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Abstract:

In this paper, a combination between the indentation and scratching process was developed to analyze
the deformation mechanisms and mechanical properties of Cu, Zr  metallic glasses (MGs) using molecular
dynamics (MD) simulation. The deformation mechanisms and mechanical properties of Cu Zr., MGs are
appraised through the surface morphology, pile-up height, hardness, machining forces, and resistance
coefficient. The influences of different indenter radius are clearly investigated. The results exhibit that
the machining zone increases as increasing indenter radius. The pile-up height and hardness reduce with
a bigger radius of the indenter. The hardness values range from 7.94 to 13.33 GPa. The forces increase,

however, the resistance coefficient decreases as the indenter radius increases.
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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. In order
to assess the properties of materials more deeply
and more accurately, the size of the material has
been reduced to nanoscale. The nanoscale is a
major barrier for the performing of experimental
studies, requiring an alternative method. With
the strong development of computer technology,
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, and so on.
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In the modern industrial age today, MGs
are widely used [3]. One of the most popular
MGs systems is copper MGs type. Many systems
of copper MGs have been created to study 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 has 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
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of melting and quenching process. The isobaric-
isothermal ensemble (NPT) is used, the periodic
boundary conditions (PBCs) are determined in
three dimensions, and the pressure is conserved
at zero during the simulation process. Firstly, the
model is heated up to 2128 K (melting point of Zr
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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 different indenter radius are 1.5, 2.0, 2.5, and
3.0 nm. The dimensions of Cu,Zr,) MGs specimen
are 15 nm (length) x 6 nm (height) x 10 nm (width)
corresponding to x-, y-, and z-axis, respectively.
Three types of atoms are set in the specimen, namely
Newtonian atoms, thermostat atoms, and fixed
atoms. The fixed atoms are made up of the four atoms
layers. The substrate is fixed in the box by fixing
three layers of substrate atoms at the bottom and
next to the box margins in x- and z-axis to support
the whole physical system during the machining
process. The thermostat atoms are also constituted
of the four atoms layers and placed between the
fixed atoms and Newtonian atoms, which are used
to maintain them at a constant temperature of 300
K by rescaling the velocities of these atoms every
twenty-time steps. PBCs are determined in the x-,
and z-axis, while the free boundary is applied along
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 y-axis. Then,
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Indentation

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

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 proposed by Mendelev et
al. [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.

Hardness is a very important factor to evaluate
the mechanical properties of materials. The hardness

value (H) is determined as

Fmax
H==4" (M

c
where F__ is the maximum normal force, Ac is the
contact area between the indenter and specimen in
the indentation stage. Ac is calculated as

A, = TRh, 2)
where /_ is the indentation depth. The resistance
coefficient (p) is determined as follows:

L=F 3)
where F' and F is the tangential and normal forces
in the scratching stage, respectively.

The Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) is employed to
conduct all MD simulations. The Open Visualization
Tool (OVITO) is used to present the processing data
acquired from MD simulations.
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3. Results and discussion
3.1. Dynamic response of Cu,Zr, MGs

Figure 2(a) shows the lateral cross-sectional
view of the pile-up and groove formed after the
retraction of the indenter for the different indenter
radius. The shear strain focuses more intensely in
the case of smaller indenter radius. This indicates
that the plastic deformation is more severe with a
smaller indenter radius. Machining zone and pile-
up height significantly decrease as the increasing
indenter radius. Corresponding, the chipping
volume is also clearly larger and more chippings
are generated around the groove, which can be seen
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in Figure 2(b). It means that increasing indenter
radius clearly affects the indentation and scratching
characteristics of Cu,Zr,, MGs. As the indenter
radius is relatively bigger, the contact area between
indenter and substrate is larger leads to groove
zone is larger. The materials around the indenter
are concentrated and then obviously emerge on the
surface with a smaller indenter radius, which are
spread around the machining zone with a bigger
indenter radius. So, the pile-up height on the surface
is lower with a bigger radius of indenter in the
machining process.

[
n

IEIS JE3LS

L=
u

(a3) (ad)
. 6.5 nm

ISnm

(b4)
R=3.0nm

(b3)
R=250m

Figure 2. (a) The lateral cross-sectional-view of the pile-up and groove formed after the retraction of the
indenter and (b) the surface morphology of Cu, Zr , MGs for the different indenter radius.

A comparison between maximum pile-up
height values of Cu, Zr,) MGs during indentation
and scratching process with different indenter
radius is shown in Figure 3. The maximum pile-up
height values are 16, 13, 12, and 10 A corresponding
to indenter radius of 1.5, 2.0, 2.5, and 3.0 nm,
respectively.
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Figure 3. The maximum pile-up height and the hardness
of Cu, Zr,, MGs with different indenter radius
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Hardness is a typical factor to evaluate the
mechanical properties of materials. The hardness
values of Cuy Zr,) MGs at different indenter radius
under the indentation process are also presented
in Figure 3. The hardness values are 7.94, 8.72,
9.60, and 13.33 GPa corresponding to indenter
radius of 1.5, 2.0, 2.5, and 3.0 nm, respectively.
So, the hardness of Cu, Zr,, MGs reduces with the
increasing indenter radius [9].

3.2. The influence of different indenter radius on
the force and resistance coefficient values

Figure 4 shows the normal () and tangential
(F,) forces diagram of Cu, Zr,, MGs during the
indentation (stage 1), scratching (stage 2) and
retraction (stage 3) process with different indenter
radius. In the first part of the indentation stage and
the last part of the retraction stage, the F, and F,
values are zero because there is no impact between
the indenter and the sample. During the machining
process with increasing indenter radius, the amount
of material being extruded increases, leading to
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the necessary force required to process materials
also increased. So, the force value increases as the
increasing indenter radius [10]. This phenomenon
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can be observed in both normal and tangential
forces diagram in Figure 4(a) and Figure 4(b),
respectively.
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Figure 4. (a) Normal and (b) tangential force diagram of Cu, Zr,, MGs during the indentation, scratching
and retraction process with different indenter radius

During the indentation stage, the normal force
F rapidly increases to the peak value, while the
tangential force F, fluctuates slightly around the
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. This reduction of the contact area 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 / and F, is observed
and maintained until the scratching process ends.
However, the strong fluctuations of /7, and F, appear
in this stable phase in all test cases. The reason is
due to the vibration generated by the continuous
collision between the indenter and the substrate,
resulting in the normal force and tangential force
also fluctuates. The vibration in the tangential force
is stronger than that in the normal force. Finally,
both F and F, quickly reduce to zero during the
retraction stage. There is no difference between F,
and F, in all simulations.

The resistance coefficient is determined as the
ratio between tangential force and normal force,
which is evaluated to depict the mechanical response
of Cuy Zr,; MGs under the scratching process. The
resistance coefficient diagram of Cu,Zr,, MGs
at different indenter radius under the scratching
process is shown in Figure 5. In all four different
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indenter radius cases, the curves present common
features: first, the resistance coefficient increases
suddenly at the beginning phase of scratching
process, and then vibrates strongly around a
constant average value when scratching is stable.
It can be observed that the resistance coefficient is
larger for smaller indenter radius.
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Figure 5. Resistance coefficient of Cu Zr , MGs with

different indenter radius under the scratching process

The resistance coefficient values are smaller
than 1 for the indenter radius of 2.5 and 3.0 nm,
while these values are greater than 1 for the indenter
radius of 1.5 and 2.0 nm. Particularly, the resistance
is significantly high with the indenter radius of 1.5
nm. The resistance coefficient tends to increase
as increasing scratching distance. The changes in
the resistance coefficient above can be explained
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by the influence of the indenter size. The cutting
dominates because most of the indenter volume
sinks in the substrate, while the sliding is prioritized
in the scratching process. This also confirms that
the indenter radius has a significant influence on
the mechanism of deformation and mechanical
properties of Cu, Zr,, MGs during the machining
process [9].

4. Conclusion
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behaviors of Cu,Zr,, MGs under indentation and
scratching process are investigated by using MD
simulations. The conclusions are listed as follows:

(1) The machining zone increases, while the
pile-up height decreases as increasing indenter
radius.

(2) The hardness values reduce with a bigger
radius of indenter and range from 7.94 to 13.33
GPa.

(3) The force increases, however, the resistance

The mechanical properties and deformation coefficient decreases as the indenter radius increases.
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ANH HUONG CUA BAN KiNH DUNG CU PEN TiNH CHAT CO HQC
VA HIEN TUQNG BIEN DANG CUA HQP KIM VO PINH HINH Cu_Zr,,
TRONG QUA TRINH TAO LOM VA CAO XUOC

Tom tat:

Trong bai bdo nay, s két hop gitka qud trinh tao 16m va cdo xude diege thwe hién dé phan tich co ché
bién dang va cdc tinh chat co hoc cia hop kim vé dinh hinh Cu,,Zr, su dung phuong phdp mé phong dong
luc hoc phan tir. Co ché bién dang va cac tinh chat co hoc ciia hop kim vo dinh hinh Cu, Zr,, duoc ddanh
gid thong qua hinh thdai bé mat, chiéu cao vdt liéu bi dun 1én, dé cing, lyc va hé $6 can trong qua trinh moé
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phong. Cdc anh hiedng cia gid tri ban kinh dung cu khdc nhau dwoc phén tich rat 16 rang. Két qua cho
thdy rang ving bién dang tang lén véi ban kinh dung cu 1om hon. Chiéu cao vt liéu bi din lén va do cirng
giam khi ban kinh dung cu tang lén. Gia tri do cung dat dwoc trong khoang tir 7.94 dén 13.33 GPa. Luec tac
dung tang lén, tuy nhién, hé sé can giam xuéng khi ban kinh dung cu tang lén.

Tir khéa: Hop kim vo dinh hinh Cu Zr_,; qud trinh tao lom; qud trinh cdo xudc; hé $6 can.
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