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Abstract: The molecular dynamics method was used to simulate the machining response of nanoscale y-TiAl. The rule-generated

rough workpiece surface was used to study its effect on atom removal mechanism. The cutting process was investigated by varying

the texture density and tool radius. Results show that the surface morphology of the workpiece has a non-ignorable influence on the

generation of subsurface defects and the atom removal: the rough surface in the shear mode affects the generation of laminar fault

shear zone. The increase in texture density increases the number of subsurface defects, and the integrity of the machined surface is

different corresponding to different cutting patterns. The relative tool sharpness has an effect on the cutting mechanism and texture

effects.
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In recent years, due to the popularity of the micro-electro-
mechanical systems and the improvement of precision
requirements, the micron- or nanometer-precision material
processing has been widely used in aerospace field,
automotive manufacturing, biomedical field, and optic/chip
field"”, among which the defect generation and material
quality should be taken into consideration. Zhang et al™
studied the generation mechanism of surface defects of
microscale Cu alloys and obtained the optimal reference
cutting parameters. Golshan et al®™ investigated the influence
of cutting parameters (cutting depth, feed rate, and cutting
speed) on the surface quality of silicon during milling.

Due to its high strength, low density, and excellent high
temperature performance, y -TiAl alloy attracts much
attention'”. However, the generation of defects, such as cracks
or phase transition, is inevitable in the machining process due
to the room temperature brittleness of y-TiAl alloy”. Priarone
et al'* studied the effects of tool parameters and tool coating
on the cutting quality of y -TiAl alloy, and found that the
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machinability of TiAl alloy can be improved by changing tool
parameters and adding tool layers. He et al” discussed the
characteristics of chip formation during the machining of
Ti2AIND alloy, and found that the chip morphologies and chip
formation are greatly affected by the dynamic flow stress.
Wang et al'” analyzed the surface integrity of y-TiAl alloys in
the electrochemical machining process (ECM), and proved
that ECM has no influence on the machined surface. However,
few researches discuss the material processing at nanometer-
or subnanometer-scale due to the high cost. Molecular
dynamics (MD) is a common investigation method to study
the mechanism of defect creation and material removal with a
certain accuracy.

Similar to peridynamics, MD is a simulation method based

M Chamani et al'” employed MD

on nonlocal theory
simulations to investigate the defect changes of Al/Ni
multilayers during nano-indentation. Yasbolaghi et al'"’
studied the crack propagation at the atomistic scale through

MD function. Kazanc et al'” used MD method to investigate
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the crystallization behavior of CuNi alloy during annealing
and the simulation results showed accurate predictability. In
conclusion, MD is widely used in chemistry, biology, and first
principles studies'*"7”.

In the nanofabrication field, MD is the main research
method due to the restrictions of experiment conditions. Xiao

1" studied the critical ductile-brittleness conversion

10

et a
processing depth of SiC. Goel et al'™ revealed the influence of
elliptical vibration-assisted machining (EVAM) on the
workpiece and proved that EVAM can reduce tool wear and
achieve better machining quality. However, few researches
discuss the effect of rough surfaces, a non-negligible
processing factor. Li et al®™ studied the effect of rough surface
on single crystal copper processing and found that the
machining parameters should be ameliorated according to the
specific rough surface at nanoscale. Papanikolaou et al™"
created the rough machined surface based on Weierstrass-
Mandelbrot function and investigated the effect of fractal
roughness in the grinding process. It is found that the high
roughness is beneficial to the heat dissipation.

The mechanical properties of y -TiAl alloy and the
machining process under ideal conditions have been revealed
in Ref.[22,23]. However, in the actual process, the workpiece
surface is definitely rough. Therefore, in this research, the
single crystal y-TiAl alloy was used as the research object and
MD method was applied to investigate the influence of texture
density and tool radius in the nano-cutting process. In
addition, the surface morphology of the material after
machining and the influence of the tool retraction were also
studied. It is found that the material removal modes are
different with different tool radii and the generation of shear
band is affected by the rough surface to some extent. The
surface morphology and subsurface defects of the workpiece
were also significantly affected by the tool retraction.

1 Model and Methods

Fig. 1 shows the L10 face-centered tetragonal (fct) cell
structure of y-TiAl alloy™ with lattice constants of a=b,=
0.400 50 nm and ¢,=0.407 07 nm™, The lattice constants in
this simulation were a,=b,=0.4001 nm and ¢,=0.4181 nm.

The nano-cutting model of regular rough surface was used
for accurate simulation, as shown in Fig. 2. The related
parameters are listed in Table 1. The workpiece was divided
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Fig.1 Schematic diagram of cell structure of y-TiAl alloy
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Fig.2 Schematic diagram of cutting model

into Newton layer, thermostatic layer, and boundary layer to
avoid the result error caused by scale effect. Since the
hardness of diamond tools is much greater than that of the
workpiece, the tool was set as a rigid body. The workpiece
length in x, y, and z directions was 40, 20, and 20 nm,
respectively. It should be noted that the texture density (R,:R)
was used in this research to replace the roughness. The cutting
depth 4 was also defined in Fig.2. Thus, the influence of rough
surface, i.e., the influence of texture densities, on the cutting
progress was studied.

Two kinds of tools were used for cutting experiments.
Different relative sharpness of tool (RST) can produce
different cutting modes, such as shearing and extrusion. In
addition, RST can be obtained by the radio of the tool radius
to the cutting depth. In this research, the texture density of
workpiece was 0%, 20%, 40%, 60%, 80%, and 100%. The
rough surface height R, was 1 nm. The cutting direction of the

Table 1 Parameters of p-TiAl workpiece and diamond tool
Parameter y-TiAl Diamond tool
Dimension 40 nm*20 nm*20 nm Radius of 0.5 and 8 nm

Cutting direction
Minimum texture width, R /nm
Minimum texture fill width, R /nm
Texture height, R /nm
Rake angle/(°)
Clearance angle/(°)

Tool thickness/nm

[100] on (001) -

2.5 -

0.0,0.5,1.0,1.5,2.0,2.5 -

1 -
- 30,-10
- 10
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tool was [100 ], and the relative crystal face of the workpiece
was (001).

For single-crystal y-TiAl alloy, the potential functions, such
as embedded-atom method (EAM)"" and modified embedded-
atom method (MEAM)"" are commonly used. In this study,
EAM potential function was used to describe the interaction
between Ti and Al, as follows:

E=SELS, S5 0,(r) ()

where F, is the embedded energy of atom i, ¢, is the

interaction energy between atom i and atom j, r, is the
distance between atom i and atom j, and f(r;) is the host
electron density at the site of atom i induced by other atoms in
the system.

To reveal the tool force on the workpiece, the Morse
potential function was used to describe the interaction
between Ti-C and Al-C, as follows:

V(r)y=D[1-e“C"WnP~-D 2)
where D is the interaction strength between two atoms, 7, is
the equilibrium distance between two atoms, r is the actual
distance between two atoms, and a is the effective range.
Thus, the interactions between Ti-C and AI-C can be obtained
based on the data in Ref.[28], as shown in Table 2.

The large-scale atomic/molecular massively parallel
simulator (LAMMPS) software™ was used in this research.
Table 3 shows the detail parameters of the simulation model.
The tool trajectory is shown in Fig.3. Not only the machining
response of the workpiece during cutting, but also the chip
morphology after tool retraction was observed. After the
simulation, OVITO software®”
cutting model and the formation/evolution of defects. The
common neighbor analysis (CNA) was applied to obtain the
evolution law of lattice defects.

was used to investigate the

2 Results and Discussion

2.1 Cutting response at different texture densities in shear
mode

To investigate the influence of texture density on cutting
process, six texture densities were used. Fig. 4 shows the
defect distributions at the cutting distance of 20 nm under
different texture densities. Because RST is small, the traces of
shear band can be clearly observed. Thus, with the tool radius
of 0.5 nm, the cutting mode is shear mode. With increasing
the texture density, the number of stacking faults is increased,
and the average cutting depth is also increased, indicating that
more slip systems are generated and ultimately leading to
more multiple fault layers™. Obvious stacking slip bands can
only be observed when the texture density is 0% or 100%,
while the partial stacking slip bands and amorphous atoms can
be observed when the texture density is between 0%~100%.
This can be explained by the following reasons. The rough
surface can disturb the stress waves induced by the tool. Thus,
the complicated stress field in the shear zone results in easy
interruption of the stacking fault growth. During the cutting
process, the energy is mainly distributed in the chip formation
and layer fault zones. The stacking shear band can reduce the
energy in chip, i.e., the number of amorphous atoms in the
chip is reduced, and the amorphous atoms have larger atomic
kinetic energy than the ordered atoms do. The stress field in
the chip formed by rough surface is complex and the stacking
faults have the restriction effect. The regular sawtooth shape
of chip can be observed in Fig.4a and 4f, whereas the near
sawtooth shape of chip is observed in Fig.4b and 4e. The
irregular chip can be observed in Fig.4c and 4d. The more
irregular the chip shape, the greater the energy in chip and the
more the amorphous atoms. Hence, the workpiece does not
have enough energy to form the shear band with a complete

Table 2 Morse potential function parameters between Ti-C and Al-C

Parameter Interaction strength, D/eV Effective range, a/nm™' Equilibrium distance between atoms, r,/nm
Ti-C 0.982 22.83 0.1892
Al-C 0.280 27.80 0.2200

Table 3 Simulation model parameters of LAMMPS

Parameter Value
Time step/fs 1
Simulation unit Metal
Boundary condition PPP
Simulation temperature/K 300
Equilibration step 50 000
Cutting distance/nm 20
Cutting speed/m-s™ 100
Cutting depth/nm 3
Tool rising distance/nm 15

stacking fault. In addition, considering the effects of contact-
induced amorphism (CIA) and strain-induced phase (SIP)
transition”", the rough surfaces lead to fluctuations in
instantaneous cutting depth, resulting in chaotic stress states in
CIA region, which hinders the growth in SIP region. It is
inferred that these abovementioned reasons jointly lead to the
formation of different cutting results.

Fig.5 shows the defect distributions and machined surface
morphologies after tool retraction and relaxation at texture
density of 0%, 40%, 60%, and 100% with the cutting depth of
3 nm. Because most of the chip atoms stick to the tool and
leave the workpiece when the tool retracts, only a small
number of chip atoms form the burr by the stretching action. It
is clear that in the shearing cutting mode, the effect of tool
retraction on the subsurface is very little. However, the effect
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Fig.3 Schematic diagram of simulation model
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degree is increased with increasing the texture density. The
larger the texture density, the more the defect atoms on the
machined surface. These defect atoms can be divided into two
categories: defective atoms before tool retraction (DBTR) and
defective atoms after tool retraction (DATR), as shown in
Fig.5b. The number of DBTR is increased with increasing the
average cutting depth, and the increase in the number of
DATR is related to the stretching action. The larger the texture
density, the higher the average cutting depth and the more the
chip atoms. More force is required when the tool retracts,
which results in tension stress on the left side and lower part
of the tool. As a result, more defective atoms are generated
with increasing the texture density. Accordingly, with
increasing the texture density, more void defects are generated
on the subsurface, and the quality of the processed surface is
worse. Thus, the increase in texture density leads to inferior

b

Irregular chip —= !

Texture density: 60% Texture density: 80%

Stacking slip band
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Fig.4 Defect distributions in shear mode at cutting distance of 20 nm and texture density of 0% (a), 20% (b), 40% (c), 60% (d), 80% (e), and

100% (f)
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Fig.5 Defect distributions and machined surface morphologies after tool retraction and relaxation at texture density of 0% (a), 40% (b), 60% (c),

and 100% (d)
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surface integrity and more subsurface defects.

The surface morphology of the workpiece after machining
is also very important. Fig.6 illustrates the height distributions
of atoms on the workpiece surface at different texture
densities. The burrs around the machining track can be
observed, because of the flow accumulation of the atoms
during cutting process. However, this factor is not sufficient
enough to produce such a noticeable burr. The retraction
process plays an important role in the burr formation: the tool
atoms and the adhesive atoms on the tool have mutual
attraction, resulting in tensile effect on the workpiece surface
in retraction process. When the texture density is 0%, a small
number of burrs are formed, as shown in Fig. 6a. With
increasing the texture density, more burrs are formed due to
the larger cutting depth. According to Fig. 6b, during cutting
process, the rough surface around the tool path is nearly flat.
After tool retraction, almost no burrs exist at the upper and
lower ends of the tool. This is because the gaps on the rough
surface can absorb atoms. Therefore, the rough surface can

prevent further deterioration of machined surface quality.
Particularly, the regular rough surfaces can reduce the
production of sharp burrs at nanoscale.

Fig.7 shows the cutting forces at different texture densities.
As shown in Fig. 7a, the cutting force along x direction is
obviously increased with increasing the texture density. The
increase in the number of defective atoms and the enlargement
of chip volume indicate the larger cutting force. However,
along z direction, the cutting force at texture density of 100%
is significantly lower than that of 0%. Other cutting force
curves are inconstant because of the effect of rough surfaces
on stress waves. Therefore, it can be clearly seen that with
increasing the texture density, average F, presents a downward
trend, which is opposite to the trend of average F. This is due
to the effect of large chip accumulation on the tool. The large
amount of chip increases the radial force of the tool, while the
opposite force of the workpiece on the tool is relatively small.
Hence, the radial force is decreased, resulting in the reduction
in average friction coefficients.

Height/nm
21.5

Fig.6 Height distributions of atoms on machined surfaces after tool retraction at texture density of 0% (a), 40% (b), and 100% (c)
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2.2 Cutting response at different texture densities in
extrusion mode

When RST is greater than 1, the cutting mode is extrusion
mode. Fig. 8 shows the defect distributions during cutting
process at different texture densities with tool radius of 8§ nm.
Little chip appears in the cutting process due to the extrusion
effect, resulting in more defects than the shear cutting process.
In addition, with increasing the texture density, the stacking
faults are smaller and denser. In the extrusion cutting process,
the texture on the rough surface is pressed into the subsurface,
resulting in a larger CIA region and then a disturbed
subsurface stress field, which prevents the steady growth of
faults.

Fig. 9 shows the surface morphologies, defect evolutions,
and dislocation distributions during cutting process with
texture density of 80%. The merging of textures is similar to
the crack closure, as shown in Fig. 9a. Firstly, due to the
extrusion effect of the tool, the workpiece subsurface in front
of the tool produces a stacking fault with the [101] plane.

Texture density: 0%

When the tool continues to move forward, the slip occurs to
release the stress. However, the smooth slip cannot proceed
along the [101] direction due to the existence of other layer
faults. The slip can only proceed along the [101] direction. In
addition, the dislocation slip and annihilation can be observed.
Eventually, the slip of stacking faults connects two inde-
pendent textures, which indicates that the extrusion can repair
the surface cracks and internal cracks.

Fig. 10 shows the defect distributions and surface
morphologies after cutting process in extrusion mode. After
cutting process and relaxation, the workpiece with larger
texture density produces more and bigger defects due to the
full release of stress on the subsurface. The coupling effect
reduces the defects in the front area of tool and increases the
defects in the lower area of tool. During the stress release, the
energy of small stacking faults is very high, resulting in the
low stability and then the easy accumulation of large faults.

Unlike the shear cutting process, the extrusion cutting
process produces less chip, and the chip becomes fluid across

Fig.9 Surface morphologies (a), defect evolutions (b), and dislocation distributions (c) during extension cutting process with texture density of

80%
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Fig.10
and 80% (c, f)

the workpiece. Thus, the chip atoms are widely distributed.
Fig. 10b shows a flattening phenomenon, which is similar to
that in Fig. 6b. With increasing the texture density, the large
stacking faults are easily generated and the processed surface
becomes more chaotic. Meanwhile, the volume of the grooves
in the workpiece becomes less and less, resulting in the fact
that the chip is more widely distributed with increasing the
texture density.

Fig. 11 shows the cutting forces and average friction

Defect distributions (a~c) and surface morphologies (d~f) after tool retraction and relaxation at texture density of 0% (a, d), 40% (b, e),

coefficients with different texture densities in the extrusion
cutting process. The cutting force in z direction in extrusion
mode is much larger than that in shear mode. Both the shear
force and radial force are increased with increasing the texture
density, because the more the atoms pushed into the
subsurface, the greater the radial force. The average cutting
force and the average friction coefficient are increased with
increasing the texture density, which is in a good agreement
with the results in Ref.[20].
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