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EFFECTS OF TEMPERATURE ON MECHANICAL RESPONSES
OF CuZr, METALLIC GLASSES IN INDENTATION
AND SCRATCHING PROCESS
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Abstract:

Through molecular dynamics simulations, the mechanical responses of CuZr  metallic glasses
were investigated during the indentation and scratching process. The effects of different temperatures
were analyzed through the surface morphology, pile-up height, hardness, machining forces, resistance
coefficient, and radial distribution function (RDF) diagram. The results indicated that the pile-up height
and the hardness reduce as the temperature increases. The chip height is the lowest and the scratching
groove is the smallest at the highest temperature of 900 K. The forces and the resistance coefficient curves

are very close in the temperature range from 300 to 700 K, while they are lower at 900 K. The peak point

of RDF decreases as the increasing temperature.
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1. Introduction

As we know, it is necessary to survey and
evaluate mechanical responses of materials because
the mechanical properties are basic and very
significant factors, which directly affect workability
of the materials. During working process, heat is
generated, which changes the characteristics of the
material, especially the change of the mechanical
responses. Therefore, the effects of heat on the
mechanical responses of materials need to be
carefully evaluated to help us prevent the material
failures caused by heat. Many previous experimental
studies [1,2] have been carried out to investigate
the effect of heat on the material’s mechanical
responses. However, the experimental results are
not really profound due to the very large size of the
test samples, while the mechanical deformation of
the material occurs at the atomic scale or nanoscale.
This is an inherent disadvantage of experimental
methods, which needs to be improved and
replaced by more available methods. With rapid
progress of software science and technology, the
molecular dynamic simulation (MD) method was
born and becomes a suitable choice in simulating
and evaluating the properties of nanomaterials.
With the advantages such as simple experiment
setup, accurate simulation results, and diverse
test processes, the MD simulation method is now
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widely applied in the materials science industry all
over the world.

Nowadays, the CuZr metallic glasses (MGs)
[3] are widely used for applications in electrical
magnetic-sensing, chemical, and
structural materials. The CuZr MGs dissolve
better than the corresponding pure metal or metals.
The addition of Zr to Cu, results in a medium
strength, heat treatable alloy with an increased
softening temperature compared to pure copper

engineering,

whilst maintaining excellent electrical and thermal
conductivity. 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 the CuZr MGs.

From the analysis above, the mechanical
responses and deformation mechanisms of the
Cu, Zr,, MGs systems are analyzed and evaluated
through the combination of indentation and
scratching processes using MD simulation in this
work. The machining processes are simulated at
various temperatures. The results will supply a
more penetrating understanding of the mechanistic
abilities of Cu, Zr,  MGs.
2. Methodology

The Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) is applied to create
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all MD simulations. The Open Visualization Tool
(OVITO) is used to present the processing data from
MD simulations. The embedded atom model (EAM)
potential [4] 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 [5]. The indenter
is set as a rigid body, therefore the interaction
between C atoms of the indenter is ignored.

The Cu,Zr,, MGs model is created from
the melting/quenching process [6]. First, 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.

The system for the
indentation and scratching process including a
sphere diamond indenter and a Cu,Zr,, MGs
sample is presented in Figure 1. To simplify the
machining problem and focus on the deformation
of the Cu,Zr,, MGs sample, the indentation,
scratching, and retraction are performed with
the ideal rigid indenter. The first experiment was
performed at room temperature (300 K) to explore
the properties and deformation mechanism of the
Cu,Zr,, under normal working conditions. Then,
to deeply appreciate the influence of temperature
and the obvious change of the properties and
deformation mechanism of the Cu, Zr, , three more
different temperature levels were selected as 500 K,
700 K, and 900 K. The indenter radius is 2.0 nm.
The dimensions of the Cu, Zr, MGs specimen are
15 nm (length) x 6 nm (height) x 10 nm (width)

simulation model

Indentation

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. Initially, the indenter is
1 nm from the surface of the sample. First, along
the y-axis, the indentation stage is carried out with
a depth of 2 nm and the indentation velocity of 50
m/s. After that, the indenter moves along the the
x-axis by a distance of 5 nm with the velocity of 50
m/s to perform the scratching stage before retracts
to the original position with the velocity of 100 m/s.
The parameters related to the experimental process
were selected based on previous studies [7].
The Brinell hardness (H) [8] is determined as
H = ©)

max

A

c
where F. . is the maximum normal force, A, is the

contact area between the indenter and specimen in
the indentation stage. 4 is calculated as

A. =nDh, (2
where £, is the indentation depth. The resistance
coefficient (u) [9] is determined as follows:

F
_ 4 3)
“oF

n

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

Temperature is an important working
condition, which clearly affects the mechanical
behaviors of the materials. In this part, the selected
temperatures are 300, 500, 700, and 900 K,
respectively.

Figure 2 shows the lateral cross-sectional-
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Figure 1. The Cu, Zr,, MGs model for the indentation, scratching, and retraction system
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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 the Cu, Zr,, MGs for the cases of different temperatures

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
of different temperatures. As we can see, the pile-up
height reduces, and the change in the size scratching
groove as the increasing temperature. The changes
are most clearly observed at a temperature of 900 K
in Figure 2(a4) and (b4). The height of the chip is
the lowest and the size of the scratching groove is
the smallest. The maximum pile-up height diagram
of the Cu,Zr,, MGs at different temperatures
is presented in Figure 3. The maximum pile-up
heights are 14, 13, 12, and 10 A corresponding
to temperature values are 300, 500, 700, and 900
K, respectively. This is due to the characteristics
transformation of the material with the temperature
change. At low temperatures, the brittleness of the
material is more dominant, leading to the chip easy
to form locally. The softness of the material prevails
at high temperatures, the atoms can be compressed
more tightly. Besides, the removed materials have
not locally concentrated in front of the indenter that
spreads around the indenter due to the strong activity
of atoms. Therefore, the pile-up height is lower as
the higher temperature. The above causes are also
reasons to explain the decrease in hardness of the
Cu,Zr,,MGs when the temperature increases.
Figure 3 shows the hardness of the Cu, Zr,
MGs at different temperatures under the indentation
process. The hardness values of the Cu, Zr,) MGs
are 8.72, 7.96, 7.14, and 5.38 GPa corresponding
to temperatures of 300, 500, 700, and 900 K,
respectively. The bonding stability between atoms
becomes weaker as increasing temperature. So,
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the hardness of the Cu,Zr,, MGs is lowest at the
highest temperature of 900 K, which is consistent
with the previous studies [6,7].
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Figure 3. The maximum pile-up height and the
hardness of the Cu, Zr  MGs at different temperatures

Figure 4 presents the normal (a) and tangential
(b) forces diagram of the Cu, Zr,, MGs during the
indentation, scratching, and retraction process at
different temperatures. Both F and F, decrease
as temperature increases. The material becomes
weaker and softer with increasing temperature
because the stability in the bonding between atoms
reduces. Thus, the necessary force to realize the
machining process is reduced. However, both F
and F, change slightly in the temperature range
from 300 to 700 K, while the significant differences
were observed at 900 K because the material is the
weakest at the highest temperature of 900 K.
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Figure 4. (a) Normal and (b) tangential force diagram of the Cu  Zr  MGs during the indentation,
scratching, and retraction process at different temperatures

Similar trends are also observed with the
resistance coefficient diagram of Cu, Zr,) MGs at
different temperatures under the scratching process
in Figure 5. The resistance coefficient curves are
very close in the temperature range from 300 to 700
K, while it is clearly lower at 900 K.
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Figure 5. Resistance coefficient of the Cu. Zr,, MGs
at different temperatures under the scratching process

The RDF of the Cu,Zr,, MGs at different
temperatures under the machining process is shown
in Figure 6. In order to examine the material’s
structure characteristics, the RDF of the Cu,Zr
MGs are determined and calculated at temperatures
of 300, 500, 700, and 900 K, respectively. The
results indicate that the peak of RDF becomes lower
as the temperature increases [8]. It means that at
a lower temperature, the structure of the material
is steadier. This result supplies good information
about the disturbances of the material structure at
various temperatures.
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Figure 6. The radial distribution functions of the
Cu,Zr, MGs at different temperatures under the
machining process

4. Conclusion

With the variation of testing temperature, the
mechanical dynamic responses of the Cu, Zr, MGs
are significantly different. At a higher temperature,
the pile-up height, the hardness, the force and
the peak point of RDF decrease. At 900 K, the
scratching groove is the narrowest. In the cases of
300 K, 500 K and 700 K, the resistance coefficient
values are very close together and clearly higher
than those at 900 K.
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ANH HUONG CUA NHIET PQ PEN CAC PHAN HOI CO HQC
CUA THUY TINH KIM LOAI Cu,Zr_, TRONG QUA TRINH TAO LOM VA CAO XUGC

Tom tat:

Bang phwong phdp mé phong dong luc hoc phdn tir, céc phan hoi co hoc cia Cu, Zr  thiy tinh kim
logi dwoe nghién ciru théng qua qud trinh tao I6m va cdo xwée. Anh hwéng ciia cdc nhiét do khac nhau
dirge phan tich théng qua hinh thai bé mdt, chiéu cao chdt dong, do cimg, lwc gia cong, hé s6 cdan va biéu do
chire ndng phéan phoi xuyén tam (RDF). Céc két qua chi ra rang chiéu cao chdt dong va dé cimg giam khi
nhiét ¢ tang lén. Chiéu cao chat dong la thap nhdt va ranh cdo xude la nhé nhdt ¢ nhiét do 900 K (nhiét
dé cao nhat). Cdc dwong cong liec va hé sé can rat gan nhau trong khodng nhiét dé tir 300 dén 700 K, trong
khi chiing thdp hon ré rét 6 900 K. Gid tri cao nhdt ciia RDF giam khi ting nhiét dg.

Tir khoa: Cu5 s thuy tinh kim logi, do cirng, hé 56 can, RDF.
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