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Abstract
This paper aims to indicate the role of alloying composition on the nanomechanical properties of metallic glasses (MGs). For 
this purpose, the molecular dynamics simulation of nanoindentation process was performed for a wide range of Cu–Zr glassy 
compositions. The results indicated that the yielding event enhanced with the rise of Cu content; however, there existed an 
optimized composition for the maximum hardening effect in the system. The investigation on the evolution of shear bands 
also showed that the formation of pile-ups around the indentation site and the propagation of dominant shear bands into the 
glassy structure occurred in the Cu-rich MGs. On the other side, the increase in Zr content led to the creation of a net-like 
shear arrangement under the indented site. Moreover, the Voronoi tessellation analysis indicated that the decreasing/increas-
ing rate of polyhedron types during the indenting process strongly relied on the alloying compositions.
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1  Introduction

Owing to their long-range random atomic arrangements, 
metallic glasses (MGs) represent superior physical and 
mechanical properties [1–3]. However, their unique 

deformation mechanism impedes the evaluation of plastic 
behavior and mechanical properties under an external load-
ing [4, 5]. In general, the creation of shear bands along the 
shear planes leads to the localized deformation and subse-
quent catastrophic failure of glassy alloys [6–8]. The forma-
tion of shear bands within the glassy matrix is correlated to 
the activation and percolation of nanoscale shear transfor-
mation zones (STZs) [9–12]. Many other aspects of shear 
events such as interaction of STZs, nucleation and propaga-
tion of shear bands are also main items affecting the ductility 
and failure mechanism of MG alloys [13, 14].

The nanoindentation study, including the experimenta-
tions and simulations, has been one of the most efficient 
methods for characterizing the mechanical properties and 
shear-banding events in the glassy alloys [15–18]. Multiple 
investigations have been conducted by the nanoindentation 
technique to indicate the effects of loading parameters and 
materials properties on the deformation behavior of MGs. 
For example, Huang and Yan [19] performed the nanoin-
dentation test under different spatial intervals and found that 
the alteration of interval led to a wide range of shear band 
propagations such as intersections, suppression and narrow-
ing modes. They also reported that the increase in the load-
ing rate of indenting test led to the attenuation of serrated 
flow sizes [20]. Li et al. [21] demonstrated that the hydrogen 
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addition into the Zr-based MG altered the mechanism of 
plasticity, so that the flow serrations became smooth with 
the increase of hydrogen content. In another work, it was 
unveiled that the Sn minor addition into the TiZrHfCuBe 
MG increased the number of shear events and declined the 
size of STZ regions, which could be attributed to the posi-
tive mixing enthalpy between the Cu/Be and Sn elements 
[22]. Considering the Berkovich nanoindentation method, 
it was also found that there was a close relation between the 
residual projected region and the shear band circles in the 
MG samples [23]. Under the nanoindentation test, Gao et al. 
[24] detected a distribution of trimodal shear band nuclea-
tion, which was associated with the types of characteristic 
relaxation behavior. Molecular dynamics (MD) simulation 
of nanoindentation test also elaborated the features of atomic 
rearrangement and nanoscale plasticity in the MGs. Wu et al. 
[25] demonstrated that the stress fluctuation occurred in the 
small aspect ratio of MG pillars; while, the large aspect-ratio 
pillars exhibited a buckling deformation mode with sudden 
stress drop during the nanoindentation test. In another work, 
it was found that the rise in the temperature of indenting 
process led to the increment of elastic modulus; whereas, the 
hardness tended to show a decreasing trend [26]. Zhao et al. 
[27] detected a hardening effect in the indented samples, 
which were treated by a pre-strain compressive force.

Although several works have studied the mechanical 
response of MGs under the external loadings, there is no 
comprehensive MD investigation regarding the identifica-
tion of glass composition effects on the mechanical proper-
ties and plastic deformation mechanism of MGs during the 
indenting process. Hence, this work aimed to implement the 
MD simulation of nanoindentation in a wide range of CuZr 
compositions to find that how the initial structure determines 
the eventual properties of glassy material.

2 � Computational Method

The MD simulation was performed by the large-scale atomic 
massively parallel simulator (LAMMPS) and embedded 
atom method (EAM) potential was applied to define the 
interplays between Zr and Cu atoms in the system [28]. 
The MG cells with size of 15 × 15 × 5 nm3 and chemical 
compositions of Cu50Zr50, Cu54Zr46, Cu60Zr40 and Cu64Zr36 
were constructed through a melt-quenching technique under 
the cooling rate of 1 × 1010 K/s. It is worth-mentioning that 
the atomic systems, containing Zr and Cu atoms, were ran-
domly configured at 300 K and then heated up to 2000 K 
following a 1-ns relaxation stage and a quenching event to 
obtain a glassy system at 300 K. The prepared cells were 
then replicated to produce larger cells with dimensions of 
60 × 45 × 30 nm3. To remove the interface effects resulted 
from the replication process, a relaxation treatment was 

performed at 600 K for 2 ns and then the large cell was 
cooled to the room temperature (300 K) under the rate of 
1 × 1010 K/s. It should be noted that the periodic boundary 
conditions (PBCs) in three directions were considered for 
the simulation. Moreover, the simulation time of 1 fs was 
set for an individual step and the control of temperature and 
pressure was carried out under the isothermal-isobaric NPT 
ensemble through Nose–Hoover thermostat and barostat, 
respectively [29].

The MD simulation model of nanoindentation is sche-
matically presented in Fig. 1. As observed, a virtual spheri-
cal indenter with the radius of 10 nm was applied for the 
indenting process. In general, the MG substrate contains 
three types of atoms, namely Newtonian atoms, boundary 
atoms and the thermostat ones [26, 30]. At the bottom of the 
substrate, a 1-nm layer composed of boundary atoms is con-
sidered to avoid any movement during the indenting process. 
The 1.5-nm layer with the thermostat atoms is located at the 
top of the boundary atoms; while the upper side of substrate 
includes the atoms with the motion principle according to 
the classic Newton second law. The temperature of substrate 
is initially 300 K; however, the Langevin thermostat dis-
sipates the exerted heat to ensure the temperature stability 
during the indenting process. The velocity-Verlet algorithm 
with a time step of 2 fs was used to integrate the Newton’s 
equation of atomic movement in the system. The x and y 
directions were controlled by the periodic boundary condi-
tions [27, 31]. It should be noted that the sample was firstly 
relaxed for 3 ps using canonical ensemble. At the begin-
ning of indenting process, the indenter presses the surface 

Fig. 1   Schematic of indentation loading on the MG surface
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of substrate under the velocity of 80 m/s. The high velocity 
of indenting process is due to the computational limitations 
in the MD simulation, as also reported in other works [32, 
33]. The embedded atom method potential with parameters 
extracted from ref. [28] was employed to model the atomic 
interactions. Each atom (i) contains a total energy based on 
the following equation [26]:

F introduces the embedding energy and ρ defines the 
atoms’ electron density. Pair potential interaction param-
eter is introduced by the φ symbol and the element type 
parameter of atoms i,j introduced by α and β. The repulsive 
force between the substrate and the indenter is calculated as 
follows [34]:

In which r is the distance of atom to the center of indent-
ing tool with R radius. θ(R − r) explains the standard step 
function and A defines the force constant. It is worth-
mentioning that the indenter is considered as a rigid solid 
(diamond) with no possible abrasion or deformation under 
the evolution of nanoindentation. Moreover, the substrate/
indenter connection is defined by the Lennard–Jones (L–J) 
potential [35, 36]:

The interaction between substrate atoms and the indenter 
atoms is introduced by the energy parameter ε. Moreover, 
the distance between the indenter atoms and the substrate 
atoms is defined by parameter “r”. Using the Lorentz–Berth-
elot mixing rules, the parameters of L–J equation were cal-
culated and used in the MD model [26, 37].
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3 � Results and Discussion

The simulation of indentation process on the samples was 
performed and the attained force–displacement (P–h) curves 
are presented in Fig. 2a. One can see that the first pop-in 
sites, as the sign of yielding initiation, indicated a decreas-
ing trend with the rise in the Zr content. However, it was 
detected that the whole position of P–h curves exhibited 
a different trend, so that an optimized Cu/Zr content is 
required for the maximum position (see Fig. 2b, c). It is 
believed that the higher position of curves is indicator of 
“hardening effect” in the MGs [27], while the first pop-in 
sites define the yielding initiation [8, 27, 38, 39]. Hence, 
one can conclude that there exists no proportional rela-
tion between the hardening and yielding phenomena in the 
CuZr MGs. With the increase in Cu concentration from 
50 to 60 at.%, the indentation force becomes larger at the 
same indentation depth and afterwards, a slight decrement 
was detected in the Cu64Zr36 MG. It is also observed that 
the increase in the Cu/Zr ratio leads to the appearance of 
a plateau region in the curves at the deeper penetration of 
indenter, where the indenting force reaches the maximum 
value. On the other side, the low Cu/Zr ratio creates a con-
tinuously increasing curve without formation of any pla-
teau region (See Fig. 2a). The creation of plateau region 
means that the force remains constant with the increase in 
the indenting depth, suggesting that the shear banding events 
are dominated during the indenting process. Several stud-
ies revealed that the domination of shear banding facilitates 
the pile-up phenomenon around the indentation region and 
releases the internal stresses in the structure, so that a dec-
rement or constancy in the indenting force is observed [16, 
40]. Hence, it is derived that the plateau regions in the P–h 
curves are mainly correlated to the pile-up formation under 
the indenting process.

Although the P–h curves provide significant informa-
tion regarding the strength features of MGs, more detailed 

Fig. 2   a Load–displacement curves of samples, b yielding initiation, c average force (P) values as the function of alloying composition. The 
average force value is obtained from the indenting force of 4 to 10 nm displacement
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investigation is necessary for characterizing the yielding 
behavior and plasticity evolution under the indenting pro-
cess. To achieve this goal, a criterion should be consid-
ered for evaluating the atomic movement and the structural 
rearrangement in the glassy system. It was suggested that 
the atomic shear strain with the minimum value of 0.2 is 
responsible for the plastic deformation in the MGs [27, 
41]. Consequently, the detection and assessment of these 
atoms, called large-strain (LS) atoms, reveal the nature of 
plasticity and yielding event under the nanoindentation test. 
Figure 3a illustrates the fraction of LS atoms during the 
indenting process for all the samples. The criterion for the 
plasticity initiation was the threshold fraction of 0.05% LS 
atoms in the glassy structure. The results indicated that the 
Cu50Zr50 MG shows a steady increment in the fraction of 
LS atoms. However, with the increase in the Cu content, the 
trend of SL evolution is divided into the two distinct parts. 
At the first part in the range of 0–5 nm depth of indentation, 
the SL fraction is gradually increased. Afterwards, a sharp 
increment is figured out at the high indenting depths (sec-
ond part), which indicates that a sudden plastic deformation 
occurs in the glassy structure. Considering Figs. 2 and 3a, 
the abrupt rise of SL atoms in the Cu-rich MGs is related to 
the formation of dominant shear bands and localized pile-
ups near the indentation region. Figure 3b demonstrates the 
engineering contact hardness of MGs, in which the hardness 
value was calculated through the equation H = P/2a, where 

the “P” is applied force and “a” defines the contact radius 
of indenter. As can be seen in the figure, the Cu-rich MGs, 
i.e. Cu60Zr40 and Cu64Zr36, exhibited a sharp increment of 
hardness at the beginning of indenting process; however, the 
further indentation was accompanied with a sudden drop 
in the curves. On the other side, the increase in Zr content 
leads to the gradual and stable enhancement of hardness 
under the evolution of indenting process. With the observa-
tion of hardness–depth (H–h) curve, one can also see that 
the rise of Cu content decreases the average hardness at the 
end of indenting process. This decrement is associated to the 
sudden softening of structure caused by the propagation of 
major shear bands [42, 43]. Similar to Fig. 2c, the average 
hardness value is obtained from the indenting force of 4 to 
10 nm displacement and presented in Fig. 3c. The result 
demonstrated that the average hardness at the 4–10 nm depth 
exhibited a gradual increasing trend with the rise of Cu con-
tent (See Fig. 3c), while an optimized state was detected 
in Fig. 2c. This contradiction is owing to the fact that the 
hardness is evaluated based on the instantaneous radius of 
contact region, leading to a difference between the trends of 
average force and average hardness, especially for Cu64Zr36 
and Cu60Zr40 MGs.

To better understand the mechanism of shear band for-
mation under the nanoindentation process, the distributions 
of Von Mises shear strain should be evaluated. Figure 4 
illustrates the maps of distributed Von Mises strain at the 

Fig. 3   a The variations of LS atoms in the indenting process, b the hardness value as a function of indenting depth, c average hardness values as 
the function of alloying composition. The average force value is obtained from the indenting force of 4 to 10 nm displacement

Fig. 4   The Von-Mises strain distribution in the indenting depth of 4 nm for a Cu50Zr50, b Cu54Zr46, c Cu60Zr40 and d Cu64Zr36
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indenting depth of 4 nm for all the samples. At the first 
glance, one can see that the MD simulation reveals various 
shear banding morphologies in the glassy structure. In the 
Cu50Zr50, the shear bands exhibited a net-like configuration, 
in which the shear events are accumulatively propagated 
into the depth of glassy structure without any significant 
extension at the surface of sample. With the increase in the 
Cu content to 54 at. %, the extending degree of shear band 
generation is restricted to the vicinity of indented region, 
so that the shear bands are initiated from the indenter tip 
and then propagated to the surface from the both sides. This 
event shows the formation and evolution of pile-ups on the 
surface area, in which the indentation pit is surrounded by 
the visible deformation bands [44]. For the Cu60Zr40 and 
Cu64Zr36 MGs, the deformation is accompanied with the 
generation of pile-ups along with the dominant shear bands 
with a highly localized morphology deviated with the angle 
of 41°–47° into the samples. This result clearly indicated 
that the increase of Cu content leads to the localized shear 
events in the glassy structure, which is also confirmed by the 
appearance of plateau regions in the P–h curves (See Fig. 2).

To characterize the evolution of shear banding under 
the indenting process, the shear strain maps of Cu50Zr50 
and Cu60Zr40 with different deformation modes are plot-
ted and presented in Fig. 5. Considering the Cu50Zr50 
MG, it was found that the shear bands are nucleated at the 
indentation depth of 0.5 nm below the indenter, meaning 
that the yielding event readily begins under the indenting 
process. This result is consistent with the P–h curves, in 
which the Cu50Zr50 MG exhibited the first pop-ins in the 
low forces. With the increase in the applied force, several 
shear events are distributed at the end of indenting region, 
so that a netlike shear banding phenomenon appears in 
the glassy structure. Finally, the increase of indenting 
depth leads to the prevailing of a shear band, which is 

responsible for further deformation in the sample. On the 
other side, the shear band evolution for the Cu60Zr40 MG 
is almost different. As observed, the nucleation of shear 
bands occurs in the indenting depth of 1.8 nm, showing the 
higher resistance of Cu-rich MG to the yielding event. It is 
also observed that the increment of applied load intensifies 
the shear banding and propagates it toward the edges of 
indenting region at the surface. Finally, the nucleated sites 
at the edges provide conditions for propagating of mature 
shear bands into the bulk of sample to create the localized 
deformation zones in the glassy matrix. Furthermore, it 
should be noted that the balance of elastic energy below 
the indented region leads to the release of energy from the 
glassy matrix into the mature shear bands, facilitating the 
propagation in the structure [26]. The dynamics and speed 
of shear band propagation also give important informa-
tion regarding the mechanism of plastic deformation in 
the MGs. As depicted in other works [45, 46], the shear 
band propagation occurs in the milliseconds, leading to the 
sudden plastic deformation in the structure. In the glassy 
structures with low deformation capability, the STZs are 
rapidly percolated in the shear plane and created the shear 
band [47]. On the other side, the glassy structures with 
higher deformation capability are comprised of more 
potential sites for the STZ nucleation, leading to a severe 
interaction of shear events in the system. Moreover, the 
more loosely packed regions in this type of system facili-
tate the energy dissipation and impede the catastrophic 
shear band formation. As a result, the speed of shear band 
propagation decreases in the system. As measured in our 
work, the propagation speed of shear band is more than 
1230 m/s in Cu64Zr36 alloy, demonstrating that an elastic-
brittle deformation occurs in the Cu-rich sample. On the 
other hand, the propagation of dominant shear band in the 
Cu50Zr50 MG is near 990 m/s, implying the combination 

Fig. 5   The Von-Mises strain distribution under the evolution of indenting process for a–d Cu50Zr50, e–h Cu60Zr40
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of elastic/plastic deformation under the indenting process, 
as also reported in other studies [27].

In general, there exists a wide range of deformation mech-
anism in the nanoindentation process from the elastic to the 
plastic transitions [48, 49]. When the deformation is in the 
elastic range, the induced energy is equally generated in the 
bulk of material. However, with the appearance of plastic 
deformation, the elastic energy of solid matrix is released 
through the plastic-strained regions in the form of thermal 
energy [50]. Under the evolution of indenting process, the 
ratio of elastic/plastic energies determines the deformation 
mode in the glassy alloy. In our study, the variations of total 
potential energy provide important information regarding 
the deformation mechanism. Considering this fact that the 
LS atoms are responsible for the irreversible deformation in 
the glassy structure, it is possible to evaluate the released 
energy from them to indicate the mechanism of shear band-
ing in the glassy system. In an elastic regime, the induced 
energy gradually increases in the atomic configuration. 
However, the initiation of plastic deformation moderately 
enhances the released energy, which is due to the appearance 
of LS atoms. Moreover, the propagation of a sudden shear 
band with highly localized deformation under the indenting 
process leads to a sharp alteration in the potential energy, 
indicating the released energy level of the solid matrix in 
the vicinity of dominant shear band. As confirmed in other 
works [46, 51, 52], this event is the main reason for the 
extreme temperature rising in the shear band regions. In our 
study, we monitored the potential energy under the indent-
ing test and plotted the energy alterations in the alloying 
systems (see Fig. 6). As observed, the Cu50Zr50 alloy shows 
a moderate energy increment, which is a sign of elastic–plas-
tic deformation with fine shear banding events. However, 
a sharp increase was detected at the end of indenting test, 
implying the extension of shear bands in the structure. 
With the increase in the Cu content, the energy alteration 

exhibits a gradual increment, indicating that the deformation 
occurs in the elastic regime. Nevertheless, a sudden energy 
enhancement in the middle of indenting process reveals that 
the prevailing shear bands are created in the atomic configu-
ration. Hence, from the energy point of view, it is concluded 
that the Cu-rich MGs exhibit a brittle mode with an initial 
elastic deformation and a subsequent localized plasticity. 
On the other side, the increase of Zr content in the MG alloy 
facilitates the creation of potential sites for the generation 
of more fine shear events, leading to a higher homogenous 
deformation.

The short range order (SRO) evaluation of structure 
determines the degree of atomic rearrangements and the 
response of glassy matrix to the creation of shear events 
under the indenting process. For this purpose, the Voronoi 
tessellation analysis was applied to identify the coordina-
tion polyhedrons in the system. Figure 7 indicates that the 
fraction of Cu-centered SROs decreases with the rise in the 
indentation depth, showing the creation of shear events and 
free volumes in the system [53, 54]. Nevertheless, one can 
notice that the decreasing trend relies on the chemical com-
position of glassy alloys. The detailed characterization of 
polyhedron fractions is given in Fig. 8. It was revealed that 
the trends of polyhedron evolution are altered under the rise 
of indenting depth. For the Cu50Zr50 MG, the polyhedrons 
⟨0, 0, 12, 0⟩ and ⟨0, 2, 8, 1⟩ are the dominant SRO arrange-
ments. During the indenting process, the fractions of these 
polyhedrons are moderately decreased, while there is a slight 
increment in the fraction of polyhedrons ⟨0, 3, 6, 3⟩ and ⟨0 
1 10 2⟩ and ⟨0, 2, 8, 2⟩. On the other side, the increase in Cu 
content changes the initial fractions in the MG alloys. None-
theless, the polyhedrons ⟨0, 0, 12, 0⟩ and ⟨0, 2, 8, 1⟩ are still 
the prevailing SROs in the material. It is also observed that 
the evolution of indenting process is accompanied with the 
intensification of decreasing trend in the polyhedron ⟨0, 0, 
12, 0⟩ for the Cu-richer MGs. On the other side, the polyhe-
dron ⟨0, 3, 6, 3⟩ remains stable and the polyhedral fractions 
of ⟨0 1 10 2⟩ and ⟨0, 2, 8, 2⟩ exhibited a sharper increment. 

Fig. 6   Potential energy variations of all samples during indentation. 
The energy unit is eV Fig. 7   The evolution Cu-centered SROs in the alloying systems
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This result indicated that the brittle localized deformation in 
the Cu-rich MGs are associated with the sharp annihilation 
of ⟨0, 0, 12, 0⟩ polyhedron and the intensified creation of ⟨0 
1 10 2⟩ and ⟨0, 2, 8, 2⟩ clusters. While, the decrease of Cu 
content is accompanied with the moderate increment/decre-
ment of polyhedrons in the system (see Fig. 8). In summary, 
it is concluded that the evolution of deformation under the 
indenting process strongly relies on the chemical composi-
tion of MGs, so that a slight change in the elements leads to 
a significant impact on the mechanical response of material 
to the applied loads.

4 � Conclusions

In this work, the nanomechanical properties of CuZr MGs 
was evaluated by the MD simulation. The results indicated 
that the rise of Cu content in the alloying composition led 
to the increment of yielding force in the MGs. On the other 
side, an optimized composition, i.e. Cu60Zr40, was identified 
for the maximum hardening effect in the glassy structure. 
Moreover, with the increase of Zr content, i.e. Cu50Zr50, 
the shear bands accumulatively propagated into the depth 
of glassy structure without any significant extension at the 
surface of sample. Whereas, the Cu-rich MGs included the 
pile-up shear events around the indenting site and the sub-
sequent dominant shear bands propagated into the sample. 
Furthermore, the Voronoi analysis demonstrated that the 
indenting process was accompanied with the decrease of ⟨0 
0 12 0⟩ polyhedron along with the decrease of ⟨0 2 8 2⟩ and 

⟨0 1 10 2⟩ polyhedrons in all the samples; however, the rate 
of decreasing/increasing trends strongly depended on the 
chemical composition.
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