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A B S T R A C T   

Depth of cut (h0) and tool edge radius (re) are two key parameters in nanometric cutting, investigating both of the 
two parameters simultaneously can provide comprehensive understanding of the cutting mechanism. In this 
paper, relative tool sharpness (RTS), which is quantified as h0/re, is employed as a factor to examine the sub
surface damage and material recovery in nanometric cutting of mono-crystalline silicon using molecular dy
namics (MD) simulation. Various RTS values were generated by changes of cutting depth at different tool edge 
radius of 1, 3 and 5 nm respectively. Results indicate that there is always a layer of particles which sticks on the 
tool surface and influences the machined surface, even at RTS ¼ 0. Besides that, the increase of RTS results in 
subsurface damage layer serration, which is caused by stick-slip phenomenon between the tool and workpiece. A 
bigger RTS causes a bigger depth of serrations, although the number of serrations remains constant. Increase in 
RTS also causes the formation of the hexagonal diamond structure. The material recovery drops dramatically by 
RTS increase. Using a sharper tool edge (RTS<0.25) at a cutting depths below 1 nm does not necessarily decrease 
subsurface damage due to the drastic stress concentration. It is also demonstrated that silicon amorphisation can 
occur in the unmachined region in front of the tool due to the hydrostatic pressure wave caused by tool 
advancement.   

1. Introduction 

Mono-crystalline silicon is an important engineering material which 
is widely used in optics, MEMS, electronics and solar cell industries due 
to its outstanding optical/electronic characteristics [1–3]. Nanometric 
cutting is one of the most effective ways to produce high precision op
tical silicon parts with mirror-like surface finish. In this method, the size 
scale of removed material is extremely small and comparable with the 
tool tip radius. Thus, both the undeformed chip thickness (UCT) and tool 
edge radius can affect the cutting mechanism including chip formation 
[4], heat generation [5], subsurface damages [6], material swelling [7], 
and tool wear [8]. 

Heat generation in the workpiece is due to various factors such as 
friction, kinetic energy changes and releasing the latent heat due to 
phase transformation [9]. MD simulation indicated that high tempera
ture along with high pressure may lead to silicon carbide formation on 
the diamond tool contact area which reduces machined surface quality 

and tool life [10]. Subsurface damage is a critical aspect to consider 
when evaluating the quality of the ultimate machined surface. Phase 
transformation affects the hardness of workpiece surface and subsequent 
cutting paths [11]. It also affects the material side flow, cutting forces 
and workpiece temperature [12]. 

Surface generation mechanism in nanometric cutting is rather 
complicated and associated with the phenomena such as burnishing [5], 
elastic recovery [7,13] as well as material swelling and recovery [14, 
15]. Fig. 1 shows the schematic diagram of different surface deformation 
during the nanometric cutting. Elastic recovery takes place on the 
tool-edge cut surface, due to material springs back elastically when the 
load is released. The amount of recovery depends on the cutting force 
and Young modulus of the subsurface material [14]. Besides, the ma
terial swelling occurs on the tool-nose cut surface. This is due to high 
pressure concentration beneath the cutting edge which push the mate
rial to the free surface [7]. Generally, there are two kinds of material 
swelling: side swelling and deep swelling [7,16]. Side swelling takes 
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place as a result of plastic side flow under high pressure. In such a case, 
the material flows toward the two sides of the cutting edge. However, 
deep swelling is the expansion of material volume at the bottom of the 
cutting edge, due to the thrust force. In current simulations, due to the 
full coverage of the workpiece width by the tool, there is no side swelling 
and only deep swelling will appear. Under this condition, the deep 
swelling can be considered as a subset of material recovery [14,17,18]. 
The effect of some parameters such as clearance angle [14] and work
piece temperature [15] on the material recovery behavior of metallic 
workpieces such as aluminum [7,14] and copper [7,17] have been 
extensively investigated. Nevertheless, the literature on material re
covery in silicon cutting is very little. 

In practice, depth of cut (h0) and tool edge radius (re) are two main 
parameters which have significant impacts on characteristics of the 
machined parts. Relative tool sharpness (RTS), defined as h0/re, is a 
useful parameter that encompasses both of these factors simultaneously. 
The RTS ratio can directly affect the machining quality, cutting tem
perature, subsurface damages as well as material recovery. 

To understand the nanoscale cutting behavior, such as material re
covery, that is difficult to realize by experiments, atomic scale simula
tions are necessary. Molecular Dynamics (MD) simulation is a powerful 
method which is able to provide an atomic vision to nanoscale material 
removal behaviors such as temperature variation, phase transformation, 
and material deformation. Arefin et al. [19] used 3 different cutting edge 
radii, 2.5, 4.0, and 6.0 nm and changed the depth of cut to keep the RTS 
equal to 0.8. They claimed that cutting edge radius has no obvious effect 
on the normal stresses σxx and σyy; though other RTS ratios were not 
studied. Zhang et al. [20] used an AFM-based diamond tool with the 
edge radius of 0.713 nm to investigate the effect of uncut chip thickness 
on the depth of subsurface deformed layer. They clarified that increasing 
the depth of cut to 0.5415 nm results in reaching the effective rake angle 
to the nominal rake angle and afterwards, there is no change in the depth 
of subsurface damaged layer. Zong et al. [17] exhibited that when RTS 
ratio is less than 1, material swelling and consequently surface rough
ness increase and the ploughing and burnishing phenomena take place. 
Zarechavoshi et al. [15] indicated that the amount of springback and 
thereby the elastic recovery is minor at the higher temperatures. How
ever, the effect of tool edge radius and depth of cut were not considered. 
Wang et al. [21] used 5 different layered structure models which were a 
mixture of mono-crystalline and amorphous silicon. MD simulations 
were performed by a 5 nm edge radius diamond tool in the cutting depth 
of 5 nm (h/r ¼ 1). Although springback and serrated subsurface damage 
occurred in the all conditions, these amounts were lower in the parts 
with an amorphous layer. 

The effect of cutting parameters on subsurface damage has been 

considered by other researchers. Zhao et al. [22] used 3 different edge 
radii of 0, 3, and 5 nm and exposed that nanometric cutting causes 
β-silicon structure mixed with the amorphous phase. Moreover, it was 
illustrated that the thickness of amorphous phase layers rises by 
increasing the tool edge radius. Zhang et al. [23] clarified that by using a 
spherical diamond tool and increasing the cutting depth, the depth of 
subsurface damage increased dramatically. Lastly, they recommended 
the lower depth of cut should be chosen to achieve the minor subsurface 
damage. Dai et al. [24] used MD simulation to investigate the effect of 
tool geometry. They remarked that smaller edge radius tip would result 
in a smaller cutting force and a better subsurface. In another work by Dai 
et al. [25], a single-crystal silicon was machined by a structured dia
mond tool and it was elucidated that this tool causes the lower tem
perature increase, but more β-silicon phase. They also investigated the 
effect of cone-shaped tools with different tip angles in the cutting depth 
of 1 nm [26]. It was pointed out that the bigger apex angle results in 
higher transformed particles and the more extensive contact area should 
be the main reason for this. Recently, Liu et al. [27] revealed that the less 
amorphous structure phase transformation and the thinner subsurface 
damage layer occurs in the poly-crystalline silicon carbide because of 
material softening caused by the microstructure. 

The previous researches are helpful in understanding the effect of 
tool edge radius and depth of cut on workpiece temperature and pro
duced subsurface damages. Nevertheless, the impact of these two pa
rameters has been considered separately, and up to date their 
relationship has not been clarified. To bridge the gap, the ratio of depth 
of cut (h0) to tool edge radius (re) has been recently used for analyzing 
metal cutting process [28,29]; which is known as relative tool sharpness, 
RTS (h/r). The effect of this parameter on the cutting mechanisms and 
forces was already carried out by the present authors [30]. Likewise, it is 
expected that the investigation of the effects of RTS in silicon cutting 
enables to provide new findings on subsurface damage formation and 
material recovery. In this study, 6 different RTS values in 3 different tool 
edge radii were employed to understand the influence of this parameter 
and cutting mechanisms on workpiece temperature, subsurface damage, 
and material recovery. The effect of tool advancement on the creation of 
superficial damages over the unmachined surface was also investigated 
for the first time. Moreover, the evolution of amorphous layer as well as 
processing-induced phase transformation were investigated. 

2. Molecular dynamics simulation details 

2.1. Nanometric cutting model 

The MD simulations were done by a computer code, known as “large- 

Fig. 1. The effect of material swelling and elastic recovery on nanometric cutting.  
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scale atomic/molecular massively parallel simulator” (LAMMPS) [31]. 
All the geometry and problem conditions were done by coding in this 
environment as follows. 

The MD simulation model of the mono-crystal silicon with the initial 
temperature of 293K is shown in Fig. 2. The workpiece has a diamond 
cubic lattice structure without any defects. The dimensions of the 
workpiece are selected based on the recent research of the current au
thors [32]. This is the optimal size with the reasonable computational 
cost which is not affected by the workpiece size effect (such as initial 
shock or temperature fluctuations). It is comprised of three different 
kinds of atoms: boundary atoms, thermostat atoms, and Newtonian 
atoms. The left and bottom side atoms are kept fixed in three layers to 
prevent workpiece movement during the simulation. The three layers 
above the boundary atom layers are thermostat atoms of which the 
temperature is kept at 293K (equal to the initial temperature of the 
workpiece) using the velocity rescaling method, at every 10 computa
tional time steps, to imitate the heat dissipation [33]. This is a common 
method for keeping the temperature of this area constant which has 
been used by many scholars [34–36]. The rest of the workpiece particles 
(pink colored atoms) are the Newtonian atoms, which are in the main 
area in this investigation. The motions of the thermostat and Newtonian 
atoms obey the classical second Newton’s law. In order to eliminate the 
boundary effects, the periodic boundary condition is applied to the x 
direction. Owing to the high resistance of the single-crystal diamond 
tool, it is considered as a rigid body; with the rake angle and clearance 
angle of � 10 and 15�, respectively. 

Six different RTS values is studied as 0, 0.1, 0.25, 0.5, 0.75 and 1. 
These values are not only defined by changing the depth of cut, nor tool 
edge radius; But by changing both of these parameters simultaneously. 
In this arrangement, we could investigate the effect of RTS more 
comprehensively. All the cutting simulations are conducted on the (001) 
plane in the [0 1 0] direction with a cutting distance of 20 nm. Also, the 
cutting velocity of 100 m/s is used in this work. 

2.2. Interatomic potentials 

Choosing the appropriate potential function for defining the inter
action of different atoms is the most important step in a MD simulation. 
In this research, the semi-empirical and three-body Tersoff empirical 
potential function is employed to describe the interaction between Si–Si 
and Si–C atoms [60]. This is a well-known and powerful potential 
function which successfully describes the properties and structure of the 
covalently bounded systems such as silicon [25,37,38]. The interatomic 
potential is expressed as follows [39,40]: 
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The constant values of these equations are depending on the mate
rials as well as the modifications have been applied to them during the 
years. The parameters used in the current work are listed in Table 1. 
Furthermore, the C–C interaction of the diamond tool is ignored because 
of the rigid body attribute. 

Fig. 2. 3D molecular dynamics model for nanometric cutting.  

Table 1 
Parameters of the Tersoff potential function used in this paper [31,41].  

Parameters Si–Si–Si Si–Si–C Si–C–C C–Si–Si C–Si–C C–C–Si Si–C–Si 

A (eV) 1830.8 0 1597.3111 1597.3111 0 0 0 
B (eV) 471.18 0 395.126 395.126 0 0 0 
D (Å) 0.15 0.15 0.15 0.15 0.15 0.15 0.15 
R (Å) 2.85 2.36 2.36 2.36 1.95 2.36 2.85 
λ1 (Å � 1) 2.4799 0 2.9839 2.9839 0 0 0 
λ2 (Å � 1) 1.73222 0 1.97205 1.97205 0 0 0 
β 0.0000011 0 0.0000011 0.00000015724 0 0 0 
n 0.78734 0 0.787340 0.72751 0 0 0 
c 100390 100390 100390 38049 38049 38049 100390 
d 16.217 16.217 16.217 4.3484 4.3484 4.3484 16.217 
h � 0.59825 � 0.59825 � 0.59825 � 0.57058 � 0.57058 � 0.57058 � 0.59825  
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2.3. Simulation procedure 

Before beginning the cutting process, the model is optimized using 
two stages of minimization and one equilibrium step. The first mini
mization is performed just after the definition of the workpiece and tool. 

Afterwards, the tool is moved to the desired depth of cut and the second 
minimization is applied. Finally, the system is left for 25 ps for the 
perfect equilibration. The NVT canonical ensemble (constant atom 
number N, constant volume V and constant temperature T) was used in 
the equilibration stage. The constant temperature during this stage was 
defined as the initial temperature of the workpiece (293K). In this 
circumstance, the system finds its equilibrium state, while keeping the 
workpiece temperature as the initial value. 

Then, the main MD calculations (cutting process) were performed 
under a microcanonical (NVE) ensemble. Moreover, the equations of 
motion were integrated using the velocity-Verlet algorithm with the 
time steps of 1 fs. In order to visualize and post-process of the simula
tions, Open Visualization Tool (OVITO) [42] is used. The simulations 
were run on a high-performance computer with the total of 48 cores at 
Yan laboratory, Keio University. The computation time for each simu
lation was between a few hours to 3 days. The details and parameters of 
the simulations are summarized in Table 2. 

3. Results and discussion 

3.1. Cutting temperature 

Typically, the temperature is influenced by the energy input, which 
is directly related to the material removal rate. So, it would be affected 
under different RTS ratios. Fig. 3 presents the temperature variation of 
the workpiece during the cutting process at different RTS values and tool 
edge radii. Although the temperature is calculated for the mobile atoms 
(Newtonian atoms þ Thermostat atoms), it is mostly (84.5%) dependent 
on the Newtonian region. It can be seen that increase in both RTS and 
tool edge radius results in the increase of the workpiece temperature. 
The explanation for this is the presence of more atoms in front of the tool 
and, consequently, more increase in the kinetic energy of the system due 
to the higher movement of the particles. Since kinetic energy and tem
perature of the system are in direct relationship with one another, this 
will eventually increase the temperature of the workpiece. Additionally, 
defect accumulation and, as a result, stress concentration are another 
reasons for temperature increase by tool advancement. These issues lead 
to thermal softening and reduce the friction coefficient [43]. Friction 
coefficient is defined as the ratio of tangential force to thrust force and is 
reversely proportional to the force angle [44]. Thus, the reason for the 
increase of force angle (decrease in friction coefficient) at the greater 
RTS values, in the previous research [30], can be explained. It can also 
be observed that at the minor RTS values where rubbing and ploughing 
mechanisms are dominant and there is no chip formation, the workpiece 
temperature still increases. This is mostly owing to friction, and not the 
variation of kinetic energy. 

Fig. 3.a indicates severe temperature fluctuations at RTS ¼ 0. In this 

Table 2 
Computational parameters employed in the MD simulations.  

Cutting parameters Value 

Workpiece Mono-crystalline silicon 
Number of workpiece atoms 198110 
Initial temperature 293K 
Interatomic interaction Tersoff (Si–Si, Si–C) 
Number of fixed layers/atoms 3/26590 
Number of thermostatic layers/atoms 3/25030 
Uncut chip thickness (Depth of cut in 2D) 0–5 nm 
Tool Rigid diamond 
Tool edge radius 1, 3, 5 nm 
Rake angle � 10 
Clearance angle 15 
Cutting speed 100 m/s 
RTS 0, 0.1, 0.25, 0.5, 0.75, 1 
Cutting distance 20 nm 
Cutting plane and cutting orientation (001)[0 1 0]  
Time step 1 fs  
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Fig. 3. Workpiece temperature rise during the cutting.  Fig. 4. Average temperature during nanometric cutting.  
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circumstance, friction and particles movement increase the workpiece 
temperature. On the other hand, some of the atoms, which their atomic 
bonds have been already broken due to the severe kinetic energy 
changes, have the chance to make a covalent bonding; and this will be 
along with temperature decreasing. The effect of this fluctuation is even 
seen at the higher RTS value. These instabilities can affect brittle ma
terials such as silicon. Hence, in spite of the common belief, reducing the 
tool edge radius will not necessarily result in the better machined 
surface. 

Fig. 3 also highlights that the increasing trend has been decreased 
after a certain tool advancement, especially at the lower RTS values. In 
this distance, the tool fully entered into the workpiece and the number of 
atoms ahead and behind it are stable. Therefore, it could be claimed that 
the number of defects has reached to the critical level and no significant 
change will occur with the further tool advancement. Dai et al. [25] used 
4 types of tool patterns in their research and also found that the cutting 
temperature reached its maximum value after 11 nm tool advancement. 
Likewise, in a study by Goel et al. [45] using a cutting edge radius of 
1.322 nm in the cutting depth of 1.322 (RTS ¼ 1), the cutting temper
ature reached 460 �C after 20 nm tool movement. Although the rake and 
clearance angle used in their research were quite different from the 
present work, this temperature is within our range. 

To determine the effect of RTS value as well as tool edge radius on 
workpiece temperature, the average temperature evolution was plotted, 
as shown in Fig. 4. According to this figure, the temperature almost 
increases linearly by increasing the relative tool sharpness. Increasing in 
the tool edge radius, changes the volume of removed material and 
hence, the trend of variation gets sharper. The slope of these changes for 
tools with the edge radius of 1, 3 and 5 nm is 32.71, 86.37 and 140.15, 
respectively. This figure also demonstrates that at RTS ¼ 0, the sharper 
tool increases the workpiece temperature more than the other two tools. 
It is because the ploughing mechanism runs in this tool. That is while, 
the other tools are into the rubbing mechanism, which brings lower 
energy inside the workpiece. 

Interestingly, the workpiece temperature is independent of the tool 
edge radius at RTS ¼ 0.1. Since there is no efficient material removing in 
this condition, in cases that the surface quality is not crucial, it may be 
possible to use this method as a kind of heat treatment process. 

3.2. Subsurface damage 

Ductile mode machining does not necessarily mean a damage-free 
process. Thus, considerable subsurface damage (SSD) will occur to the 
substrate material. Fig. 5 displays material removal and evolution of 
subsurface damage induced by a 3-nm tool in a mono-crystalline silicon 
after 20 nm cutting distance and at different RTS ratios. This is provided 
by the Common Neighbor Analysis (CNA) [46,47]. Perfect cubic 

diamond structure (Si–I) is removed for better visualization. The gray 
particles present the amorphous structure. The depth of SSD is various 
along with the cutting surface. Hence, the average depth of SSD was 
defined and ImageJ software was used to measure its depth. The depth 
of SSD was measured in comparison to the tool dimension. Furthermore, 
the blue and green particles show the first and second neighbors of cubic 
diamond structure, respectively. The presence of these atoms on the 
workpiece surface and amorphous border indicates the border of crys
talline structure (with dangling bonds); and also, their existence inside 
the workpiece shows body centered tetragonal (β–silicon) structure as 
well as the dislocations [27]. The phase transformation is partly due to 
chemical affinity between tool and workpiece and mostly because of 
hydrostatic stress. The threshold pressure for dislocation initiation for 
silicon is a little higher than the threshold pressure for amorphisation 
[48]. Therefore, by increasing the RTS to 0.25, the evolution of dislo
cations (blue particles) initiates from the bottom of the tool (Fig. 5c). 
They are mainly of screw dislocations, which form with a Burger’s 
vector parallel to the dislocation line. However, there is no noticeable 
change in their number. So that, for the RTS ratios of 0.5, 0.75 and 1 the 
number of them are 7720, 7791 and 7734, respectively. These numbers 
are interestingly close to one another, with less than 1% difference. 

Fig. 6.a1 and b1 show stress fields in the workpiece at different depth 
of cuts. As can be seen, the larger RTS ratio results in the bigger pressure 
zone. Fig. 6.a2 demonstrates the scheme of cutting condition at RTS ¼
0.25, which more fraction of the atoms in front of the tool is pressed 
downwards and causes the dislocations. Increasing RTS to 1 leads to 
reducing this fraction, and on the contrary, expanding the pressure zone 
in front of the tool (Fig. 6b). For this reason, there is a compromise 
between these two phenomena which retains the number and depth of 
dislocations constant. Yan et al. also found empirically that the depth of 
dislocations is not related to the cutting conditions [6]. 

An amorphous layer has been always created on the machined sur
face. Under high hydrostatic and shear stress conditions, a large number 
of pristine silicon atoms will be directly transformed into amorphous 
silicon (a-Si). However, it is observed that amorphous layer serration 
starts from RTS of 0.5. The depth of these serrations increases with the 
increase of RTS, so that it reaches to 4.43  nm at RTS ¼ 1. This may be 
due to stick-slip phenomenon between the tool and workpiece. A great 
deal of researches has proved the existence of this phenomenon in 
nanometric cutting [49–51]. Its occurrence is positively correlated with 
the cutting forces, which was examined in the preceding research done 
by the present authors [30]. Therefore, it can be claimed that at this RTS, 
the cutting force has reached its critical level for the occurrence of 
stick-slip phenomenon. 

By increasing RTS to 0.75, the hydrostatic pressure is increased and a 
few of particles beneath the machined surface transformed into the 
hexagonal diamond structure (the orange-color particles). This phase 

Fig. 5. Evolution snapshot of the different defects during the nanometric cutting at different RTS (R ¼ 3 nm).  
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transformation increases with increasing the relative tool sharpness, and 
even can be seen in the chip area. In all circumstances, no evidence of 
Si–I was found in the chip area. Therefore, it can be claimed that the 
ductile mode machining is predominant. 

Machined surface amorphisation is observed even at RTS ¼ 0, with 
the thickness of 1.31 nm (Fig. 5a). The top view of this situation during 
the different tool advancements is presented in Fig. 7 (the diamond tool 
is removed). Although the initial unmachined surface was totally in 
diamond structure, tool rubbing leads to a ragged surface with 
amorphisation. This is due to sticking an atomic layer on the tool edge 
and messing the surface atoms. Interestingly, there is no change in the 
freshly machined surface arrangement by tool movement. The result 
obtained from image processing of this surface by the ImageJ software 
shows 84% amorphisation in this area (Fig. 7e). 

Conversely, the number of particles in amorphous structure is 
increasing on the unmachined region by tool advancement. According to 
Fig. 8, the stuck atomic layer on the tool edge enters a hydrostatic 
pressure wave into the workpiece. This issue results in impaction 
breaking in Si–Si bonds as well as increasing the potential energy in the 
primary shear zone. Subsequently, the workpiece’s temperature and 
stress are changed and a fraction of unmachined surface atoms is con
verted to amorphous ones. 

According to the physical analysis, reducing the cutting edge radius 
up to 1 nm, leads to variation in the energy balance between the sub
strate surface and elastic strain energies [13]. Hence, different behaviors 
are expected. The trend of subsurface damage evolution with a 1-nm tool 
edge radius at different RTS values is displayed in Fig. 9. By comparison 
these results with Fig. 5, it can be found that the depth of amorphisation 
at relative tool sharpness ratios of 1 and 0.1 is 5.03 and 1.83% further 
than the tool with the edge radius of 3 nm. It is likely due to the lower 
tool-workpiece contact surface in 1-nm tool edge which leads to the 
higher stress concentration on the tool tip area. However, the nucleation 
site of dislocations is still under the cutting edge curve due to the highest 
material deformation rate. 

Besides that, the initiation of phase transformation to hexagonal 
diamond is again from RTS ¼ 0.75. Though, all these phase trans
formations take place in the chip and no signs of them can be seen on the 
machined surface. Likewise, there is no hexagonal phase transformation 
even at RTS of unit. Due to this feature, it can be argued that the sharper 

Fig. 6. Effect of RTS on stress field and creation of dislocations at (a) RTS ¼ 0.25, and (b) RTS ¼ 1 (R ¼ 3 nm).  

Fig. 7. Surface generation process from top view after (a) 5 nm, (b) 10 nm, (c) 15n, (d) 20 nm tool advancement and (e) image-processed result for calculation of 
machined surface amorphisation by ImageJ software. 

Fig. 8. Effect of adhered layer on amorphisation of unmachined surface.  
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tool edge radius causes the lower phase transformation on the machined 
surface. Another attractive output is that there is no serrated subsurface 
damage beneath the machined area. The main reason for this is the 
minor depth of cut and consequently, the insignificant cutting forces 
[30]. Additionally, the depth of dislocations is much lower in the 
sharper tool edge and at the same RTS. 

The depth of SSD reaches 7.65  nm at RTS ¼ 1. In a research con
ducted by Wang et al. [21], the depth of SSD was reported to be 3.8 nm; 
which is about half of the value obtained in the present work. This is due 
to the double cutting speed (200  m/s) in their study. According to the 
previous researches, the higher cutting speed will result in lower sub
surface damage [52]. 

The evolution of subsurface damages at different RTS and for the 5- 
nm tool is shown in Fig. 10. Although the general chip formation and 
amorphisation are similar to the tool with the edge radius of 3 nm, a few 
distinctions can be seen. In this tool, the depth of amorphous structure is 
always higher than that of two sharper tools. Besides, due to the higher 
hydrostatic pressure, hexagonal phase transformation appears sooner 
and at the RTS of 0.1. 

In such a way, by increasing RTS to 0.25, the serrated subsurface 
damage initiates. Although the depth of these serrations increases up to 
3.3 times by increasing RTS, appealingly, the number of them has 
remained the same and equals to 4. As it was mentioned, subsurface 
serration is owing to slip-stick. The creation of slip-stick phenomenon 
depends on cutting speed and material stiffness [53]. Given the fact that 
these two parameters are constant at different RTS values, it can be 
concluded that the number of them should be the same. In the 

meantime, the edges of these serrations are roughly at an angle of 45. 
This occurred because of silicon structure slipping along cleavage planes 
{111}. Typically, the growth of plastic deformation on the cleavage 
planes needs the lowest energy [54]. 

For this edge radius, the highest depth of SSD occurs at RTS ¼ 1 
which is 4.43 nm. This value was 2.1 nm is a study by Zhang et al. [23]. 
However, they used a cylindrical cutting tool with the cutting speed of 
160  m/s. 

Moreover, in spite of 2 sharper tools, there are a few point defects in 

Fig. 9. Evolution snapshot of the different defects during the nanometric cutting at different RTS (R ¼ 1 nm).  

Fig. 10. Evolution snapshot of the different defects during the nanometric cutting at different RTS (R ¼ 5 nm- Video is available in online format).  

Fig. 11. Variation of atoms in the amorphous structure.  
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front of the tool and at the higher RTS values. Here, the point defects 
specifically refer to “self-interstitial atoms”; which are the extra atoms 
which have embedded into an interstitial void inside the crystal struc
ture. They are due to the larger plastic deformation which takes place in 
this circumstance and increases the hydrostatic pressure in the primary 
shear zone. However, the cutting mechanism is still as plastic flow and 
no transgranular fracture occurred. Besides, there are no fractures and 
cracks on the freshly machined surface. The main reason for this issue is 
filling cavities by the ductile metallic silicon phase which is later 
transformed to amorphous phase [55]. The video of Fig. 10.f, which is 
available in the online version, demonstrates this issue. 

The influence of different tool edge radii and RTS values on the 
number of atoms in the amorphous area is plotted in Fig. 11. This kind of 
atoms increases quasi-linearly with increasing the RTS. Since the 
amorphisation and temperature increase are directly proportional to one 
another [43], there was a similar trend in temperature variation with the 
increase in RTS (Fig. 4). Further, the cutting forces go up with the 
augmentation of the RTS [30]. This accelerates the nucleation of dislo
cations and their movement [35]. Accordingly, the process enters into a 
situation which results in increasing in the workpiece temperature and 
meanwhile, the subsurface damage. 

As shown earlier, even at the RTS of 0, a number of surface atoms are 
transformed to the amorphous structure. However, the number of these 
atoms in the tool with an edge radius of 1 nm is about 13.4 and 22.8% 
bigger than those in the other two tools. This is due to the ploughing 
mechanism which occurs earlier in the sharper tool and results in the 
higher distortion. At the higher RTS values, the chip formation mecha
nism enters into the shearing and the blunter tool causes more amor
phous structure. For instance, in the case of RTS ¼ 1, the number of 
atoms in amorphous structure which are created by the 5-nm tool, are 
1.73 and 4.78 times bigger than those of the tools with the edge radius of 
3 and 1 nm, respectively. Nevertheless, it should be noted that in this 
condition, the depth of cut is higher too. Hence, in order to a better 
comparison, the trend of amorphisation is added in two cutting depths of 
5 and 10 Å. Surprisingly, the number of amorphous atoms in the 5-nm 
tool, is always smaller than those of two sharper tools. But this does 
not necessarily mean fewer damages on the machined surface, because a 
significant percentage of amorphous atoms is always located in the chip 
area. 

For this reason, the effect of RTS on the depth of subsurface damage 
is plotted in Fig. 12. It is seen that the depth of amorphisation is almost 
independent of the RTS in the 1-nm tool. In here, the depth of cut is 
always less than 1 nm and thus, the pressure zone beneath the tool is not 
significant. On the other hand, due to the minor cutting depth, the 
particles ahead of the tool are transmitted faster to behind the tool and 
as a result, they are less affected by the tool pressure. Eventually, these 
issues cause no significant change in the quality of the machined surface. 

It is also screened that the depth of SSD increases by increasing the 

tool edge radius at a constant RTS. However, the depths of amorphisa
tion in the two cutting depths of 5 and 10 Å provide new results. The 
results exhibit that the minimum SSD at the cutting depth of 5 Å is ob
tained using a tool with the edge radius of 3 nm. In this cutting depth, 
the 5-nm tool edge is still under the influence of the ploughing mecha
nism, and so the atomic messing beneath the tool is large. Besides, 
immense stress concentration always comes along with the 1-nm tool. 
Thus, this ultra-sharp tool could affect the machined surface badly at the 
lower depths of cut. 

Increasing the cutting depth to 1 nm, corroborates the literature 
about using the sharper tool edge in achieving the lower SSD [56,57]. 
The reason for this is the more contact surface at the bigger tool edge 
radius; and accordingly, the higher material deformation and hydro
static pressures [26]. Therefore, it can be claimed generally that in the 
condition which the RTS is more than 0.25 and the depth of cut is upper 
than 1 nm, utilization of the sharper tool edge leads to the lower 
amorphisation and the thinner SSD. 

3.3. Material recovery 

In order to investigate the material recovery (MR) and swelling, the 
following definition is used:  

MR% ¼ hs/hi � 100                                                                       (11) 

In which hs is the height of surface swelling and hi is the ideal depth 
of cut. 

Fig. 13 presents the variation of MR at the different tool edge radii 
and RTS values. This plot demonstrates that increasing RTS always re
sults in reducing the MR. The amount of elastic recovery depends on the 
material properties (hardness and elastic modulus) as well as tool ge
ometry [17,58]. Hence, by reducing the cutting depth in a specific tool 
edge radius (reducing the RTS value), the same springback force enters 
into the smaller cutting area. Therefore, the specific cutting energy is 
greatly increased and as a consequence, the material recovery ascends. 

Furthermore, the heat generation during the nanometric cutting can 
influence the MR [59]. As observed in Fig. 4, the workpiece temperature 
rises by increasing the RTS value. This evolution leads to reducing of 
spring back and elastic recovery in the workpiece [15]. Hence, this is 
another reason for MR reduction at the higher RTS values. 

4. Conclusions 

This paper investigates the influence of relative tool sharpness (RTS) 
on temperature, subsurface damage, and material recovery in nano
metric cutting of the mono-crystalline silicon. The main results are 
summarized below: 

Fig. 12. The effect of RTS on the depth of subsurface damage.  
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Fig. 13. Effect of RTS on material recovery.  
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� Increase tool edge radius and RTS results in lower material recovery 
and higher temperature of the cutting region. The temperature is 
independent of tool edge radius at RTS of 0.25.  
� With the increase of the RTS, dislocations initiate from beneath of the 

tool; but there is no significant change in the number and depth of 
the dislocation. Increase in RTS also causes formation of the hexag
onal diamond structure.  
� Regardless of the RTS ratio, a layer of silicon atoms always adheres 

on the tool surface and affects the surface integrity. It can even in
fluence the unmachined surface quality.  
� An amorphous layer is always created on the machined surface. 

Increasing depth of cut leads to the serration of the amorphous layer. 
Although the depth of serrations increases greatly by increasing RTS, 
the number of them remains the same.  
� Amorphisation takes place in a small regions in the unmachined 

region in front of the tool. With tool advancement, point defects are 
also generated in front of the tool. 
� At an extremely small tool edge radius (1 nm) and RTS (0), tem

perature fluctuations occur. The depth of machining-induced amor
phous layer is independent of RTS, and the serration of the 
amorphous layer does not appear. 

This study demonstrated the importance of relative tool sharpness in 
nanometric cutting and identified the critical RTS which affects the 
cutting mechanism and the surface integrity. These findings could help 
to choose the better parameters for machining of mono-crystal silicon. 
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