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In the present work, three-dimensional molecular dynamics simulation is carried out to elucidate the nanoinden-
tation behaviors of CuZr Bulk metallic glasses (BMGs). The substrate indenter system is modeled using hybrid inter-
atomic potentials including both many-body Finnis Sinclair (FS) and two-body Morse potentials. A spherical rigid indenter
(diameter= 60 Å(1 Å = 10−10 m)) is employed to simulate the indentation process. Three samples of BMGs including
Cu25Zr75, Cu50Zr50, and Cu75Zr25 are designed and the metallic glasses are formed by rapid cooling from the melt state
at about 2000 K. The radial distribution functions are analyzed to reveal the dynamical evolution of the structure of the
atoms with different compositions and different cooling rates. The mechanical behavior can be well understood in terms
of load-depth curves and Hardness-depth curves during the nanoindentation process. Our results indicate a positive linear
relationship between the hardness and the Cu concentration of the BMG sample. To reveal the importance of cooling rate
provided during the processing of BMGs, we investigate the indentation behaviors of Cu50Zr50 at three different quenching
rates. Nanoindentation results and radial distribution function (RDF) curves at room temperature indicate that a sample can
be made harder and more stable by slowing down the quenching rate.
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1. Introduction
Bulk metallic glasses (BMGs) have attracted much at-

tention in recent years due to their potential applications in
industry.[1] BMGs exhibit excellent surface finish, are easy to
process, have high mechanical strength, and minimal shrink-
age. BMGs are among the promising candidate materials for
the fabrication of micro-electro-mechanical systems (MEMS),
especially three-dimensional structures.[2–4] These advantages
of BMGs as structural materials have opened new application
fields; thus, the mechanical behaviors of BMGs have again
become a matter of great interest. Mechanical behaviors of
metallic glasses show various features that are significantly
different from those of crystalline alloys, ceramic crystals,
and other glass.[5–7] BMGs as structural materials could rev-
olutionize the relevant fields due to their promising mechan-
ical behavior from a combination of their excellent strength,
toughness, elastic limit, corrosion resistance, and wear resis-
tance. These superior properties have made them versatile en-
gineering materials for many scientific technological commer-
cial applications.[8–12]

In recent years, immense work has been reported on the
mechanical and structural properties of BMGs. The struc-
ture and property relationship of BMG has aroused great in-
terest, particularly in CuZr binary system. CuZr binary sys-
tems are widely regarded as a promising candidate for BMGs.

A clear correlation between glass forming ability and the den-
sity changes is reported in CuZr BMGs.[13] Structural stabil-
ity and thermal stability are observed in a wide compositional
range of CuZr BMGs using X-ray diffraction and the pair dis-
tribution function. Results showed monotonic changes for dif-
ferent compositions.[14,15] The high energy X-ray synchrotron
diffraction technique has been used to investigate the behav-
iors of Zr50Cu50 and Zr35Cu65 BMGs under uniaxial tensile
loading. Their results show that the elastic deformations are
present, owing to bond reorientation and changes in chemi-
cal short range ordering.[16] An X-ray adsorption fine struc-
ture method was used to study the local atomic structures of
CuZu BMGs.[17] BMGs with amorphous structuress have no
clear deformation mechanism which can be accommodated in
terms of shear bands.[18,19]

Among the methods utilized in nanotechnology, a ver-
satile and widely used tool for inspecting mechanical be-
havior, such as the elastic constant, hardness, and transi-
tion from the elastic-to-plastic region of the material, is
nanoindentation.[20–22] Recently, it has been proved to be a
popular technique for investigating mechanical characteristics
of BMGs. Nonoindentation is also proved to be very useful
for investigating the mechanical behaviors of very small vol-
umes of materials including BMGs.[23–26] Indentation has been
used to investigate incipient plasticity and shear band forma-
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tion in BMG. The deformation results at higher load provide
evidence about the structural change which can be related to
possible free volume expansion.[27] Nanoindentation with a
spherical indenter was used to analyze the perfect elastic-to-
plastic deformation transition in BMG which showed a clear
popin event on the load-displacement plot.[28] Instrumented
nanoindentation over a broad range of loading rates was per-
formed to study the plastic deformation of Zr based BMGs;
this work revealed that the plastic flow exhibited conspicu-
ous serrations at low loading rates, which is less prominent at
higher indentation rates.[29] Molecular dynamics simulations
of Cux Zr100−x reveal that a Cu-centered small icosa-hedral
cluster (ICO) is a basic structured object present in the sys-
tems, while an increase in Cu concentration causes an increase
in their number.[30]

A binary Cu49.3Zr50.7 grown on Si (1 1 0) is subjected to
nanoindentation to investigate the mechanical behavior of the
BMG film which indicates that unlike other BMG this com-
position does not show an indentation size effect (ISE).[31]

Nanoindentation of ion irradiated Zr based BMG showed that
the load-depth curve possesses a transition from serrated to
continuous flow with ion irradiation damage increasing.[32]

Short range ordering has been observed in the atomic struc-
tures of Cu35Zr65, Cu50Zr50, and Cu65Zr35, and BMGs were
observed using various diffraction techniques.[15] Time depen-
dent deformation was analyzed in binary Cu–Zr BMGs in
a nanoindentation creep experiment, which revealed a pro-
nounced creep behavior for the as-cast sample as compared
with the annealed sample.[33] Investigation of inhomogeneous
BMG structures showed a remarkable increase in the onset
slope of load-displacement curve by increasing the diameter
of glass rod and annealing temperature.[34]

Molecular dynamics (MD) simulation has been widely
used to simulate nanoindentation problems. Many studies
have been carried out to characterize the atomic structures
and mechanical properties of CuZr BMGs using MD simu-
lations. For instance, MD simulation was performed to in-
vestigate the effect of pores on the mechanical behavior of
porous Cu46Zr54 during nanoindentation, which showed that
the presence of pores is conducible to the initiation of shear
bands and causes strain concentration.[35] Metallic glass thin
films were subjected to nanoindentation, and MD simula-
tion was used to observe their strain localizations and plastic
deformations.[36] Results revealed that the most constrained
samples exhibit the highest hardness. MD study with em-
bedded atom method (EAM) was conducted to determine the
effect of cyclic loading on the overall strength and plasticity
of Cu63.5Zr36.5metallic glass.[37] Simulations were carried out
on Cu0.50Zr0.50 and Mg0.85Cu0.15 metallic glasses to study the
formations of shear bands during the indentation process. Re-
sults indicate that loading rate, indenter size and cooling rate

are important factors that may affect the process.[38] To un-
derstand how the stress field and material structure interact to
control the deformation process beneath the indenter, MD sim-
ulation was employed.[39] MD studies also revealed that the
extensive strength of BMG arises from the percolating back-
bone of short-range ordering.[40]

In this work, we aim to characterize the mechanical be-
haviors using nanoindentation for a wide compositional range
of Cu–Zr BMGs including Cu25Zr75, Cu50Zr50, and Cu75Zr25.
To investigate the effect of Zr percentage within the bulk
metallic glass on the mechanical behavior, the load-depth and
hardnessdepth curves for all compositions are compared. Sec-
ondly, Cu50Zr50 BMG is chosen to investigate the effect of
cooling rate on the mechanical behavior of BMG. For this pur-
pose, the Cu50Zr50 system is cooled rapidly at three different
cooling rates and finally the load-depth and radial distribution
function (RDF) curves are compared.

2. Structural model and sample preparation
The configuration of the simulated indenter and substrate

is shown in Fig. 1. The substrate material consists of three dif-
ferent compositions of Cu and Zr, i.e., Cu25Zr75, Cu50Zr50,
and Cu75Zr25. The substrate sizes are 100 Å × 100 Å ×
60 Å along (1 1 −2), (1 −1 0), and (1 1 1) directions respec-
tively, containing 41526 atoms. A spherical rigid Cu indenter
(diameter=60 Å) with (1 0 0) tip toward the substrate is used
for the indentation process. In order to analyze the effect of
cooling rate on the mechanical behavior, the Cu50Zr50 con-
figuration is selected and subjected to three different cooling
rates. The size and orientation of the simulation cell are kept
the same as those described earlier.

Fig. 1. (color online) A typical simulation cell (Cu50Zr50) used for the
present work, where blue represents Cu atoms, yellow refers to Zr atoms
and purple indicates the atoms of rigid a spherical Cu indenter.

3. Computational details and interatomic poten-
tial
Our computational cell consists of three types of atoms,

Cu and Zr atoms in the substrate, and Cu atoms in a rigid Cu
indenter. The choice of these potentials is supported by pre-
vious simulations performed for the nanoindentation. There
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are five types of interactions possibly occurring between these
atoms. The interactions between Cu(substrate)–Cu(substrate),
Zr–Zr, and Cu(substrate)–Zr pairs are dealt with using a well-
known generalized form of EAM potentials developed by Fin-
nis and Sinclair.[41] The total energy Ei of an atom i is given
by

Ei = Fα

(
∑
j 6=i

ραβ (ri j)

)
=

1
2 ∑

j 6=i
φαβ (ri j),

where F is the embedding energy which is a function of atomic
electron density ρ , φ is a pair potential interaction, and α and
β are the element types of atoms i and j.

The interaction between Cu (substrate)–Cu (indenter) and
Zr–Cu (indenter) pairs is provided by two-body Morse inter-
atomic potential, and the Morse potential energy, UMorse(ri j),
can be described with three parameters as

UMorse(ri j) = D
[

e−2α(ri j−r0)−2e−α(ri j−r0)
]

ri j<rc

where D is the cohesion energy of exchange interaction, r0 is
the equilibrium distance, and ri j is the separation distance be-
tween atoms i and j. The α is fitted to the bulk modulus of the
material. For a Cu (substrate)–Cu (indenter) pair the parame-
ters of Morse interatomic potential D, α and r0 are 0.4332 eV,
1.6456 Å−1 and 2.7629 Å, respectively; for Zr–Cu (indenter)
pair the parameters of Morse interatomic potential D, α and r0

are 0.6032 eV, 1.5233 Å−1, and 3.1315 Å, respectively. In ad-
dition, Morse potentials are selected because they are simple,
computationally inexpensive, and have been used in several
studies to control the interaction between the indenter and the
substrate. Whereas Cu (indenter)–Cu (indenter) atoms of the
indenter are all taken to be rigid and treated as a single particle.
Hence, no description is required for the interaction.

4. Simulation process
A large-scale atomic/molecular massively parallel sim-

ulator (LAMMPS)[42] is used to perform the simulation
throughout this work. To obtain the glassy structure, the sub-
strate is subjected to periodic boundary conditions in all three
dimensions. The substrate is first equilibrated at 2000 K and
then quenched at a cooling rate of 2 K/ps down to 300 K
in temperature steps of 200 K. After each temperature step,
the substrate is allowed to equilibrate at that temperature for
200 ps. Finally, the substrate equilibrates at 300 K for 500 ps.
In the indentation process, the bottom five layers of the sub-
strate are kept fixed, periodic boundary conditions are used
along the sides of the substrate whereas the upper part is sub-
jected to a free boundary condition. A rigid Cu indenter sphere
is placed 3 Å above the top surface of the substrate. The force
acting on an individual particle of an indenter is calculated by
summing the force contributions from the surrounding atoms.

Time step for the whole simulation process is 1 fs. The pro-
jected contact area is calculated using the following formula:

A = πRd,

where R and d are the radius of indenter sphere and the in-
dentation depth respectively. Hardness is calculated using the
following relation:

H =
Fmax

Ac
,

where Fmax and Ac are the maximum indentation load and the
projected contact area, respectively.

5. Results and discussion
5.1. Effect of component concentration (in %) in BMG

To investigate the effect of component concentration
(in %) on the mechanical behavior of binary BMG, we
choose three different Cu and Zr compositions, i.e., Cu25Zr75,
Cu50Zr50, and Cu75Zr25. The sample substrates are first heated
and then equilibrated at 2000 K for 500 ps. Then the quench-
ing start at a cooling rate of 2 K/ps down to 300 K in tem-
perature steps of 200 K followed by equilibration after each
temperature step. Finally, all the sample substrates are equili-
brated at 300 K for 500 ps. The final processed samples are
shown in Fig. 2.

(a)

(b)

(c)

Fig. 2. (color online) Final amorphous structures for Cu25Zr75 (a),
Cu50Zr50 (b), and Cu75Zr25(c), where yellow and blue colors represent
Zr and Cu atoms respectively.
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In order to investigate the effect of component concen-
tration on the mechanical behavior, each sample substrate is
subjected to nanoindentation using spherical rigid Cu inden-
ter, with the substrate indented at a constant velocity. The ob-
tained load-depth curves for all configurations are compared
as shown in Fig. 3.
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Fig. 3. (color online) Plots of load versus depth, showing the effects of
various Cu and Zr concentrations.

It can be clearly observed from load-depth curves for dif-
ferent Zr concentrations in the three samples that mechanical
behaviors change considerably with the variation of Zr con-
centration. The value of the load is highest for Cu75Zr25 (mini-
mum Zr concentration) and lowest for Cu25Zr75 (maximum Zr
concentration). Hence, samples with a smaller concentration
of Zr are more difficult to indent. The load-hardness curves
for the indentation process are shown in Fig. 4.
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Fig. 4. (color online) Plots of hardness versus depth, showing the effects
of different Cu and Zr concentrations.

It can be seen from the hardness-depth curves for different
concentration BMGs that Cu75Zr25 is hardest in the three sam-
ples and Cu25Zr75 shows the least hardness, whereas Cu50Zr50

shows its mechanical hardness falling in between. This differ-
ence in mechanical behavior may be related to the difference
in structure among the three samples. To analyze the possi-
ble structural differences for different compositions, the radial
distribution function (RDF) curves for all configurations are
compared as shown in Fig. 5.

Of the first peaks of RDF, the first peak for Cu25Zr75 is
biggest and that for Cu75Zr25 is smallest, implying that the
structural stability increases with copper concentration in the
sample increasing. The first peak of the RDF indicates the av-
erage distance at which we find the nearest neighboring atom
gCu−Zr(r) i.e., between the unlike atoms. It can be noted that
the sample with the highest peak has a less stable structure and
hence exhibits the least hardness and vice versa. These results
are also similar to the earlier experimental results.[31]
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Fig. 5. (color online) Plots of RDF versus interatomic distance, showing
the effect of different Cu and Zr concentrations.

5.2. Effect of cooling rate on mechanical behavior

To reveal the influence of cooling rate on mechanical be-
havior we choose Cu50Zr50 as BMGs. The samples are first
heated to 2000 K and then cooled down to 300 K via three
different cooling rates (i.e., 1.33 K/ps, 2 K/ps, and 4 K/ps). Fi-
nally, all the samples are maintained at room temperature for
200 ps. This difference in cooling rate provided during the
processing of BMG may have significant effects on the struc-
tural and mechanical behavior of the sample configuration. To
study the mechanical behavior, nanoindentation technique is
utilized. A spherical rigid Cu indenter (diameter = 60 Å) is
used to indent the sample at a constant velocity of 10 m/s. The
resulting load-depth and hardness-depth curves for different
cooling rates are compared as shown in Figs. 6 and 7 respec-
tively.
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Fig. 6. (color online) Plots of load versus depth, showing the effects of
different cooling rates.
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The load-depth curves for three samples reveal that the
load for the lowest cooling rate is higher than that for higher
cooling rates. Similarly, hardness-depth curves also reveal that
sample with the least cooling rate is hardest in all the sam-
ples and vice versa. This effect is due to the certain structural
variations during the processing of BMGs at different cooling
rates. To describe the possible difference in the final structure,
the curves of RDF versus interatomic distance are compared
as shown in Fig. 8.
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Fig. 7. (color online) Plots of hardness versus depth, indicating the ef-
fects of different cooling rates.
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Fig. 8. (color online) Plots of RDF versus interatomic distance, exhibit-
ing the effects of different cooling rates.

Figure 8 shows clearly the difference in final structural
configuration among all three samples. The first peak is high
for higher cooling rate compared with those of the samples
cooled at slow cooling rates. This indicates that that sam-
ple with a slow cooling rate is more stable than the abruptly
quenched sample. Hence, it can be noted that the sample with
the highest cooling rate appears to be less hard than the slowly
cooled samples. Earlier studies showed that serrated flow dur-
ing the indentation induced deformation is highly sensitive to
the processing technique (cooling rate) of BMG. This can also
be one of the important factors affecting the mechanical be-
havior of the BMG. Results are similar to those provided in
Refs. [39] and [40]. The deformation mechanism in BMG is
entirely different from those in metals and alloys. We[43,44]

studied previously that the deformation during the indentation

in crystalline material mainly occurs through slipping of the
crystallographic planes and movement of dislocations. How-
ever, BMG does not deform through the slipping and dislo-
cation mechanism because of its amorphous structure. Ser-
rated flow is known to be the basic deformation mechanism in
BMG. The deformation behavior of Cu50Zr50 BMG under a
spherical indenter is shown in Fig. 9.

(a) (b)

(c) (d)

(e) (f)

Fig. 9. (color online) Step-by-step (in (a)-to-(f) sequence) deformation
of Cu50Zr50 BMG sample in the nanoindentation process. Half of the
substrate atoms are removed while taking these snapshots for clear vi-
sualization of atomic deformation.

To highlight the atomic movement during the indentation
process (in Fig. 9), the value of net displacement covered by
each substrate is calculated using the following equation:

Total displacement =
√

(dx)2 +(dy)2 +(dz)2. (1)

The atoms of the substrate are colored on the basis of to-
tal displacement covered by each atom (during deformation
caused by indentation process). The deformation behavior of
BMG substrate is clear from this figure. The deformed atoms
change color on the basis of their total displacement. Hence,
the stress concentration can be easily visualized under the in-
denter.

6. Conclusions
The present work is done to elucidate the mechanical be-

haviors of BMGs (different Cu and Zr based compositions by
%). We perform the nanoindentations at three samples with
different Cu and Zr concentrations (Cu75Zr25, Cu50Zr50, and
Cu25Zr75) processed to form BMG samples. It is observed
from the results that the mechanical behavior strongly varies
with the component concentration in BMG. Values of load and
hardness are highest for Cu75Zr25 and lowest for Cu25Zr75;
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whereas those for Cu50Zr50 fall in between. The variation in
the mechanical behavior may be related to the possible struc-
tural variation. RDF curves shows that Cu75Zr25 is more stable
and hence harder than other sample configurations. To show
the significance of cooling rate provided during the process-
ing, Cu50Zr50 BMG is chosen for nanoindentation. It is ob-
served that the sample prepared with relatively high cooling
rate appears to be softer than the others quenched relatively at
slower rate. RDF curves indicate that the possible structural
variations are caused by the difference in quenching rate. It
can be concluded that BMG appears more stable and harder
by making the quenching rate relatively slow.
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