frst step to model the rolling process
is to create the rollers with cylindrical geometry with
specifed dimensions [13]. Te rollers were considered as
rigid bodies, meaning that they became quite immune to any
plastic deformation in the rolling process. Te details of
rollers including the dimensions are given in Figure 1. After
the creation of rollers, the MG sample moved to the rolling
system with a constant velocity of 0.1 nm/ps. Te x, y, and z
directions in the rolling system were considered as rolling
direction (RD), transverse direction (TD), and normal di-
rection (ND), respectively. Te shrink-wrapped boundary
condition was considered along the transverse direction.
Prior to the rolling process, the whole system was relaxed by
conjugate gradient technique [33]. Te temperatures for the
process were kept at 300K and 650K, providing conditions
for evaluation of cold rolling and hot rolling in the MGs. To
achieve a stable system, the temperature was equilibrated
under microcanonical ensemble [13]. Te Nosé–Hoover
thermostat was used to maintain the temperature at the
certain values [34]. OVITO package was also employed to
visualize the evolution of system under the rolling process
[35].

3. Results and Discussion

Figure 2(a) represents the snapshots of shear strain at the
normal direction (ND) during the cold rolling (300K).
Moreover, the distribution of shear strain for selected re-
gions are plotted in Figure 2(b). Considering the frst stage of
rolling process, the plastic deformation is accompanied with
the low density and weak generation of shear bands in the
microstructure, which is owing to the small percentage of
thickness reduction (8%).Te strain map also shows that the
orientation of shear bands is mainly in the range of 43°–47°.
Passing through the second stage of rolling process, the
density of shear bands enhances in the system, leading to the
high intensifcation of strained regions. It is suggested that
the accumulation of previously-formed shear bands along
with the formation of new ones are the main sources of the
plastic deformation during the second stage [13]. Te
mechanism of shear band formation and propagation in our
study is similar to that reported in other works focusing on
the experimental procedures [36, 37]. Figure 2(b) shows the
variations of shear strain in the selected regions. Te lines A
and C belong to the sides of sample, while the line B in-
troduces the evolution of strain at the middle section of
sample. Considering the frst stage of rolling process, one can
see that the curves of A and C exhibit a uniform trend, in
which the strain is maximum at the bottom and top regions,

2 Advances in Materials Science and Engineering



while the center part includes the minimum strain. Te line
B exhibits a diferent strain curve with a hump at the center
of sample. Tis event implies that the main shear banding
occurs at the center of sample in the position B; however, the
sheared strain at the sides of sample; i.e. positions A and C, is
mainly restricted near the surfaces. It is suggested that the
atoms are constrained at themiddle part of sample leading to
the strain accumulation at the normal direction and shear
band propagation at the center part. On the other hands, the
atoms at the sides of the sample can establish cooperative

movements at the rolling direction and created strain re-
gions near the surface of sample. Passing through the second
stage of rolling process, a higher strain values are accu-
mulated in the bulk of sample, leading to the creation of
strain humps in the curves A and B. Tis result indicates that
the center part of sample is accumulated with the extreme
sheared regions, compared with the frst stage of rolling
process. Moreover, it is observed that all of the strain curves
shift to the right side, indicating the total increment of plastic
deformation after the second stage of rolling process.
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Figure 1: Schematic of rolling process for CuZr MG plate.
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Figure 2: (a)Te snapshots of shear strain at the normal direction (ND) during the cold rolling, (b) the linear distribution of shear strain for
selected regions.
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Figure 3(a) indicates the shear strain snapshots of MG
sample rolled in two stages at 650K. Figure 3(b) shows the
variations of shear strain in the selected regions. Compared
to the cold rolling, the shear strain was randomly distributed
in the microstructure. It is apparent that the density of shear
bands is lower in the hot rolling, meaning that the elevated
temperature led to the high thermal activity of atoms in the
system. Moreover, after the second rolling stage, one can see
that the density of shear bands is still low.Te trend of strain
in the selected regions also shows that there is no sign of
serious hump in the curves for both stages of rolling process,
implying that the shear banding is not prevailing in the
center of specimen at high temperatures. Tis phenomenon
was also detected in other works [13, 38]. Nevertheless, one
should note that the shift of curves to the right side at the
second stage is muchmore than the cold rolling process.Tis
means that plastic deformation in the hot rolling process is
more homogenous and the nanoscale shear events are
randomly distributed in the structure.

In the following, the structural evolution in the cold- and
hot-rolled samples is compared and the details of shear-
banding mechanism are presented. Figure 4(a) illustrates the
atomic strain tensor along the rolling direction for the re-
gions involved with the shear process. According to the
results, the cold rolling is accompanied with the formation of
primary shear bands with a few second branching evolution.
On the other side, the shear transformation zones are ho-
mogeneously dispersed in the hot-rolled sample, indicating
the uniform plastic deformation, compared to the cold

rolling condition. To make a detailed comparison, we
evaluated the rotation of the atomic displacement vector,
afecting the mechanism of shear banding in the system.
Recently, it has been reported that the type of movement and
rotation of atoms in the vicinity of shear bands are diferent
from the nonstrained zones [39]. Figure 4(b) represents the
scatter data correlating the displacement vector rotations to
the atomic shear strain of regions involved in the shear
banding. One can see that the rotation angles in the hot
rolling is more sporadic in comparison with the cold rolling.
Moreover, there are more atomic rearrangements with
higher shear strain and rotation angles in deformed part of
the hot-rolled sample. Tis result is consistent with this fact
that the higher thermal activity at the elevated temperature
enhances the atomic movements, leading to the intensif-
cation of displacement vector rotation in a certain shear
strain. Figure 4(c) shows the polynomial ftting of the data
along with the regression values for cold and hot rolling
processes. Tis information provides conditions for evalu-
ation of the variability from the average value. According to
the results, the hot rolling exhibits a lower regression value,
demonstrating that the generation of nanoscale strain at
elevated temperature is accompanied with the higher dis-
placement and rotation of atoms in the system.

Te application of loading in the rolling process induces
the plastic deformation and changes the atomic rear-
rangement in the microstructure [14, 37, 40]. In this in-
vestigation, the Voronoi analysis was carried out to fnd out
how the rolling process alters the population of atomic
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Figure 3: (a)Te snapshots of shear strain at the normal direction (ND) during the hot rolling, (b) the linear distribution of shear strain for
selected regions.
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clusters [41, 42]. Figure 5 gives the normalized fraction of
main coordination polyhedrons under the overall time of
nano-rolling at 300K and 650K. Firstly, it is observed that
there is a plateau part in the plots for all of the conditions.
Tis plateau is associated to the time between the frst and

second stages of rolling process, in which no compressive
load is applied to the sample. As a result, the change in the
polyhedron fraction remains constant. Secondly, one should
note that many works have shown that the CuZr MGs in-
clude numerous types of polyhedrons [43, 44]. In this work,
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Figure 5: Fraction of main polyhedrons as a function of rolling time for (a) <0 0 12 0> (b) <0 2 8 1> (c) <0 1 10 2>, (d) <0 3 6 3 >, (e) <0 4 4
5> and (f) <0 4 4 6>.
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Figure 4: (a) Strain tensor snapshots of the rolled samples under cold-and hot rolling conditions, (b) shear strain as a function of
displacement angle, (c) polynomial ftting of the plots given in part b.
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we selected the main ones comprising the most fraction of
clusters as the icosahedral-like clusters and crystal-like
clusters in the system. Based on the results, the backbone
structure of CuZr sample is dominated by the icosahedral-
like clusters with the indices of <0 0 12 0>, <0 2 8 1>, and <0
1 10 2>. Under the rolling process, the polyhedral fractions
are markedly changed in the system. In the cold rolling
process, a signifcant decrease occurs in the fraction of <0 0
12 0 > and <0 2 8 1> polyhedrons, while the polyhedron <0 3
6 3 > is mainly recovered. Moreover, polyhedrons <0 1 10
2>, <0 4 4 5>, and <0 4 4 6> show a stable trend during the
cold rolling. On the other hand, the crystalline-like poly-
hedrons, i.e. <0 4 4 5> and <0 4 4 6>, show an increasing
trend during the hot rolling process. Tis outcome indicates
that the CuZr MG tends to lose its amorphous nature so that
with the rise of thickness reduction, the crystallization may
occur in the system [13]. To be sure about our idea, we
treated the raw MG sample at 650K for 1 ns and evaluated
the variations of Voronoi polyhedrons after the equilibra-
tion. As can be seen in Figure 6, the hot rolling process has
more efective in the disintegration of cluster types in the
atomic confguration. Moreover, the fractions of polyhe-
drons <0 4 4 5> and <0 4 4 6> in the relaxed sample are
considerably less than the hot-rolled condition.Tis analysis
validates that the application of loading at high temperature
infuences the amorphous nature of MG sample through the
insertion of extra energy into the system, providing energy
barrier for crystallization in the microstructure.

4. Conclusion

Te cold and hot rolling processes have been carried out to
characterize the mechanism of shear banding and plastic
deformation in the CuZr MG samples. In accordance with
the outcomes of MD simulation, the following conclusions
are drawn as follows:

(a) For both of cold and hot states, the density and
population of shear bands were limited in the frst
pass of rolling process, which was due to the lower
percentage of thickness reduction. In the second

pass, the plastic deformation was extended in the
material, which was due to the formation of new
shear bands and growth of previous ones.

(b) Te local evaluation of strain distribution showed
that the cold rolling process was accompanied with
the generation of shear bands through the center of
sample, while a homogenous shear-strain distribu-
tion was observed in the normal direction for the
hot-rolled sample.

(c) Considering Voronoi analysis, it is revealed that the
hot rolling led to the recovery of crystalline-like
clusters, meaning that the glassy structure tends to
form crystalline phases. On the other hand, the cold-
rolled sample showed a decrease in the population of
main icosahedral polyhedrons, while the evolution of
crystalline-like clusters remained stable.
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