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Abstract: The diamond tool with a rake angle of zero has been rarely studied, and the cutting mechanism in ultraprecision
machining of brittle materials, such as silicon, is not well understood due to the varying cutting parameters involved. The use
of this tool was investigated through molecular dynamics simulation to examine the material removal mechanisms in silicon
nanometric cutting at different depths of cut. Simulations were performed using the large-scale atomic/molecular massively
parallel simulator with the Tersoff potential function Mechanisms of chip formation and material removal were analysed at
three different depths of cut (2 nm, 3 nm, and 4 nm). The study reveals that the structural and phase transformations in silicon
are caused by high-pressure phase changes and dislocation activity leading to chip formation and material removal. Machining
at a lower depth of cut results in a machined surface with less subsurface damage. For all depths of cut, the material removal
mechanisms operate in a ductile mode, except at 4 nm, where a combination of ductile and brittle (cleavage) modes is observed
on the machined surface. To ensure a ductile machining mode with this tool geometry, the depth of cut should be significantly
smaller than the cutting-edge radius of the diamond tool to achieve a high-quality surface finish.
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1. Introduction (Ikawa et al., 1991a; Ngoi & Sreejith, 2000; Shore &
Morantz, 2012). Ultraprecision machining of materials
of hard and/or brittle materials has gained popularity in
the manufacturing industry for decades. The machining
process technique that can produce components of
good surface integrity with low surface roughness
and/or low subsurface damage and requires one or no
post-processing process, such as polishing, is referred
to as a ductile regime machining process (Cai et al.,

are produced, and they meet the requirements of 5507 \oo ot a1 2012; Arif et al,, 2013). However
various applications such as electronics devices, optical | . ' " .
the exact material removal mechanisms underlying

systems, Informaj[ion and Communica}ti.o.n Technology ductile-regime machining of brittle and/or hard
(ICT), power devices, solar energy facilities, and others materials, such as silicon at the micro/nanoscale level,

Ultraprecision machining is a machining technique
in which dimensional tolerance is achievable in the
order of 0.0lum and that of surface roughness of
0.00lum (1nm) (Taniguchi, 1983). Among advanced
manufacturing technologies, ultraprecision machining’s
role can’t be ignored because parts with high accuracy,
low subsurface damages, and improved surface quality
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remain the subject of debate among researchers and
machinists. The varying observations among experts in
this research discipline are due to the complex nature
of ultraprecision machining because there is a plethora
of interplay processes involved. Such a process includes
tool geometry, chip formation mechanism, stagnation
effects, crystallographic and microstructural effects, tool
wear, temperature-friction effects, machined surface
properties, phase transformation, dislocation theory,
constitutive material model, stress distribution, and so
on (Venkatachalam, 2007). Unlike metals, materials
such as advanced ceramics, semiconductors (e.g silicon),
composites, and others are often referred to as brittle and/
or hard materials due to their brittleness and hardness
properties (Bifano et al., 1991). They have been used in
many engineering applications: components in micro-
electro-mechanical systems (MEMS) and nano-electro-
mechanical systems (NEMS), optoelectronics devices,
optical devices, ICT and so on (Ravindra et al., 2012).
Their unique properties, such as wear resistance, high
thermal strength, high strength, and hardness, have made
them indispensable as engineering materials (Ebizuka
et al., 2003). Various manufacturing techniques, such
as laser machining, injection moulding, and others, are
employed to incorporate these materials into devices
like MEMS and NEMS. Where a complex shape of the
components and better accuracy are required, precision/
ultraprecision machining is mostly employed (Davies
et al.,, 2003). Despite the unique properties of these
materials compared to alloy metals, there are challenges
in machining. These challenges are attributed to their
high hardness and brittleness, in addition to their low
fracture toughness ( Ravindra et al., 2012; Agarwal et
al., 2017;). Such challenges include tool wear leading to
high production costs, poor material removal rate, poor
surface finish, and others.

Single-crystal silicon is a material with different
industrial applications, including large-scale integrated
circuits as a semiconductor, infrared imaging or
detection as an optical material, photovoltaic power, and
photoelectrical sensors (Zhang et al., 2014). Silicon is a
hard and brittle material, with a hardness in the range
of 12 to 14GPa and a fracture toughness of 1 MPa.m'?.
Therefore, it is categorised as a difficult-to-machine
material. Numerous studies have been conducted on
silicon that investigated its machining mechanism at the
nanoscale using single-point demand turning, grinding,
and scratching via ductile regime machining (Bifano et
al., 1991; Lin et al., 2007; Ravindra et al., 2012; Wang
et al., 2017; Xu et al., 2018; Z. Zhang et al., 2018). It
has been established that machining at the nanoscale
level involves complex phenomenal observations

(Venkatachalam, 2007). These phenomena are also
difficult to observe experimentally or theoretically in
many cases (Komanduri & Raff, 2001). Much research
has been carried out that reveals that molecular dynamics
(MD) simulation is capable of investigating most of
these phenomena such as chip formation mechanism,
mechanism of dislocation, phase transformation,
crystallographic orientation, friction, and so on (Ikawa
etal., 1991b; Maekawa & Itoh, 1995; Cheng et al., 2003;
Goel, 2013; Chavoshi, 2016a) ). Tool geometry plays
a significant role in the ultraprecision machining of
materials. An investigation by Liu et al. (2021) reveals
that machining at different negative rake angles could
result in shear process, phase transition and extrusion
process depending on the rake angle values. With the
decrease of the rake angle (from —15° through to —60°),
the dominance of the cutting mechanism transits from
shear to extrusion, and finally, no material removal
would be observed (Liu et al., 2021). Nanometric cutting
of single-crystal Ni Al using MD simulation shows that
chip thickness decreased as the rake angle changed from
positive (30°) to negative (-30°), and with an increase in
rake angle, subsurface damage decreased (Feng et al.,
2020). This research is a preliminary study to investigate
how diamond tool geometry with a rake angle of 0° and
clearance angle of —10° at different depths of cut affects
the deformation and material removal mechanisms
during ductile nanometric cutting of silicon using
molecular dynamics simulation.

2. Materials and methods

2.1. Molecular dynamics methodology of
nanometric cutting.

A molecular dynamics (MD) simulation model of a
nanometric cutting of a single-crystal silicon workpiece
and diamond cutting tool in a three-dimensional size
was constructed, and its schematic diagram is illustrated
in Figure 1. The computational parameters of the
molecular dynamics simulations are given in Table 1.
Ensuring that the simulation is closer to the real
cutting process, the workpiece (silicon) and the diamond
cutting tool were set as deformable bodies. Both the
cutting tool and workpiece are divided into the boundary
layer, the thermostat layer, and the Newtonian layer
(Figure 1). The workpiece and tool are made stable,
and proper lattice symmetry is maintained during the
cutting process by the boundary layer. The thermostat
layer conducts away the evolved heat during the cutting
process, and a Langevin thermostatic dynamics was
employed (Grenbech-Jensen, 2020). Both boundary
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Table 1: Simulation parameters of the cutting process
Simulation Parameters Workpiece: Si 1amond T
Number of atoms 126066 ake angle OU 65232
[100],[010],[001] atoms

. 5431A
Timestep S
Simulation temperature 293K
Depths of cut (Do
Distance of workplece from | Inm
tool
Cutting speed
Cuttlng 1rect1on

) ) surface
Potential function Terso
Run 250,000

Unit lattice parameter:

éllnm, 3 nmand 2 nm

100 m/s = 1A/ps
[-100] on (001

Tool edge radius 3.5 nm
Clearance angle 10°

and thermostat layers were Inm thick. Non-period
shrink-wrapped boundary conditions were adopted
in the x-direction and y-direction, while periodic
boundary conditions were adopted in the z-direction
because of the small size of the workpiece in this
direction and to ensure that the size effect is reduced.
During the simulation process, the initial temperatures
of the silicon and the diamond tool were equilibrated
at 293K using the Langevin method for a period of 20
ps. The thermostat and the Newtonian atoms were set
into motion following the classical Newton’s second
law. The equation of motion was numerically integrated
using the Velocity Verlet algorithm with a timestep of 1
femtosecond.

Bawnidkary atans

21,8 nm

For reliable and accurate molecular dynamics simulation
results, the proper choice of the potential energy function
for a specific material workpiece is essential. The use
of Tersoff potentials is widely employed and affirmed to
be able to predict the mechanical behaviour of silicon
(Tersoff, 1986; Shimada et al., 1995;Lin et al., 2007;).
The Tersoff potential function is feasibly capable of
dealing with elements in group IV and those with a
diamond lattice structure and covalently bonded like
carbon, germanium, and silicon (Tersoff, 1986, 1988,
1989). In this research, all the interactions among the
atom types are described employing Tersoff potentials
with parameters from elemental silicon, followed by
Erhart and Able Si-II model (Erhart & Albe, 2005).
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Figure 1: MD simulation model of nanometric cutting of silicon
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The interaction among the atoms with the Tersoff potential function can be expressed as follows:
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E is the total energy of the system, V is the
potential energy; i j and k are atoms labels of the
system, 7, is the length of the i — j bond, bij is
the bond order parameter, Qﬁk is the bond angle
between the bonds i - j and i — j, f, is a repulsive
pair potential, f, is an attractive pair potential, f.

represents a smooth cut-off function to limit the
n

range of the potential, **/ is the number of effective
coordination, and R and S indicate the inclusion of
the first shell neighbours.

The Archer2 HPC was used to run the molecular
dynamics simulation of this study on 16 cores
with the large-scale atomic/molecular massively
parallel simulator (LAMMPS) molecular dynamics
code (Thompson et al., 2022). The atomistic data
from the simulations were analysed and visualised
using Ovito (Stukowski, 2010). The atom’s
structural transformation and dislocation during
the deformation were identified and analysed
by employing the Identify Diamond Structure
algorithm, coordination algorithm, and dislocation
extraction algorithm (DXA) in Ovito.

— ®

d?+(cos O—cos 0g)?]

3. Results and discussions

3.1. Atomic flow of the chip formation and the surface
finish

The chip formation at a nanoscale is influenced by
stagnation in a stagnation region. It is a region where the
displacement of the atoms is smaller than one-tenth of
the other atoms in the workpiece cutting direction during
the cutting process (Liu et al., 2021). The atoms in this
region are stagnated by the tool edge. It is reported that
the stagnation region is formed infront of the tool, and the
stagnation point S (Figure 2c) is a point that separates the
workpiece atoms into removed chips, machined surface,
and stagnation atoms (Xu et al., 2017a; Xu et al., 2017b).
Atoms of higher displacement flow upwards to form chips
continuously and are being removed. For elastic-plastic
deformation, where no material removal is involved,
atoms piled up on the rake face flow down along the tool
flank face to form the machined surface (Lai et al., 2012;
Xu et al., 2017a). The displacement vector algorithm in
Ovito was used to obtain the atomic flow of the deformed
atoms and to locate the stagnation points for depths of
cut of 2 nm, 3 nm, and 4 nm (Figure 2). The region
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Figure 2: Schematic snapshots of the displacement vector of atomic flow at different depths of cuts.

below the tool with a displacement magnitude of around
50 angstroms is the stagnation region. The stagnation
regions increase as the depths of cut increase. With the
depth of cut of 4 nm, more atoms flow upwards to form
chips. This is evident with the highest chip thickness,
compared to the depths of cut of 2 nm and 3 nm. More
atoms piled up in the rake face and flew down to form
the machined surface. The depth of cut of 2 nm with a
lesser stagnation region and fewer atoms flowing down
to form the machined surface, and its subsurface damage
layer would be less. It could be assumed that the wider
the stagnation region, the longer the subsurface damage
layer or the more the cutting-induced subsurface damage
region would be. Apart from this, the coordination
analysis carried out in this research reveals that the wider
the stagnation region, the more the transformed atoms,
particularly atoms with coordination numbers of 5 and 6.
Xu et al. (2018) relate this observation to the stagnation
height. Higher stagnation height gives a large number of
phase-transformed atoms due to more materials being
flown down the subsurface.

3.2. Deformation mechanisms and subsurface damage
depth

The simulation models before and after the nanocutting
are shown in Figure 4 using the Identify Diamond
Structure algorithm in Ovito to identify crystal
deformation and phase transformation. Before nano-
cutting, the workpiece and the tool show a perfect
diamond lattice structure (blue colour, light blue, and
light green) (Figure 3a). After cutting for 25 nm, there
was a structural and phase transformation of diamond

lattice structures of the workpiece atoms, as indicated
by atoms with grey colours (Figure 3b). The grey atoms
are the deformed atoms that are transformed from the
diamond cubic structure of silicon (c-Si/Si-I) to Si-II/B-
Si (a 6-fold metastable phase) and 5-fold bet5-Si because
of high hydrostatic pressure near the cutting edge. The
coordination number analysis reveals that some bct5-
Si and B-Si form the chips, and other parts of these
structures form the machined surface under the cutting
action of the diamond tool. Similar observations were
reported by Wang et al. (2017). Under extreme localised
stresses beneath the tool, the B-Si being unstable
transforms to high-pressure phases Si-1II and Si-XII and
transforms into the a-Si phase when the pressure release
rate is high (Chavoshiet al., 2016a; Chen et al., 2020;

Wu et al., 2010).

Other
M CubicDiemond
Cublic Diamond (1st neighbor)
CublcDiamond (2nd neighbor]
I Hexagonal Diamond
Hexagonal Diamond (Lst neighbor)
Hexagonal Diamond (1t neighbor)

(a) Simulation model of workpiece (Si)

: : (a) Simulation model of workpiece (Si)
and diamond tool before nanocutting

and diamond tool after 25nm of the tool movement

Figure 3: Snapshots of MD models of crystal structure
deformation

The snapshots of the effects of depth of cuts on
the deformation and phase transformation of silicon
nanometric cutting are shown in Figure 4. For all the
depth of cuts, the curl chips are formed: an indication
of the ductile mode of cutting. The workpiece with a
depth of cut of 2 nm gives a machined surface with
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the least subsurface damage layer. Silicon workpiece
with a depth of cut of 4 nm has the highest subsurface
damage length, and the machined surface at this depth
of cut has a crystallite alongside the a-Si atoms that
formed the machined surface. The observation of the
highest subsurface damage (SSD) length is evident from
the stagnation mechanism discussed earlier because
more atomic flows were pressed down to form the
machined surface. The observed crystallite indicates
that the deformation mechanism is no longer a pure
ductile mode, but a mix of ductile-brittle due to high-
pressure phase transformation and cleavage fracture.
No previous investigation reports this observation with
the tool geometry used, except Wang et al. (2017), who
used a tool geometry of a negative rake of 7 degrees
and a clearance angle of 7 degrees. Zhang et al. (2014)
investigated the deformation behaviour of nanometric
cutting of silicon using molecular dynamics simulation
with the same tool geometry used in this investigation,
but they do not report crystallites. Wang et al. (2017)
observed the crystallites for both deformed atoms in
both the chip and machined surface for some silicon
orientations. However, it is claimed that the surface
integrity of the workpiece is not much influenced by the
cleavage but by the degree of SSD (Wang et al., 2017).
In this investigation, the silicon workpiece with a depth
of cut of 4 nm gives a machined surface with cleavage
and severe SSD. This implies that cutting at this depth of
cut might not be appropriate, because its value is higher
than the tool cutting edge radius (3.5 nm), which will
not enable ductile mode machining.

Armorphous chips Amorphous chips Amorphous chips

S G

(2) 2 nm (b) 3 nm (c)4nm

Figure 4: Chip morphology, subsurface damage, and
deformation of silicon nanometric cutting

3.3. Silicon phase transformation using coordination
number

Coordination analysis has been used to explain the phase
transformation of the machining of various materials at
the nano-scale (Liu, 2014; Lai et al., 2017; Wang et al.,
2017; Fan et al., 2020). . For easy understanding of
deformation and phase transformation (visualisations),

atoms with a coordination number (CN) equal to 4 were
deliberately removed, leaving only the deformed and
phase transformation atoms (Figure 5). The atoms with
CN less than 4 formed the boundary atoms. Some of
these atoms are found to move along the chip surface,
machined surface, and subsurface. They are described as
defective cubic and hexagonal atoms, and their formation
is attributed to the combined effects of subsurface
dislocation activities and surface amorphisation (Wu et
al., 2023). The atoms with CN above 4 play a major role
in the phase transformation. These phase transformation
atoms are indications of structural phase transformations
of'the monocrystalline silicon atoms (Zhang etal., 2014).
The schematic snapshots and graphical representations
of the coordination analysis are shown in Figure 5 and
Figure 6 for different depths of cuts. For all depths of
cuts, the atoms with CN of 6 and 5 are B-Si and bct5-
Si, respectively and are responsible for the plastic
deformation during the cutting. They dominate the
deformation and phase transformation. This domination
is due to the earlier transition pressure of around 11 and
16 GPa (Hu et al., 1986). They are more with a depth
of cut of 4 nm, as indicated by the thickness of the chip
(Figure 4), because the greater the depth of cut, the more
they are in the cutting region (Figure 6) (Chen et al.,
2018). The more of these atoms, the more the resistance
to cutting, which could result in cleavage observed on
the machined surface at this depth of cut. Other atom
structures with CNs of 7, 8, 9, and 10 were transformed,
but concentrated at the tool-edge region and in smaller
numbers.

Coordination number
|

246810

Coordination number

(I, W

246810

Coordination numbel
L R

146810

Figure 5: Snapshots of the coordination number of deformed
atoms at the depth of cut of (a) 2 nm (b) 3 nm (c) 4 nm

3.4. Dislocation Distribution Observation on the
Machined Surface

The machined surface after the tool moved 25nm
was examined for dislocation distribution using the
dislocation extraction algorithm (DXA) in Ovito. The
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snapshots are of the dislocation analysis as shown in
Figure 7. No dislocation is observed for the depths of
cuts of 2nm and 3nm. A perfect dislocation with a Burger
vector of A<1110> (blue colour) is observed with a
depth of cut of 3nm. This implies that at this depth of cut,
dislocation activities as well as phase transformation are
contributors to the plastic deformation, as claimed by
(Gassilloud et al., 2005; Sharma et al., 2018). It is also
claimed that the level of cutting resistance corresponds
to the amount of dislocation (Sharma et al., 2018).
However, Cai et al. (2007) report no dislocation for
the nanometric cutting of silicon, and that the plastic
deformation of silicon is through high-pressure phase
transformation.

4. Conclusion and recommendation

The deformation and material removal mechanisms
of nanometric cutting of silicon under different depths
of cut were analysed by examining the chip formation
mechanism, phase transformation, and dislocation. It is
established that the structural and phase transformation
of silicon is due to high-pressure phase transformation,
and dislocation action at a deeper depth of cut (4 nm)
leads to chip formation and a machined surface. For all

depths of cuts, the material removal mechanism was
ductile mode machining, except for a depth of cut of
4 nm, which exhibited a mix of ductile and cleavage
behaviour, as revealed by the crystallites formed on
the machined surface. To ensure a ductile mode of
machining with this tool geometry, the depth of cut
should be much smaller than the cutting-edge radius of
the diamond tool.
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