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Abstract:

In this work, the indentation and scratching process was performed using molecular dynamics
simulation to explore the mechanical characteristics of the CuyZr , amorphous alloy. The influences of
various indentation and scratching depths on the mechanical characteristics of the Cu, Zr,, amorphous
alloy were analyzed through the surface morphology, pile-up height, mean pressure, machining forces, and
resistance coefficient. The results exhibited that all of the machining zone, pile-up height, mean pressure,

machining forces, and resistance coefficient increase as increasing the machining depth.
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1. Introduction

Mechanical properties and deformation
mechanisms are very typical and exceedingly
important factors used to evaluate the characteristics
of the materials. These factors directly influence
the workability of the materials. Therefore, the
investigation and evaluation on the mechanistic
characteristics of materials are very necessary.
Many experimental studies have been conducted
to investigate the mechanical properties and the
deformation mechanism of materials with different
testing methods [1,2]. However, the sizes of the
samples in the experimental studies are still quite
large, in the microscale or macroscale. To assess
the properties of materials more deeply and more
accurately, the size of the material has been reduced
to the nanoscale. The nanoscale is a major barrier for
the performing of experimental studies, requiring
an alternative method. With the strong development
of computer technology, the molecular dynamics
(MD) simulation method is an appropriate choice
in simulating and evaluating the properties of
nanomaterials. MD simulation method is simple and
accurate in conducting the simulations with the testing
processes are diverse such as shear, compression,
indentation, tension, scratching, cutting.

In the modern industrial age today, metallic
glasses (MGs) are widely used [3]. One of the most
popular MG systems is the copper MGs type. Many
systems of copper MGs have been created to study
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the structural, dynamic properties such as Cu-Mg
[4], Cu-Zr[5], Cu-Ta [6], Cu-Ni [7]. Among these
copper MGs systems, Cu—Zr MGs have emerged
as the promising immiscible alloy systems for
applications in electrical engineering, magnetic-
sensing, chemical, and structural materials. The
indentation and scratching processes are usually
performed to study the mechanical properties and
deformation mechanisms of materials, however,
the combination of these two processes is scarce,
especially with Cu-Zr MGs.

In this work, the mechanical properties and
deformation mechanisms of Cu, Zr,; MGs systems
are analyzed and evaluated through the combination
of indentation and scratching processes using MD
simulation. The machining processes are simulated
with different indenter radius. The results will
supply a more penetrating understanding of the
mechanistic abilities of Cu, Zr, MGs.

2. Methodology

The structure of a Cu,Zr,, MGs model at
room temperature is created from the simulation
of the melting and quenching process. Firstly, the
model is heated up to 2128 K (melting point of Zr
component) at a heating rate of 2 K/ps. Then, the
thermal equilibration process is kept at 2128 K for
500 ps. Finally, the model is cooled down to 300 K
at a high cooling rate of 5 K/ps and then equilibrated
at 300 K for 500 ps.
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Figure 1. The Cu, Zr , MGs model for the indentation, scratching, and retraction system

Figure 1 shows the Cu, Zr, MGs model for the
machining process. The machining system consists
of a sphere diamond indenter and a Cu, Zr, MGs
specimen. The machining process is divided into
three stages including indentation, scratching, and
retraction. The indenter is considered an ideal rigid
body to simplify the machining problem and focus
on the deformation of the Cu,Zr,  MGs specimen.
The indenter radius is 2.5 nm. The various machining
depths are 1, 1.5, 2, 2.5, and 3 nm. The dimensions
of the Cu, Zr,, MGs specimen are 15 nm (length) x
6 nm (height) x 10 nm (width) corresponding to x-,
y-, and z-axis, respectively. The periodic boundary
conditions are determined in the x-, and z-axis, while
the free boundary is applied along the y-axis. The
NVT (canonical ensemble) is used in the simulation.
The initial distance between the indenter and the
surface of the specimen is 1 nm. The machining
process begins by the indentation stage with a
machining depth of 2 nm and the indentation velocity
of 50 m/s along the y-axis. Then, the scratching
stage is performed with a scratch distance of 5 nm
and a scratch velocity of 50 m/s along the x-axis.
Finally, the indenter retracts to the original position
at a retraction velocity of 100 m/s.

The EAM potential [8] is employed to depict
the interaction between Cu and Zr atoms. The atoms
interaction between the indenter and Cu, Zr, MGs is
employed by the Lennard-Jones (LJ) potential [4].
The indenter is set as a rigid body, therefore the
interaction between C atoms of the indenter is ignored.

The mean pressure value (H) is determined as

n=1 (1)

max

AC
where F°_is the maximum normal force, 4 is the
contact area between the indenter and specimen in

the indentation stage. 4, is calculated as
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A =7Rh, ()
where /_ is the indentation depth. The resistance
coefficient (1) is determined as follows:

F

1
ﬂF

. 3)
where F and F are the tangential and normal forces
in the scratching stage, respectively.

The LAMMPS is applied to create all MD
simulations. The OVITO is used to exhibit the
processing data from MD simulations.

3. Results and discussion
3.1. Mechanical response of Cu, Zr_  amorphous
alloy

The machining depth is the maximum depth
attained in the indentation stage and scratching stage.
To study the effects of machining depth on indentation
and scratching characteristics of the Cu Zr,, MGs,
five machining depth values are selected as 1, 1.5, 2,
2.5, and 3 nm, respectively. The machining velocity
is 50 m/s and the temperature is 300 K.

Figure 2(a) displays the lateral cross-sectional
view of the pile-up and groove formed after the
retraction of the indenter for the cases of different
machining depths. Machining zone and pile-up
height significantly increase with the increase of
the machining depth. Corresponding, the chipping
volume is also clearly larger and more chippings
are generated around the groove as shown in Figure
2(b). That means the increase of the machining depth
affects the indentation and scratching characteristics
of the Cu, Zr,, MGs. With the relatively deeper
machining depth, the contact area between the
specimen and indenter becomes larger, leads to a
groove zone is greater. Furthermore, more removed
materials are extruded around the indenter and then
emerge on the surface with deeper depth, resulting
in the pile-up formation on the surface is stronger.
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Figure 2. The lateral cross-sectional-view of the pile-up and groove formed after the retraction of the indenter
(a) and the surface morphology (b) of the Cu, Zr , MGs for the cases with different machining depths

A comparison between maximum pile-up height
values of the Cu, Zr, MGs during the indentation
and scratching process at different machining
depths is shown in Figure 3. The maximum pile-up
height is 6, 9, 14, 16, and 18 A corresponding to
the machining depths of 1, 1.5, 2, 2.5, and 3 nm,
respectively.
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Figure 3. The maximum pile-up height and the
mean pressure of the Cu Zr , MGs
at different machining depths

A typical factor to assess the mechanical
properties of the materials is mean pressure. The
mean pressure values of the Cu,Zr,, MGs at
different machining depths under the indentation
process are presented in Figure 3. The mean
pressure values are 7.60, 8.12, 8.72, 9.02, and
10.24 GPa corresponding to machining depths of
1, 1.5, 2, 2.5, and 3 nm, respectively. Heretofore,
many nanoindentation tests have confirmed that
the mean pressure significantly increases as the
indentation size reduces. This phenomenon is
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regularly called the indentation size effect (ISE).
A profound explanation of the ISE encountered in
mean pressure at the nanoscale from the spherical
indenters has been launched by Hussain et al. [9].
Also, an ISE analytical model that can anticipate
the equivalent mean pressure in the nanoindentation
with the spherical indenter has been proposed.
However, there are non-standard results were
reported according to previous studies of the ISE
that the mean pressure becomes higher with the
deeper indentation depth for very small indentation
depth. This phenomenon was called the inverse ISE
phenomenon. The reason can be explained that the
deformations form over a relatively small volume
at a very small indentation depth, leading to the
formation of a high density of the deformations.
These deformations hinder deeper penetration of
the indenter, thereby the apparent mean pressure
of the material increases as indentation depth
increases. The deformation density is the highest at
a maximum indentation depth of 2 nm, resulting in
the mean pressure is greater than that in the other
cases in this study.

3.2. The effects of different machining depths on
the force and resistance coefficient

Figure 4 shows the normal (F) and tangential
(F) forces diagram of the Cu,Zr,, MGs during
the indentation (stage 1), scratching (stage 2), and
retraction (stage 3) process at different machining
depths. In the first period of the indentation process
and the final period of the retraction process,
there is no impact between the indenter and the
sample, thus the F and F values are zero. Under
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Figure 4. (@) Normal and (b) tangential force diagram of the Cu Zr ,, MGs during the indentation,

scratching, and retraction process at different machining depths

the machining process when the depth increases,
the amount of extruded material is intensified,
leading to the necessary force required to process
materials also increased. Therefore, the force value
becomes greater as increasing machining depth.
This phenomenon can be observed in both normal
and tangential forces diagrams in Figure 4(a) and
Figure 4(b), respectively.

During the indentation stage, the normal force
F rapidly increases to the peak value, while the
tangential force F, fluctuates slightly around zero.
However, after the beginning of the scratching
stage, the tangential force F, rises strongly due to
the formation of the chips are started, while the
normal force /. suddenly decreases because of the
contact area between the indenter and the sample
reduces. The contact area reduction is due to the
kinematics of the process. A gap is formed between
the backside of the indenter and the substrate at the
beginning of the scratching stage. Then, a stable
phase for both F and F is observed and maintained
until the scratching process ends. However, the
strong fluctuations of Fn and Ft happen in this stable
phase in all cases. This is due to the oscillation is
generated by the continuous impact between the
indenter and the substrate, leading to the F and F,
also change. The change in the tangential force is
more intense than that in the normal force. Finally,
both F and F' rapidly drop to zero when the indenter
retracts from the substrate. There is no difference
between F and F, in all simulations.
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Figure 5. Resistance coefficient of the Cu Zr , MGs
at different machining depths
under the scratching process

The resistance coefficient is determined as
the ratio between F, and F, which is calculated
to depict the mechanical response of Cu, Zr,,
MGs under scratching. The resistance coefficient
diagram of Cu,Zr,, MGs at different machining
depths under the scratching process is shown in
Figure 5. In all five different machining depth
cases, the curves present common features: first,
the resistance coefficient increases suddenly in the
beginning phase of the scratching process, and then
vibrates strongly around a constant average value
when scratching is stable. It can be observed that
the resistance coefficient is higher with the deeper

machining depth. The resistance coefficient values
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are smaller than 1 for the machining depths of 1,
1.5, and 2 nm, while these values are greater than
1 for the machining depths of 2.5 and 3 nm. The
resistance coefficient tends to increase as increasing
scratching distance. The difference in the resistance
coefficient above is due to the effect of machining
depth. With a deeper depth, greater energy is
required to remove materials in the scratching
process. This also indicates that the depth affects the
deformation mechanism and mechanical properties
of the Cu, Zr,) MGs during the machining process.

4. Conclusion

In the cases of different machining depths
with Cu, Ta,, MGs specimens, the machining zone,
pile-up height, mean pressure, force, and resistance
coefficient significantly increase as the increasing
machining depth.
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ANH HUONG CUA CHIEU SAU TAO LOM VA CAO XUOC PEN TiNH CHAT CO HQC
CUA HQP KIM VO PINH HINH Cu, Zr,,

Tom tat:
Trong bai bdo nay, qud trinh tao vét Iom va cao xwée dwoc thiee hién sit dung phicong phdp mé phong
dong lyc hoc phan tir dé nghién ciru cac dac tinh co hoc cua hop kim vé dinh hinh Cu,Zr ., Anh huong
ctia chiéu sdu tao 1om va cao xude dén cdc ddc tinh co hoc cua hop kim vé dinh hinh Cu, Zr  dugc phdn
tich théng qua hinh thdi bé mdt, chiéu cao chdt dong, dp he an trung binh, luc gia cong, va hé sé can dwge
danh gid. Két qua cho thdy rang viing gia céng, chiéu cao chdt dong, dp liwc dn trung binh, hec gia cong va
hé s6 can déu tang khi ting chiéu sdu gia cong.
Tir khéa: Hop kim v6 dinh hinh Cu, Zr

o qud trinh tao lom, qua trinh cdao xuoc, hé so can.
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