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Abstract
Atomic and close-to-atomic scale manufacturing is the key technology for the production of next-generation devices with 
atomic precision. As an important approach of mechanical processing, cutting has evolved as a potential candidate to generate 
an atomically smooth surface; thus, exploring its ultimate capability is significant. In this paper, single-crystal graphite, whose 
lattice structure and chemical bond property are of representation for demonstration, is selected to study the mechanism of 
atomic layer removal using molecular dynamics. A localized workpiece, which is dynamically updated on the basis of the 
tool position, is used to improve the computation efficiency. The principle and bullet points of this modeling method are first 
introduced, followed by a series of simulations under various undeformed chip thicknesses and tool edge radii. In addition, 
different potentials for the tool–workpiece interaction are tested, and the effect on the material response is presented. Based 
on the analysis of deformation, the number of carbon layers removed, and cutting forces, the chip formation mechanism and 
further understanding of the controllability of cutting at atomic and close-to-atomic scale can be achieved.
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1 Introduction

More and more critical devices and structures in microe-
lectronics and optical engineering require a feature size or 
surface finish at the sub-nanometric level. For quantum tech-
nology, a nearly perfect material with atomic-level integrity 
is crucial. These devices and structures show great applica-
tion potential in the advancement of manufacturing technol-
ogy, which is the key to upgrading products and improv-
ing daily life. Manufacturing has been evolving from the 
handicraft-based phase to the machine-based phase, with 
a dramatic increase in the precision from millimeter and 
submillimeter to micrometer and nanometer level, and it 
is developing toward the next generation, namely, atomic 

and close-to-atomic scale manufacturing (ACSM) [1–3]. 
In ACSM, materials are added, removed, or transported at 
the atomic scale in a controllable manner, which might be 
achieved through mechanical, optical, chemical, or any other 
approaches. As a typical mechanical process, cutting is an 
important method in precision engineering, whose funda-
mental theory and application have been investigated for a 
long time. In the past decades, nanometric cutting has under-
gone fast development, and it became a critical approach for 
ultra-precision machining [4]. The characteristic material 
removal mechanism in nanometric cutting is dominated by 
extrusion, which is significantly different from shearing in 
conventional cutting [5, 6]. To be a candidate of ACSM, chip 
formation and surface generation have to be clarified when 
the undeformed chip thickness (UCT) is further reduced to 
the atomic scale. In particular, the condition of single atomic 
layer removal and its dependence on the process parameters 
have great significance on the cutting theory and practice.

At present, some studies on the above-mentioned issues 
have been conducted using molecular dynamics (MD) to 
simulate atomic-scale cutting on monocrystalline copper. 
A critical phenomenon, namely, the atomic size effect, 
shows that chip formation is dependent on the ratio of cut-
ting depth to atomic radius [7]. This ratio influences the 
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relative position between the atoms on the top layer of 
the workpiece and at the bottom of the tool and the force 
diagram. Consequently, distinct material removal regimes 
successively occur with the increase in the UCT, includ-
ing no material removal, no continuous material removal, 
and continuous material removal. The limit of single atomic 
layer removal can be achieved theoretically when the UCT 
is approximately 2 Å, reaching the highest repeatability on 
the copper (111) surface. A novel chip formation mecha-
nism under atomic and close-to-atomic scale (ACS), namely, 
shear stress-driven dislocation motion, is proposed, which 
is different from extrusion and shearing in nanometric and 
macro cutting, respectively. In addition, only elastic defor-
mation occurs during ACS cutting. The absence of plastic 
deformation is critical for a high-quality machined surface 
with atomic integrity. Based on analysis of stress field and 
cutting force, the effect of edge radius and chip formation 
mechanism on the number of atomic layers removed is 
understood [8]. A model predicting the minimum chip thick-
ness is proposed based on which the critical edge radius for 
single atomic layer removal is determined to be 2.7–4.2 nm 
[9]. In these studies, the workpiece (Cu) atoms interact with 
one another through the same metallic bond, whereas cut-
ting would be different if more than one kind of atomic bond 
exist, which is explored in this paper.

Graphite is a material that has covalent bonds in the car-
bon layers and van der Waals bonds between them. This 
crystal structure is suitable for investigating the atomic layer 
removal process. Meanwhile, graphite becomes a critical 
material used in precision electrode, sealing components of 
aeroengine, fuel cell plate, and neutron slower because of its 
outstanding electrical conductivity and chemical and thermo 
stability. The quality of the graphite surface strongly influ-
ences product functionality. For example, surface rough-
ness at the micrometer level is required for cold electron 
emitters [10]. Reducing the roughness can prolong the life 
of solid rocket motor nozzles [11] and improve the chemi-
cal vapor deposition of SiC on nuclear fuel cladding [12]. 
In addition, a nanometric graphite surface is necessary to 
obtain highly efficient secondary electron emission in the 
research of plasma [13]. An ultrasmooth graphite surface 
with atomic-level integrity can also be expected to be neces-
sary for various applications; thus, manufacturing becomes 
a critical issue.

Mechanical processing is a major approach for graphite 
production, which has been developed over 30 years. As 
a brittle material, surface fracture and tool wear remain a 
challenge in machining. Systematical studies have been 
conducted on chip formation, cutting forces, and the effect 
of process parameters under the UCT of the submillimeter 
level [14, 15]. However, macro cutting can neither achieve a 
smooth graphite surface nor reflect the cutting mechanism in 
nanometric or ACS. A few reports about the ultra-precision 

diamond turning experiment have been found, in which a 
surface roughness of 40 nm in Ra could be achieved. There-
fore, micro cracks still occur on the machined surface, which 
is due to serious abrasive wear on the flank face [16, 17]. 
Although boron doping and nitrogen environment are used 
to prolong the tool life [18, 19], obtaining a crack-free sur-
face is still difficult. In brief, either in the ACS or nanoscale, 
fundamental studies to understand graphite deformation dur-
ing cutting are lacking. In particular, numerical simulation 
from the atomic perspective is absent. Therefore, the MD 
is used in this work to investigate the cutting mechanism. 
A novel method using a dynamic workpiece is upgraded on 
the basis of previous versions to improve simulation effi-
ciency [20, 21]. Chip formation and the effects of UCT, edge 
radius, and potential function are analyzed for ACS cutting. 
A large model is built to demonstrate the capability of the 
novel simulation method, accompanied by a brief discussion 
on nanometric cutting. The results show that single-crystal 
graphite exhibits outstanding machinability in the formation 
of atomic-level machined surfaces.

2  Method

2.1  Flexible Enhanced Molecular Dynamics (f‑EMD)

Efficient simulation technology is always expected in the 
MD study of cutting either at the ACS or nanometric scale. 
Using a localized workpiece that is updated dynamically 
to follow the tool motion can significantly reduce the atom 
number and speed up the simulation. This is achieved by for-
ward extension and backward truncation of the workpiece at 
specific instances based on the tool motion trajectory before 
cutting. Furthermore, the initial coordinates of atoms in the 
extended zone should be carefully assigned to make the lat-
tice structure and thermodynamic status continuous across 
the boundary between the existing workpiece and new-
stitched material. Otherwise, a stress gradient would occur, 
and an artificial pressure wave would be triggered. How-
ever, the length of the extended zone was always the same 
as that of the initial workpiece in previous studies (Fig. 1a). 
It reduces not only the flexibility but also the superiority 
of EMD because a shorter extension length could further 
improve the simulation efficiency.

In this paper, the traditional EMD is developed to resolve 
the above-mentioned problem. As shown in Fig. 1b, the first 
step is to build and relax a precursor model with periodic 
boundary condition (PBC) in the length (x) and width (y) 
dimensions. Notably, the two sides of the model are corre-
lated with each other rather than independent if the PBC is 
applied in the corresponding dimension. Then, the precursor 
is duplicated to generate the initial workpiece. Considering 
that all of the red boundaries in Fig. 1b are correlated with 
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PBC, a smooth connection between the extended zone and 
the existing workpiece is ensured. Finally, the model used 
for the extension is sliced into equal pieces to obtain a vari-
able length. These pieces would be stitched to the workpiece 
one by one in order. Such pieces are obtained from the same 
material; thus, their boundaries are automatically correlated, 
which is critical to achieving the adjustment of extension 
length. The f-EMD is realized based on the Large-scale 
Atomic/Molecular Massively Parallel Simulator (LAMMPS) 
[22], and a user interface is developed by Qt.

2.2  Simulation Setup

Figure  2 shows the f-EMD model of ACS cutting on 
graphite. The length, height, and thickness of the initial 
workpiece are 10, 6, and 0.8 nm, respectively. PBC is 
applied in the y-dimension, along which the model scale is 
two times the lattice constant. Graphite unit cell contains 
four atoms, in which the bond length of the six-member 
ring is 1.4 Å, and the interlayer distance is 3.354 Å. The 
interaction among the workpiece atoms is described by the 
AIREBO potential function [23] for C/H systems, which 
has been used in the MD study of graphite [24]. This 
potential consists of three terms: the reactive empirical 
bond order (REBO) term for short-range interaction, the 
Lennard–Jones (LJ) term for long-range intermolecular 
interaction, and the torsional term for the dihedral angle, 
which is a four-body interaction. However, the potential 
that is suitable for graphite–diamond interaction has not 
been reported. Therefore, we first compare the results 
using two kinds of tool–workpiece interactions, namely, 
LJ and analytical bond order potentials (ABOP [25]), to 
select the suitable potential. Then, systematic simulations 
are conducted to reveal the chip formation under the UCT 
of 0.5, 0.7, 1.25, and 2.5 nm, which corresponds to 1, 2, 4, 
and 7 atomic layers, respectively. Various edge radii (0.1, 
2, and 5 nm) are considered to study the size effect. The 
diamond tool is treated as a rigid body with a nominal rake 
angle of 0° and a clearance angle of 12°. The cutting speed 

Fig. 1  Schematic illustration 
of flexible enhanced molecular 
dynamics. a In the traditional 
EMD, the extended zone and 
initial workpiece have the same 
length. b A variable exten-
sion length is adopted in this 
work for higher flexibility and 
efficiency

Fig. 2  Simulation model of ACS cutting on single-crystal graphite
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is 50 m/s, and the timestep is 1 fs. The workpiece is stabi-
lized at room temperature using the canonical ensemble.

3  Results and Discussion

3.1  Influence of Tool–Workpiece Interaction 
Potential

As shown in Fig. 3, material deformation during ACS cut-
ting of graphite is influenced by the tool–workpiece interac-
tion potential. The ABOP function exhibits strong attraction, 
wherein the carbon layers are firmly stuck to the cutting edge, 
thereby resulting in a hump-like deformation of the atomic 
layers being removed. The hump moves along the cutting 
direction in front of the tool, and the lattice in this zone main-
tains the ring structure. However, using the ABOP may not be 
appropriate in this study. It is known that the cutting forces in 
tangential and thrust directions should have different magni-
tudes, which depend on the UCT and edge radius. By contrast, 
the two forces have the same value, which fluctuates violently 
near zero. The fluctuation is even larger than the force in the 
ACS cutting of copper [9], but at least the tangential force 

should be smaller because graphite provides better lubrication 
than copper. A sudden adhesion and collapse can be observed 
once the hump gets close to the rake face, and a large number 
of workpiece atoms diffuse to the interstitial sites of the dia-
mond lattice. (Relative positions among the diamond atoms 
never change). These phenomena indicate that artificial results 
arise when using an inappropriate potential function.

Material deformation and chip formation show a dramatic 
change after applying the LJ potential. The removed atomic 
layers are bent upwards and then slide along the rake face. The 
strong adhesion and violent force fluctuation disappear, and 
the effect of edge geometry on the force components occurs 
as discussed below. It is confirmed in Fig. 3b that the ABOP 
has a stronger attraction at a short distance, which makes the 
workpiece atoms difficult to escape once they are close to the 
tool. By contrast, attraction is weak, and it acts at a longer 
distance in the LJ potential used in this study. By checking 
the atom coordinate, the minimum chip–tool distance falls 
into the range of repulsive force. Therefore, the force status 
of the chip atoms directly interacting with the tool atoms is 
different for the two potentials, which finally leads to differ-
ent deformations. On the other hand, the LJ potential should 
be carefully tuned to avoid another artificial effect; that is, 
many carbon layers in the machined zone are attracted and 
raised collectively by the flank face. This effect is due to the 
abrupt truncation of the potential at the cutoff radius, which 
results in discontinuous energy and enhanced attractive force. 
Therefore, the shifted force LJ (SFLJ) potential is used, whose 
energy is always continuous. The distance and energy units 
of the SFLJ function are set to be the same as those in the LJ 
term of AIREBO potential, and the cutoff radius is 1.5 times 
the distance unit according to the literature [26]. Notably, an 
energy unit (2.84 eV), which is three orders higher than that 
used in this work, was used in the study of carbon nanotube 
[27]. The deep potential well is close to the C–C single cova-
lent bond energy (~ 3.6 eV), but it is quite different from the 
interaction between graphite and diamond surfaces from two 
objects; thus, the energy unit has to be reduced to eliminate 
the artificial effect. A similar amplification also occurs in the 
maximum attraction force, which increases from − 0.00166 nN 
to approximately − 1 nN. This phenomenon provides instruc-
tive perception to optimize the potential function. In principle, 
many potentials are not designed for formulating the interac-
tion between surfaces but are used in the nanometric cutting 
simulation. Although this issue has not been explicitly con-
cerned and seems to be not critical in those cases, it should 

Fig. 3  Effect of potential function. a Simulation snapshots where 
the edge radius is 0.1 nm and the UCT is 2.5 nm. b Two-body force 
curves of different potentials and the negative value stands for attrac-
tion. (The SFLJ parameters are referred to those in Table 1)

Table 1  Potential function of tool–workpiece interaction

Type Energy unit (eV) Distance unit (Å) Cutoff radius 
(Å)

SFLJ 2.84 ×  10−3 3.4 5.1
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not be neglected at ACS. Details about the tool–workpiece 
potential are listed in Table 1.

3.2  Enhancement in the Simulation Efficiency 
by f‑EMD

The accumulated workpiece length and cutting distance 
are kept constant to study the influence of extension length 
on simulation time. In each test, an initial workpiece with 
10 nm length is first built, and it could be extended as the 
tool advances. As shown in Fig. 4, the larger the model 
update number, the shorter the piece of material used for 
workpiece extension. The tests are run on a workstation 
with the Intel Xeon processor and 30 CPU cores. It is clear 
that a smaller extension length actually reduces the aver-
age atom number during the whole simulation and higher 
efficiency can be achieved. In this work, a 21% reduction 
in the total time is reached, and the simulation time almost 
keeps a linear decrease with the atom number. We also 
compare the computing time using three methods: conven-
tional modeling with a global workpiece, traditional EMD 
(Test-4 in the figure), and the f-EMD developed in this 
study. The time consumption of conventional modeling is 
103 min, which is reduced to 98 min when using the tra-
ditional EMD. However, this difference is not significant 
because the moderate atom number in this study is not large 
enough to forcefully demonstrate the power of the traditional 
EMD. In addition, the variable extension length of f-EMD 
can further improve the simulation efficiency, and its merit 
would be more remarkable when the model scale increases. 
In tests using the traditional EMD, the workpiece height was 
enhanced to 200 nm with a UCT of 50 nm and edge radius of 

approximately 70 nm. It can be expected that the simulation 
size can be further improved using the f-EMD.

3.3  Mechanism of ACS Cutting of Graphite

The distinctive atomic bond property makes the chip for-
mation of graphite quite different from other typical mate-
rials, such as silicon and copper. In nanometric cutting, a 
highly localized zone is found in the vicinity of the tool 
edge where the workpiece lattice becomes totally amorphous 
and extrusion occurs. As shown in Fig. 5, this amorphiza-
tion disappears because the weak van der Waals bonds are 
easy to break, which is the dominant manner to dissipate 
the energy introduced by the tool. Different from ACS cut-
ting of copper, no dislocation behavior is observed, and the 
chip is directly stripped from the substrate at a wedge-like 
region in front of the tool. Despite the large deformation, the 
covalent bonds in each atomic layer are not broken; thus, the 
lattice topology in the chip does not change. Similarly, the 
machined surface shows an ultra-high quality without any 
subsurface deformation and lattice defect. As can be seen 
later, this finding is irrespective of the UCT and edge radius, 
which has great significance in achieving surface integrity 
at the atomic level.

Figure 6 shows the snapshots from various cutting condi-
tions. When an absolutely sharp tool (0.1 nm edge radius) 
is used, the chip is formed via simple deformations, such as 
bending and sliding (Sect. 3.1). Carbon layers in the range 
of UCT can be totally removed, and material deformation 
under the tool edge is slight. However, the atomic layers 
removed may exceed the theoretical number, as in the case 
of 1.25 nm UCT. This result is due to the thermal vibration 
of workpiece atoms, particularly those at the bottom of the 

Fig. 4  Variation of simulation time with average atom number. From 
test-1 to test-4, the model update number is 4, 3, 2, and 1 with an 
extension length of 2.5, 3.3, 5, and 10 nm, respectively. (Edge radius: 
0.1 nm, UCT: 0.7 nm)

Fig. 5  Chip formation and surface generation during ACS cutting of 
graphite. (Edge radius: 0.1 nm, UCT: 0.7 nm)
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cutting edge. If these atoms occasionally vibrate upwards 
to the free surface at the moment when the tool touches the 
workpiece, then extra atomic layers would be removed. On 
the contrary, if they vibrate downwards, then some layers 
might be left. This thermal effect introduces uncertainty of 
the atomic layer removal number (ALRN), which can be 
alleviated by reducing the temperature. As the edge radius 
increases, the effective rake angle becomes negative, and 
chip deformation becomes complex. The carbon layers are 
folded or severely curved. In addition, not all the layers in 
the range of UCT would be removed, and uncut atomic lay-
ers would be elastically depressed, similar to the material 
branch flow in nanometric cutting. However, atoms in the 
chip and beneath the edge still maintain the ring structure 
without any phase transformation or intersection of the car-
bon layers. This should be a common feature of ACS cutting 
on materials with a weak interlayer bond.

As shown in Fig.  7a, single atomic layer removal is 
possible theoretically, but it can only be achieved under 
extreme conditions, where the tool has atomic-level sharp-
ness. The minimum ALRN is larger than one under the UCT 
of 1.25 nm when the edge radius increases to 2 and 5 nm. 
Therefore, making a sharp tool to achieve the limit of ACS 
cutting is challenging. In addition, the discrepancy in the 
ALRN is large under small UCT, and it decreases under 
large UCT despite different chip morphologies. This insen-
sitivity to the edge radius is due to the increase of effective 
rake angle with UCT, which improves the controllability 
of ACS cutting practice. Figures 7b–d present cutting force 
analysis, where the raw data are first smoothed to erase the 
high-frequency signal. The force curves rise at the initial 

stage, then fluctuate near a stable value. It is interesting that 
the principal force is nearly zero and is weakly influenced 
by the process parameters, which is a unique phenomenon 
resulting from the outstanding lubrication of graphite. In 
general, the thrust force increases with the edge radius. 
For sharp tools, it is not sensitive to the UCT. For large 
edge radii, it initially increases with the UCT because more 
atomic layers are depressed when no chip formation occurs. 
When the ALRN is nonzero, a portion of strain energy is 
released by the chip; thus, the subsurface deformation and 
thrust force decrease. The thrust force would be significantly 
reduced if the ALRN is equal to the theoretical number, 
where the elastic deformation beneath the edge is slight. 
This finding indicates the force drop shown in Fig. 7d under 
the condition of 5-nm edge radius and 2.5-nm UCT.

Finally, nanometric cutting simulation is conducted 
using a large model, in which the UCT and edge radius 
are 20 and 40 nm, respectively. As shown in Fig. 8, the 
chip formation mechanism is similar to that at ACS. 
For example, the chip is formed via complex folding 
deformation without lattice defects in the carbon layers. 
Atomic-level surface integrity can be achieved without 
subsurface deformation. In addition, the thrust force is 
evidently larger than the principal force, which indicates 
that the flank wear is the primary issue observed in the 
experiment [28]. However, such a large increase in the 
UCT does not lead to a considerable increase in the thrust 
force compared with ACS cutting. More details can be 
revealed by the stress field shown in Fig. 8c. Although the 
hydrostatic stress concentrates under the tool edge, which 
is ordinary in nanometric cutting, neither high-pressure 

Fig. 6  Cutting with various edge radii and UCTs
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phase transition nor shear band is found. Therefore, even 
in nanoscale, graphite exhibits a distinctive manner of chip 
formation by folding. The first principal and maximum 
shear stresses show a random pattern, so other three stress 
components in the x–z plane are further considered. It is 
obvious that the tensile stress (positive value) along the 
thrust and cutting directions is primarily distributed in the 
chip and subsurface, respectively. Its strength is several 
GPa, but no fracture is found in the workpiece, because 
the stress direction is always parallel to the carbon lay-
ers (see the enlarged view of the circled region), and the 
tensile strength of graphene can be larger than 100 GPa 
in this direction [29]. By contrast, the tensile stress nor-
mal to the carbon layers is lower than the critical value of 
approximately 700 MPa [24]. This stress state prevents 
crack formation and propagation. Furthermore, the pat-
tern of shear stress Sxz seems to be complementary to that 
of the normal stress Szz in the chip, with lower strength. 
However, the simulation has not shown the brittle failure 

observed in experiments, which may be a result of material 
defects (vacancy, grain boundary, impurity, etc.) or a tool 
velocity non-parallel to the carbon layers.

4  Conclusions

Atomic and close-to-atomic scale cutting of graphite, a typi-
cal representative of layered structure material, is studied in 
this paper. An advanced simulation method is developed, 
based on which the cutting mechanism is revealed. The 
results show that single-crystal graphite is a potential can-
didate for controllable material removal of several or even 
single atomic layers with ultra-high machined surface integ-
rity. The main conclusions are summarized as follows:

(1) Flexible enhanced molecular dynamics is further 
developed using a variable extension length to achieve 
high simulation efficiency. A remarkable reduction in 

Fig. 7  Atomic layer removal number and cutting forces. a The theoretical numbers are marked by dashed circles. b–d The cutting distance is 
long enough to evaluate the forces in the stable stage
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computing time is not achieved by the traditional EMD 
because of the moderate atom number, but it can be 
successfully achieved by reducing the extension length. 
This evolution would be beneficial as the model scale 
increases.

(2) The potential function for the tool–workpiece interac-
tion has a strong influence on ACS cutting. First, the 
shifted force LJ potential is more suitable than the 
ABOP. Second, an excessively large energy unit should 
not be used. These settings aim to avoid the strong 
attraction force, which depends on the assumption that 
the force between diamond and graphite surfaces is 
weaker than the covalent bond in the carbon layer.

(3) The diversity of the chemical bond in graphite results in 
a unique cutting process. For a very sharp tool, the chip 
is formed by bending and sliding along the rake face, 
and as the edge becomes blunt, folding deformation is 
dominant. In the chip and machined surfaces, atoms 
maintain the ring structure in carbon layers without a 
lattice topological defect, which is important for atomic 
precision manufacturing.

(4) The extreme sharpness of the tool is essential to the 
single atomic layer removal and is a great challenge in 
practice. A thermal-induced uncertainty in the num-
ber of atomic layers removed is observed, which indi-
cates the necessity of temperature control. The princi-

Fig. 8  Nanometric cutting of graphite. The cutting speed is enhanced 
to 100  m/s to accelerate the simulation. a Chip deformation. (The 
lower right enlarged view is the top carbon layer of the machined 

surface). b Cutting forces. c Stress field calculated using a statistical 
cube with 2-nm edges
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pal force is always low and insensitive to the process 
parameters, and the thrust force is influenced by the 
edge radius, undeformed chip thickness, and thermal-
induced uncertainty. Experimental studies are required 
in the future to validate the theoretical results.

In addition, fundamental issues of nanometric cutting of 
graphite, such as brittle fracture, tool wear, and effect of 
process parameters (such as rake angle and cutting speed), 
are still open and valuable to investigate using the f-EMD.
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