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atoms are negligible. The cutting tool is regarded as rigid
during the analysis.

Definition of Cutting Depth
Cutting depth (a) is defined to be the distance between
the topmost point of workpiece surface and the lowest
point of cutting tool. The size of a workpiece atom is
usually represented by atomic radius (rw). As given in
Fig. 2, when the topmost first atomic layer is targeted to
be removed from the workpiece surface, theoretically,
the maximum cutting depth used can be obtained as the
following:

amax ¼ rw þ 0:5�dlayer ð2Þ

Here, dlayer represents the spacing distance between the
topmost neighbouring atomic layers on the workpiece

surface. In this study, all analysis is based on the (111) sur-
face of monocrystalline copper workpiece; therefore, the
rw in Eq. (2) refers to the radius of copper atoms, namely,
1.28 Å. The dlayer is 2.087 Å. When a is larger than amax,
the lowest point of cutting tool will come into direct con-
tact with the second atomic layer and may induce the ma-
terial deformation and even removal. Therefore, in the
present study, the cutting depths used are smaller than
amax (2.32 Å).

Based on the findings, the fundamental cutting-based
single atomic layer removal mechanism will be greatly
changed at various combinations of the ratios of a to R
and a to rw.

Results and Discussion
According to MD results, both atomic sizing effect and
cutting-edge radius effect have greatly influenced the
cutting-based single atomic layer removal process. In the
following sections, to clearly describe the atomic sizing
effect and tool edge radius effect, the ratio of cutting
depth (a) to workpiece atomic radius (rw), a/rw, and that
of cutting depth(a) to edge radius(R), a/R, are employed.
The analysis results are systematically studied from the
aspects of chip formation, surface generation, subsurface
deformation and atomic displacement behaviour. The
findings provide detailed insights into the typical charac-
teristics in cutting-based single atomic layer removal
mechanism.

Chip Formation
The analysis results indicate that due to the workpiece
atomic sizing effect [20], there are two critical values of

Table 1 Parameters used in the MD simulation

Configuration Diamond cutting process

Workpiece material Single crystal copper

Workpiece Face-centred-cubic (FCC) structure

Crystal structure Lattice constant = 3.65 Å

Workpiece size 27 × 10 × 5nm3

Tool material Diamond

Cutting velocity 25 m/s

Tool edge radius 0 nm, 2 nm, 3 nm, 4 nm, 5 nm, 7.5 nm, 10 nm

Tool rake angle 0°

Tool clearance angle 12°

Fig. 2 Schematic diagram for the cutting depth definition in single atomic layer removal
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surface. As cutting-edge radius increases to 3 nm, the ra-
tio of a/R is 0.134, the amplitude of elastic deformation
was evidently increased.

When tool edge radius is increased to 4 nm, as given
in Fig. 5d, many atoms within the targeted first atomic
layer have been pressed into second atomic layer, form-
ing the new processed surface. At the tool edge radius of
about 7.5 nm, a part of atoms in first layer is even dif-
fused to third atomic layer. When tool edge radius
reaches about 10 nm, an evident elastic and plastic de-
formation occurs, which can be also determined in the
following Section 3.3.

Therefore, the cutting-based single atomic layer re-
moval depends on not only the ratio of a/rw, but also
the ratio of a/R. To achieve single atomic layer removal
by mechanical cutting, i.e., material removal at atomic
scale, both atom sizing effects and cutting-edge radius
effect should be considered, significantly different from
micro/nanocutting and conventional macroscale cutting.

Surface Generation
One objective of cutting-based atomic layer removal is
to obtain the defect-free processed surface with ideal
crystalline structure. The workpiece atomic sizing effect
on surface generation in ACS cutting has been studied
recently [20]. In the present study, to clearly indicate the
cutting-edge radius effect on surface generation in ACS

cutting, the surface topography and surface composition
of the new processed surface are studied as follows.

Surface Topography
Figure 6 shows the surface topographies of the processed
Cu (111) surface at different edge radii. Here, a cutting
depth of 2 Å is adopted. As shown in Fig. 6a, b, when
tool edge radius is smaller than 3 nm, the Cu (111) sur-
faces with ideal crystalline structure could be obtained.
As for the defects at the left-side of workpiece surface, it
is due to the deformation during cutting-exit of tool.
During the cutting in a stead stage, there is no surface
defect formed on the processed surface.

As tool edge radius increases, however, many defects
are gradually formed on the processed surface. At the
edge radius of 4 nm, many pitted-like defects are formed
on the processed surface, see Fig. 6d. Further, when the
tool edge radius is equal to or larger than 5 nm, there
are a large number of surface defects formed, seriously
deteriorating the surface quality. At such case, more
than one layer of atoms has been removed from work-
piece surface. Therefore, it can be determined that at the
cutting depth of 2 Å, when tool edge radius is smaller
than 3 nm, single atomic layer removal could be
achieved on Cu (111) surface. Due to the cutting-edge
radius effect, the ratio of cutting depth (a) to edge radius
(R) should be larger than one threshold, in order to
achieve defect-free processed surface via cutting-based

Fig. 4 Simulation results at cutting depth of 1.4 Å
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single atomic layer removal. Here, the critical value of
the ratio of a/R is [0.05, 0.067].

Surface Composition
Figure 7 shows the composition of the processed sur-
faces at various tool edge radii and the cutting depth of
2 Å. Here, green and blue atoms are those from first and
second layers, while the red atoms are those below sec-
ond atomic layer. As shown in Fig. 7a, when a sharp cut-
ting tool is used, the ratio of a/R is 2.85, the processed
surface only consists of atoms in first layer. This result
indicates that the targeted first atomic layer has been
thoroughly removed from workpiece. Moreover, it
means that the material removal is conducted in the
form of layer-by-layer, in which the removed materials
only comes from the targeted first atomic layer on the
workpiece surface.

However, when tool edge radius is 2 nm and 3 nm, as
shown in Fig. 7b, c, the processed surfaces are
composited of two atomic layers (blue and green). It in-
dicates that though single atomic layer removal has been
achieved, the surface generation process involves mini-
mum 2 atomic layers. Further, when tool edge radius is
larger than 4 nm, there is a large number of atoms of
first atomic layer on the processed surface, indicating
that many atoms in first layer have been pressed to gen-
erate a new surface.

Therefore, with an increase in cutting edge radius, the
surface generation has been greatly changed. Two kinds
of surface generation mechanism involved are summa-
rized below:

1. Layer-by-layer: the targeted first atomic layer is
fully removed to generate new processed surface.

Fig. 5 Simulation results of ACS cutting at cutting depth = 2 Å
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Only atoms within first layer are removed during
the cutting process.

2. Multi-layer removal: though single atomic layer
removal could be realized, the atoms within targeted
atomic layer undergo two typical displacement

behaviours. A part of atoms would be formed into
chip by shear stress-driven dislocation motion, while
others would be extruded into the processed surface,
under the action of cutting tool. The material removal
process involves minimum two atomic layers.

Fig. 6 Effects of tool edge radius on surface topographies. Atoms are coloured based on their z-direction heights

Fig. 7 Surface composition of processed surfaces. Atoms are coloured based on the number of atomic layer
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Subsurface Deformation Mechanism
In nanocutting, there is elastic and plastic deformation
on the processed surface during cutting process. After
the cutting tool passes over workpiece surface, the elas-
tic portion springs back, while the plastic deformed part
would lead to lasting deformation [1, 2]. As cutting
depth decreases to atomic scale, in the cutting towards
single atomic layer removal, it is postulated that there is
only elastic deformation occurring on the processed sur-
face. To verify it, the workpiece subsurface deformation
states during and after cutting are analysed. Figure 8 il-
lustrates the defect structures in workpiece subsurface at
various tool edge radii. Here, the atoms are coloured
based on centro-symmetry parameter (CSP), and the
atoms with the CSP of smaller than 3 are omitted, which
represent those with perfect FCC structure.

When cutting edge radius is smaller than 4 nm, no sub-
surface defect is formed in the processed surface. There is
only elastic deformation on the processed surface in cutting.

As shown in Fig. 8, when cutting edge radius is equal
to or larger than 4 nm, there are subsurface defects ini-
tialized. Moreover, as cutting-edge radius increase, the
number of subsurface defects is significantly increased.
When the edge radius reaches about 10 nm, one disloca-
tion loop has been formed, and it could not disappear
after cutting, as shown in Fig. 9e. It clearly indicates the
plastic deformation occurring on the processed surface.

After tool passes over the workpiece surface, the elas-
tically deformed portion would spring back; thus, parts
of subsurface defects are annihilated. As displayed in
Fig. 9a–c, finally, there is no subsurface defect existed,
when the tool edge radius is 2 nm or 3 nm.

Fig. 8 Surface composition of the processed surfaces. Atoms are coloured based on their CSPs
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As for the plastically deformed portion, it leads to a
lasting deformation. As shown in Fig. 9, when tool edge
radius is 7.5 nm, there is small number of subsurface de-
fects remained. When tool edge radius is 10 nm, the dis-
location loop and stacking fault are finally existed in the
workpiece subsurface.

Based on above analysis, it can be inferred that to en-
able cutting-based single atomic layer removal, plastic
deformation should be avoided, and only elastic deform-
ation is allowed on the processed surface. It is regarded
as one characteristic feature of the cutting-based single
atomic layer removal process.

Atomic Displacement Behaviour
According to MD trajectory files, dislocation motion has
dominated the cutting-based single atomic layer removal
process. Figure 10 shows the simulation results using
different tool edge radiuses. At the edge radius of 2 nm,
under the action of cutting tool, only first atomic layer is
slipped along cutting direction to form into chip, while
others remain immobilized. It could be regarded as one
cross section of one edge dislocation.

As the tool edge radius increases, part of material within
first atomic layer has been pressed into the processed sur-
face, inducing the slip of the atomic layers below the first
layer. Moreover, as tool edge radius increases, the number
of atomic layers undergoing material slip process tends to

grow. When tool edge radius is 4 nm, except for first
atomic layer, the second atomic layer also conducts mater-
ial slip along cutting direction, as illustrated in Fig. 10.
When the tool edge radius is 7.5 nm, as cutting tool ad-
vances, the topmost three atomic layers on the workpiece
surface have slipped along cutting direction. Further,
when tool edge radius is increased to 10 nm, a large num-
ber of materials has been pressed to form new processed
surface; there is plastic deformation (see Fig. 10e) occur-
ring on the workpiece surface, which can be also deter-
mined in Fig. 9.

Figure 11 shows the slip process of the targeted atomic
layer along cutting direction. The area of the slipped zone
is continually enlarged with the cutting tool moving for-
ward. At the cutting distance of 17.5 nm, the slipped zone
has reached a maximum value. Subsequently, the mate-
rials within the slipped zone are continuously formed into
chip; the volume of chip is also increased.

Overall, as per the analysis in Sections 3.3 and 3.4,
as tool edge radius increases, both subsurface deform-
ation mechanism and atomic displacement behaviour
has greatly changed. At different tool edge radii, dif-
ferent numbers of atomic layers tend to slip along
cutting direction, while different deformation regimes
occur on the processed surface, as summarized in
Table 2. Moreover, it can be found that in the
cutting-based single atomic layer removal process, the

Fig. 9 Subsurface defects at various tool edge radii. Atoms are coloured based on their CSPs
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