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Abstract The ever-increasing requirements for the scal-
able manufacturing of atomic-scale devices emphasize the
significance of developing atomic-scale manufacturing
technology. The mechanism of a single atomic layer
removal in cutting is the key basic theoretical foundation
for atomic-scale mechanical cutting. Material anisotropy is
among the key decisive factors that could not be neglected
in cutting at such a scale. In the present study, the
crystallographic orientation effect on the cutting-based
single atomic layer removal of monocrystalline copper is
investigated by molecular dynamics simulation. When
undeformed chip thickness is in the atomic scale, two kinds
of single atomic layer removal mechanisms exist in
cutting-based single atomic layer removal, namely,
dislocation motion and extrusion, due to the differing
atomic structures on different crystallographic planes. On
close-packed crystallographic plane, the material removal
is dominated by the shear stress-driven dislocation motion,
whereas on non-close packed crystallographic planes,
extrusion-dominated material removal dominates. To
obtain an atomic, defect-free processed surface, the cutting
needs to be conducted on the close-packed crystallographic
planes of monocrystalline copper.

Keywords ACSM, single atomic layer removal mecha-
nism, crystallographic orientation effect, mechanical cut-
ting, Manufacturing III

1 Introduction

1.1 Scope of atomic and close-to-atomic scale cutting

Atomic and close-to-atomic scale manufacturing (ACSM),
i.e., Manufacturing III [1], aims to realize the manufacture
of processed surfaces with atomic-scale form accuracy or
feature size via material removal, transformation, and
addition at atomic and close-to-atomic scales [2]. It will
involve the fundamental study, technological development,
and engineering applications of the controlled removal,
addition, and migration of targeted atoms in Manufacturing
III [2], where the external energy directly impacts
individual atoms. The behavior of individual atoms is
studied, and the relevant manufacturing technologies are
developed in ACSM, whereas the collective and con-
tinuum material deformation behavior is emphasized in
current manufacturing (Manufacturing II).
Mechanical cutting is among the versatile and highly-

efficient mechanical machining processes in the industry
through which parts with high surface finish or specific
functional features are produced. Mechanical cutting has
gradually evolved into conventional cutting, microcutting
[3–7], and nanocutting [8–10], thereby enabling material
removal at the macroscale, microscale, and nanoscale,
respectively. However, the microscale in micromachining
generally refers to an undeformed chip thickness between
1 and 999 μm [11], whereas the nanoscale in nanocutting
typically refers to mechanical cutting with an undeformed
chip thickness in the range of 1–100 nm [12].
When the undeformed chip thickness is further

decreased to smaller than 1 nm, the materials to be
machined would only include several atomic layers and
even a single atomic layer, as the lattice distances between
two atoms are in the range of 0.2–0.4 nm [13]. At such a
small scale, the undeformed chip thickness is comparable
to or smaller than workpiece atomic size, thereby leading
to the atomic sizing effect on cutting-based material
removal with a precision of a single atomic layer [14].
Consequently, a new-generation of cutting, i.e., atomic-
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and close-to-atomic-scale (ACS) cutting, needs to be
proposed. ACS cutting is kinematically similar to nano-
metric cutting but fundamentally different from nanometric
cutting in many aspects. The scope and context of ACS
cutting need to be defined, as they may represent different
meanings for different people.
ACS cutting refers to the mechanical machining process,

i.e., direct material removal with a precision of single
atomic layer, using a geometrically defined cutting edge. It
is normally applied to the machining of the parts at atomic
and close-to-atomic scales in a variety of engineering
materials. It aims to do the following:
1) Produce parts with atomic form accuracy or feature

size. The parts could be microscopic or macroscopic.
2) Achieve controlled atomic layer removal by mecha-

nical machining.
The characteristic features that determine and define the

scope of ACS cutting are as follows:
� Undeformed chip thickness. Currently, no accurate

border exists between nanometric and ACS cutting. Fang
et al. [12] defined nanometric cutting as mechanical cutting
with an undeformed chip thickness in the range of 1–100
nm. By contrast, an undeformed chip thickness of smaller
than 1 nm is used in ACS cutting. Thus, the undeformed
chip thickness used in ACS cutting would differ from that
used in current nanometric cutting, microcutting, and
conventional macrocutting, leading to dislocation motion-
dominated chip formation [15].
� Dimension and accuracy of parts. ACS cutting is

used to fabricate the parts with atomic-scale form accuracy
or feature size. The atomic-scale feature could be
fabricated on normal-sized parts, or micro/nano structured
surfaces. For the dimension of part/feature, the parts or
features fabricated in ACS cutting must have a dimension
accuracy of single atomic layer or several atomic layers
and must be smaller than 1 nm; at least one dimension
should fall in this range.
� Cutting tool geometry. The size and geometry of

ACS cutting tools determine the limit of size and accuracy
of the feature in ACS. Cutting edge radius, an important
geometric parameter of a cutting tool, is usually smaller
than 10–20 nm in ACS cutting, thereby allowing
controlled atomic layer removal. When a larger cutting
edge radius is adopted, only extrusion-dominated material
removal could be achieved by mechanical cutting.

Enabling controlled material removal with the ultimate
precision of a single atomic layer is extremely challenging.
� Underlying cutting mechanics. ACS cutting is

not a simple downscaling of microcutting/nanocutting. In
ACS cutting, when the undeformed chip thickness
becomes comparable with the workpiece atomic diameter
or lattice distance between workpiece atoms, a few critical
issues, such as workpiece atomic sizing [14], cutting edge
radius [16,17], and strain rate effects, would dominate.
These sizing effects in ACS cutting would significantly
affect the cutting mechanics, including surface generation,
chip formation, cutting forces, and subsurface deforma-
tion, thereby making ACS cutting significantly different
from microcutting/nanocutting and conventional macro-
cutting.
ACS cutting could be regarded as the fourth generation

cutting. It is significant to establish the basic ACS cutting
theory and enabling technology to achieve material
removal at close-to-atomic scale and even at atomic
scale. The combination of research outcomes on ACS
cutting mechanism and those on conventional cutting,
microcutting, and nanocutting would establish a compre-
hensive knowledge framework for the research, develop-
ment, and innovation of mechanical cutting. The basic
cutting theory would be established and enriched by
different scales, from conventional macroscale, micro-
scale, and nanoscale to the ultimate atomic and close-to-
atomic scale.

1.2 ACS cutting and nanometric cutting

Researchers would usually compare ACS cutting with
nanometric cutting. It is confusing to clearly distinguish
ACS cutting from nanometric cutting, and such confusion
should be due to the following reasons.
First, no general agreement on the definition of

nanometric cutting exists. When the undeformed chip
thickness is decreased to nanometric order (1–100 nm), the
cutting process could be generally regarded as nanometric
cutting, as shown in Table 1. However, even at an
undeformed chip thickness of 1 nm, at least several atomic
layers are included in the materials to be cut. Based on
nanocutting, accurately controlling the movement of each
atomic layer is impossible. By contrast, in ACS cutting,
only several atomic layers and even a single atomic layer

Table 1 Comparison of mechanical cutting at different scales

Cutting Machining objects Nominal depth of cut Feature size Surface finish Cutting edge radius

ACS cutting Single atomic layer and at most
several atomic layers

<= 1 nm < 1 nm Atomic R< 10–20 nm

Nanocutting At least several atomic layers 1–100 nm [11] 1–100 nm Nanometric R>= 10–20 nm

Microcutting 1–10 μm 1–999 μm < 100 nm Ra

Ultra-precision cutting 0.10–10 μm 1 mm and above Typically< 20 nm Ra

Note: Ra, surface roughness.
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are included in the undeformed chip thickness of smaller
than 1 nm. The material removal precision of single atomic
layer is the target to be achieved in ACS cutting.
To obtain the processed surface or feature with the

ultimate accuracy of a single atomic layer, the workpiece
atomic sizing effect on the cutting process should be
considered in detail [14].
ACS cutting processes share common characteristics

with nanometric cutting, such as cutting edge radius effect
and surface generation. However, in ACS cutting, the
atomic sizing effect must be considered, as the cutting
depth is comparable with or smaller than the workpiece
atomic size. The chip formation in ACS cutting needs to be
dominated by dislocation motion, in contrast to the
extrusion-dominated chip formation in nanocutting.
In nanocutting, the collective behavior of at least several

atomic layers is usually the focus of research. In ACS
cutting, the individual behavior of a single atomic layer
needs to be investigated to achieve the controlled cutting-
based atomic layer removal.

1.3 State-of-the-art ACS cutting

Mechanical cutting is one of the promising machining
processes that enable ACSM via material removal at the
atomic scale [18]. To develop ACS cutting technology for
the achievement of ACSM, a systematic fundamental
understanding of the underlying mechanism of material
removal in cutting at the atomic scale is needed. Generally,
material deformation and removal in ACS cutting only
involve several atomic layers and even a single atomic
layer. Currently, directly observing the material removal
behavior at the atomic scale is difficult. Molecular
dynamics (MD) modelling is a powerful and alternative
method for gaining a fundamental understanding of cutting
mechanism at micro/nanoscale and even atomic scale [19–
21]. Many MD-based analyses are carried out to study the
nanocutting mechanism and to accelerate the application of
nanocutting-based enabling technology to the academia
and industry [22,23]. Recently, MD modelling was used to
study the material deformation and removal mechanism at
the atomic scale. Chen et al. [24] used MD simulation to
analyze the fundamental material removal mechanism in
mechanochemical machining to achieve nanomanufactur-
ing with a single atomic layer removal precision. Zhu and
Fang [25] also investigated the surface generation and
subsurface deformation mechanism in the tip-based
mechanical machining process to achieve a single atomic
layer removal process. Their outcomes contribute to the
establishment and enrichment of the theoretical framework
for ACS cutting. Based on MD analysis, we found that as
cutting depth decreases to the close-to-atomic scale and
even atomic scale, the minimum chip thickness decreases
to a single atomic layer when the undeformed chip
thickness is approximately 0.2 nm [14]. Moreover, the

underlying ACS cutting mechanic has been systematically
investigated from the aspect of chip formation, surface
generation, subsurface deformation, and cutting forces.
The findings have provided many insights into the
mechanism of material deformation and removal at the
atomic scale. Significantly different characteristics have
been discovered, and current cutting theory is distin-
guished.
Material anisotropy is one of the material properties that

greatly influence the mechanism of cutting at the
conventional scale, microscale [26–28], and nanoscale
[29–31]. It clearly indicates that the material anisotropy
has significantly affected the cutting mechanics from
various aspects, such as chip formation [32], surface
generation [33], and cutting forces. As only several atomic
layers and even one single atomic layer are involved in
ACS cutting, the material deformation and removal
behavior greatly depend on the atomic arrangement
structure of workpiece material.
For the abovementioned reasons, the crystallographic

orientation effect on material deformation and removal in
ACS cutting is investigated by MD analysis in this study.
The research results clearly indicate that due to the
crystallographic orientation effect, there are two kinds of
mechanisms of material removal in ACS cutting, namely,
dislocation motion and extrusion.

2 Numerical methods

This study aims to analyze the crystallographic orientation
effect on material removal mechanism in ACS cutting. The
presented MD simulations are implemented by using open-
resource computer code LAMMPS [34]. The 3D MD
cutting model consists of a diamond cutting tool and a
monocrystalline copper workpiece, as depicted in Fig. 1.
The model parameters are summarized as follows:
Configuration: 3D-cutting;
Tool edge radius: 2 nm;
Tool material: Diamond;
Tool dimensions: Rake angle = 0°, relief angle = 12°;
Undeformed chip thickness: 0.2 nm;
Workpiece material: Monocrystalline copper;
Workpiece dimension: 37 nm � 9.8 nm � 8 nm;
Potential function used: EAM (copper), Morse (tool-

workpiece);
Cutting speed: 25 m/s;
Bulk temperature: 293 K.
All MD cutting simulations are conducted on several

typical crystallographic planes of monocrystalline copper,
including (111), (110), and (001), and the cutting direction
is along the orientation of (001) h100i, (110) h001i, and
(111) h112i, respectively. The diamond cutting tool is
created from a diamond material with an ideal crystalline
structure. The rake and clearance angles of the cutting tool
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are 0° and 12°. The cutting edge radius used in the present
study is 2 nm. In the cutting process, the cutting velocity of
25 m/s is adopted to decrease the computation time. An
undeformed chip thickness of 0.2 nm is applied to each
case. The dimensions of the workpiece in the x-, y-, and
z-direction are 37 nm � 9.8 nm � 8 nm. Moreover, the
possible effect of the tool nose radius is ignored.
In the MD simulations, the workpiece atoms are divided

into three types, namely, Newtonian, thermostatic, and
boundary layers. The temperature of the thermostatic layer
atoms is maintained at approximately 293 K to simulate the
possible heat dissipation in the cutting process. The cutting
simulations are conducted after an early-stage relaxation of
about 200 ps. The boundary layer atoms are treated as rigid
and kept immobilized over the cutting process to eliminate
the possible cutting-induced movement of the workpiece
surface. As the focus of analysis, the Newtonian layer
atoms obey Newtonian laws. All MD simulations are
conducted in the NVE ensemble, which includes atom
number (N), volume (V), and energy (E). To minimize the
boundary effect, the periodical boundary condition is
adopted in the x- and y-direction, whereas the fixed
boundary condition is applied in the z-direction.
The embedded atom method (EAM) is used to describe

the interatomic interaction between copper atoms; EAM
has been widely used to describe the surface properties of
metal materials [35]. The Morse potential function is
applied to calculate the interatomic interaction between
copper and diamond atoms [36]. For the interaction among
diamond atoms of the cutting tool, the cutting tool is
treated as rigid, as diamond materials are much harder than
copper atoms. Possible tool wear is not considered in this
study.

3 Results and discussions

3.1 Chip formation

As shown in Figs. 2(a) and 2(b), chip formation is present
on the Cu(111) and Cu(001) surfaces, in front of the
rounded cutting edge. By contrast, on the Cu(110) surface,
elastic–plastic deformation instead of chip formation is
observed within the contact region between the cutting tool
and the workpiece. With the advance of the cutting tool,
materials are continually pressed to generate a new
processed surface. Therefore, due to the crystallographic
orientation effect, different cases of chip formations exist
even at the same cutting edge radius and undeformed chip
thickness. However, the chip formation on Cu(111) surface
is conducted via shear stress-driven dislocation motion
[14], whereas the extrusion-dominated material removal
mechanism dominates the chip formation on the Cu(001)
surface, as further analyzed in Section 3.2.
With the advance of the cutting tool, most of the

removed workpiece materials on the Cu(111) surface
accumulate on the unmachined workpiece surface to
generate chips. A small volume of materials flows to
both sides of cutting trajectory, as shown in Fig. 3(a).
Meanwhile, the defect-free processed surface is success-
fully obtained.
On the Cu(001) surface, only a small volume of chip is

formed ahead of the rounded cutting edge, whereas most of
the removed materials form a pile via side-flow, due to the
ploughing action of the cutting tool. On the Cu(110)
surface, some of the workpiece materials are directly
pressed into the processed surface, and the others flow to
both sides of the cutting traces.

Fig. 1 Molecular dynamics cutting model.
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3.2 Surface generation

Different surface morphologies exist on various crystal-
lographic planes even at the same cutting edge radius and
process parameters due to the different chip formation
mechanisms induced by the crystallographic orientation
effect. As shown in Fig. 3(a), on the newly formed
processed Cu(111) surface, the defect-free processed
surface could be obtained with the ideal crystalline
structure. On the Cu(001) and Cu(110) surfaces, many
surface defects form on the processed surfaces, including
surface atomic vacancies, isolated individual atoms, or
atom clusters, as shown in Figs. 3(b) and 3(c). These
findings are ascribed to the crystallographic orientation
effect on surface generation in cutting-based single atomic
layer removal.
Considering that only several atomic layers and even

one single atomic layer are involved in the material

removal and surface generation process, this section
emphatically investigates the displacement behavior of
each atomic layer when the undeformed chip thickness
is decreased to the atomic scale. The results are shown in
Fig. 4.
In the cutting-based single atomic layer removal process

on Cu(111) surface, only the first atomic layer undergoes
an evident atomic displacement, whereas the others remain
relatively unchanged. One slip plane is formed between
the topmost first and second atomic layers. The defect in
Fig. 4(a) is assumed to be a cross-section of an edge
dislocation with the dislocation line extending along the
cutting edge.
On the Cu(110) and Cu(001) surfaces, at least two

atomic layers are involved in the cutting process. With the
advance of the cutting tool, the workpiece materials are
randomly removed from the topmost atomic layers of
workpiece surfaces. The removed workpiece atoms come

Fig. 2 Chip formation on different crystallographic planes at the undeformed chip thickness of 0.2 nm and cutting edge radius of 2 nm.
(a) Cu(111); (b) Cu(001); (c) Cu(110). The workpiece atoms are colored by their atomic displacements in the cutting direction (x-ADs).

Fig. 3 Simulation results on different crystallographic planes. (a) Cu(111); (b) Cu(001); (c) Cu(110). The cutting tool is omitted to
clearly show the surface morphology of the processed surface.
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from the targeted first atomic layer and other atomic layers.
The newly formed processed surface consists of at least
two atomic layers. These differences are due to the
different atomic arrangement structures on each crystal-
lographic planes, as further analyzed in Section 4.

3.3 Stress distribution analysis

A workpiece exhibits different stress distributions due to
the crystallographic orientation effect. As shown in Fig.
5(a) and its closed-view, due to the translational motion of

Fig. 4 Atomic displacement vectors of workpiece materials on different crystallographic surfaces. (a) Cu(111); (b) Cu(110); (c) Cu(001).

Fig. 5 Crystallographic orientation effect on the first principle stress distribution. (a) Cu(111); (b) Cu(110); (c) Cu(001).
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the cutting tool along the cutting direction, an evident
concentration zone of horizontal principle stress is
generated on the Cu(111) surface before the rounded
cutting edge. This zone is further divided into Zones 1 and
2. Within Zone 1, the horizontal principle stress is imposed
on the workpiece material ahead of the cutting edge radius,
and it is highly localized across the undeformed cutting
layer. The horizontal principle stress also deepens into the
subsurface to form one concentration zone of compressive
stress (Zone 2), which may induce workpiece subsurface
deformation.
According to the MD trajectory files, Zone 1 has a

higher compressive stress intensity than Zone 2. Thus, the
horizontal principle stress is used to drive the plastic
deformation in Zone 1 rather than in Zone 2. As analyzed
in Section 3.2, material slip is conducted via dislocation
within Zone 1. Therefore, on the Cu(111) surface, the
horizontal compressive stress serves as the dominant
driving force for chip formation by dislocation generation
and motion.
By contrast, only one compressive stress concentration

Zone 2 is formed on the Cu(001) and Cu(110) surfaces,
but it has a larger area than the Zone 2 in the cutting on
the Cu(111) surface. The crystallographic orientation
effect changes the distribution state and further varies the
material removal mechanisms. Different from the Cu(111)
surface, the material removal on Cu(110) and Cu(001)
surface is dominated by extrusion to form ruck accumula-
tion (Figs. 4(b) and 4(c)).
As for vertical principle stress, Fig. 6 shows one

compressive stress concentration zone on each analyzed
case, despite different crystallographic orientations. This
zone will provide the compressive stress to enable elastic

and/or plastic deformation along the vertical direction on
the workpiece surface.
Figure 7 gives the workpiece shear stress distribution in

the cutting process. One evident shear stress concentrated
zone is generated on each surface, indicating that the shear
action has an important effect on the workpiece subsurface
and leads to subsurface deformation in the cutting.
However, only several atomic layers and even a single
atomic layer is involved in the cutting process. Thus, elastic
deformation dominates the workpiece subsurface deforma-
tion process. By contrast, the Cu(110) and Cu(001)
surfaces have a larger stress intensity than the Cu(111)
surface. Therefore, achieving a defect-free processed
surface by ACS cutting on the (110) and (111) planes of
monocrystalline copper is difficult.
Overall, in the cutting-based single atomic layer removal

process, the workpiece stress distribution has been
evidently changed due to the crystallographic orientation
effect. Consequently, two kinds of material removal
mechanism exist in cutting-based single atomic layer
removal process on the monocrystalline copper surface,
i.e., the shear stress-driven dislocation motion mechanism
on the Cu(111) surface and the extrusion mechanism on the
Cu(001) and Cu(110) surfaces.

3.4 Subsurface deformation mechanism

As analyzed in Section 3.3, in the cutting-based single
atomic layer removal process, the workpiece stress state
has been evidently changed due to the crystallographic
orientation effect, thereby possibly inducing different
subsurface deformations. In the ACS cutting on Cu(111)
surface, no subsurface defect exists in the workpiece

Fig. 6 Crystallographic orientation effect on vertical principle stress distribution. (a) Cu(111); (b) Cu(110); (c) Cu(001).
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subsurface, and only elastic deformation is found on the
processed surfaces [15]. After cutting, the elastically
deformed part recovers completely and spontaneously.
One issue arises due to the changed crystal orientation:
How is the processed surface deformed in the cutting
process on the different crystalline planes?
Figure 8 shows the workpiece subsurface defect

structures in the cutting process. Some subsurface defects
are generated in the workpiece subsurface and in the
cutting on the Cu(110) and Cu(001) surfaces. These are
due to the larger stress intensity generated in the cutting
process, as analyzed in Section 3.3.
The generation of subsurface defects also means that

elastic-plastic deformation would occur on the processed
Cu(110) and Cu(001) surfaces. Therefore, due to the
crystallographic orientation effect, different subsurface
deformation mechanisms exist in the cutting process, i.e.,
elastic deformation and elastic–plastic deformation
mechanisms.

4 Discussion

As analyzed above, when the materials to be cut are
decreased to only a single atomic layer despite the same
cutting conditions, including cutting edge radius, unde-
formed chip thickness, and cutting velocity, different cases
of chip formation, surface generation, and workpiece stress
distribution exist on various crystallographic planes. As
illustrated in Fig. 9, two kinds of material removal
mechanisms exist, namely, the dislocation motion-
dominated material removal on close-packed crystal

plane and the extrusion-dominated material removal on
other crystalline planes. Such difference is due to the
crystalline orientation effect on dislocation motion in the
cutting process.

4.1 Crystallographic orientation effect on dislocation
generation and motion

The material removal in ACS cutting is dominated by shear
stress-driven dislocation motion. Thus, the cutting direction
should be conducted along the crystallographic orientation,
which facilitates the dislocation generation. Depending on
the cutting direction and crystallographic orientation, three
modes of dislocation generation and motion exist in the
cutting process, further leading to different material
removal mechanisms, as illustrated in Fig. 10.
On the Cu(111) surface in the ACS cutting, the

dislocation is preferably generated parallel to the cutting
direction, where the horizontal cutting force provides the
shear stress to enable dislocation generation and motion, as
shown in Fig. 10(a). Consequently, the material removal
on this crystal plane is conducted in the form of chip
formation by dislocation motion. By contrast, on the
Cu(110) surface, the dislocation is preferably generated
along the vertical direction, which is perpendicular to the
cutting direction. As cutting distance increases, the
materials are pressed downward under the action of the
cutting tool to directly generate a new processed surface.
Elastic–plastic deformation instead of chip formation
exists within the contact region between the cutting tool
and workpiece.
In the cutting on the Cu(001) surface, dislocations are

Fig. 7 Crystallographic orientation effect on the shear stress distribution of workpiece. (a) Cu(111); (b) Cu(110); (c) Cu(001).
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preferably generated along the direction that has an
included angle with the cutting direction. Under the action
of the cutting tool, the materials to be machined are
partially removed in the form of chip formation via
extrusion mechanisms, whereas others are formed into the
new processed surfaces after elastic–plastic deformation.

Moreover, on the Cu(110) and Cu(001) surfaces, disloca-
tion generation and motion easily exist in the workpiece
subsurface, leading to subsurface defect generation in the
cutting process. After cutting, the plastically deformed part
finally leads to a lasting subsurface defect, as shown in
Figs. 8(b) and 8(c).

Fig. 8 Subsurface defect structure on each processed surface. (a) Cu(111); (b) Cu(110); (c) Cu(001). The workpiece atoms are colored
according to their centrosymmetry parameters (CSP). The atoms with a CSP of less than 3 are omitted to clearly visualize the subsurface
defect.

Fig. 9 Schematic for the material removal mechanisms on different crystalline planes. (a) Close-packed crystal plane; (b) other crystal
planes.
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4.2 Atom arrangement structure on dislocation generation

The occurrence of different modes of dislocation genera-
tion and motion is ascribed to different atomic arrangement
structure on each crystallographic plane. For face centered
cubic (FCC) metal materials (Fig. 11), different interlayer
spacing distances (d) exist on various crystalline planes.
On the close-packed crystal plane, like the (111) plane,

one very-small overlapped zone exists between the
topmost neighboring atomic layers due to the larger
interlayer spacing distance. When the cutting tool comes
in contact with the atomic layers included in undeformed
chip thickness, those atomic layers would easily slip along
the cutting direction. By contrast, on the non-close packed
crystalline plane, such as (001) or (110) plane, the distance
of the overlapped zone is evidently increased because of
the lower dlayer. Consequently, the interplay actions
between neighboring atomic layers tend to grow, against
realizing the controlled removal of the targeted atomic
layer. Moreover, different interatomic distances (b) exist
within each atomic layer on different crystal planes, which
affect the material deformation and removal process. As
illustrated in Fig. 11(a), on the (111) plane, the atoms
within each atomic layer are closely linked, and the
interatomic distance in-layer (b) equals 2rw. Any atomic
motion of one atom has an important influence on its
neighboring atoms in the first atomic layer. By contrast, on

the (001) plane, the interatomic distance in-layer is larger
than 2rw, and the atoms within one atomic layer are not
closely adjacent. Any atomic motion of one atom in the
first atomic layer would first directly induce the motion of
atoms in the second layer. At least two atomic layers are
involved in the cutting-based single atomic layer removal
process. Furthermore, on the (111) plane, the atoms in the
first atomic layer directly come in contact with those in the
second and third atomic layers at the same time. In cutting,
at least three atomic layers are expected to be involved.
In the cutting process, the atoms within the first atomic

layer are under different force conditions due to different
atomic arrangement structures. As illustrated in Fig. 12, on
the (111) surface, under the action of rounded cutting edge,
the targeted atom is subjected to a cutting force imposed by
cutting tool (FR), a drag force from the atoms within the
second atomic layer (FD), and a horizontal cutting force
from other atoms within the first atomic layer (FH).
Therefore, in the cutting process, the atomic displacement
behavior of the targeted atom on the close-packed crystal
plane is the result of FR, FD, and FH.
Different from the Cu(111) surface, the atoms within the

targeted first atomic layer on the Cu(001) surface are only
subjected to FR and FD in the 2D orthogonal cutting
process. To achieve the removal of the targeted atom, the
fact that both materials yield strength in the cutting and
normal directions should be overcome. On the Cu(110)

Fig. 10 Schematic for three types of dislocation generation and motion in ACS cutting. (a) Cu(111); (b) Cu(110); (c) Cu(001).
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surface, aside from FR and FD, a force from the third
atomic layer is also imposed on the first atomic layer.
On the close-packed crystalline plane, when the shear

stress imposed on the first atomic layer is larger than the
critical resolved shear stress (CRSS), the targeted first
atomic layer tends to slip over the second atomic layer,
thereby generating dislocation. In the cutting process, the
cutting force provides shear stress to enable dislocation
generation. As shown in Fig. 5(a), in the cutting process on
Cu(111) surface, the horizontal principle stress serves as
the shear stress, which enables material slip along the
cutting direction. As further determined by the plot of
cutting forces versus cutting distance in Fig. 13, with the
advance of the cutting tool, material deformation and
removal easily occur via dislocation motion when the
cutting-induced horizontal principle stress is larger than the
CRSS of the workpiece material.
As shown in Fig. 13(a), on Cu(111) surface, the

tangential component of cutting force is much smaller

than the normal cutting force, indicating that a lower
tangential cutting force could enable material removal by
chip formation via dislocation motion, especially material
slip (Fig. 4(a)). On the (001) and (110) surfaces, the atoms
within the first atomic layer are not closely adjacent. In the
cutting process, the cutting edge intermittently comes in
contact with the atoms within the first atomic layer. Thus,
the cutting forces exhibit a larger fluctuation than those on
the Cu(111) surface, as shown in Figs. 13(b) and 13(c).
Moreover, on the Cu(110) surface, under the action of the
cutting tool, the materials within the first atomic layer can
be easily pressed into the processed surface, as the [110]
direction is its close-packed crystallographic orientation.
From the above analysis, the material deformation and

removal process in ACS cutting at the atomic scale could
be regarded as the cutting tool-based displacement
behavior of the specific atomic layer. The key to enabling
controlled cutting-based material removal at the atomic
scale is to accurately control the motion of the targeted

Fig. 11 Atomic arrangement structures of (111), (001), and (110) surfaces of the FCC metal materials. (a) Cu(111); (b) Cu(001); (c) Cu(110).
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Fig. 12 Force condition of the targeted atom in round-edged tool-based cutting. (a) Cu(111); (b) Cu(110); (c) Cu(001).

Fig. 13 Plots of cutting force versus cutting distance on each analyzed crystal planes. (a) Cu(111); (b) Cu(001); (c) Cu(110).
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atoms or atomic layer with the aid of the cutting tool. For
this reason, the interatomic effect of atoms within one
atomic layer and the interlayer effect of neighboring
atomic layers need to be considered when the materials to
be machined only include several atomic layers and even
one atomic layer.
Overall, the crystallographic orientation effect on ACS

cutting needs to be ascribed to the different atomic
arrangement structure on each crystal planes. It affects
the forced condition of each atom in the cutting process by
inducing different atomic motion of each atomic layer and
by changing the dislocation generation and evolution.
Consequently, on different crystallographic planes, two
kinds of material removal mechanisms exist in atomic-
scale cutting.

5 Conclusions

The crystallographic orientation effect on cutting-based
single atomic layer removal mechanism of monocrystalline
copper is investigated through MD analysis. The research
findings indicate that due to the crystallographic orienta-
tion effect, two kinds of material removal mechanisms
exist in the single atomic layer cutting, namely, dislocation
motion and extrusion. Defect-free processed surfaces can
be obtained through cutting-based material removal by
shear stress driven-dislocation motion rather than by
extrusion. The main conclusions are summarized as
follows:
1) When the undeformed chip thickness is decreased to

the atomic scale, two kinds of cutting-based material
removal mechanisms arise on different crystallographic
surfaces, namely, extrusion and shear stress-driven dis-
location motion mechanisms. Material removal needs to be
conducted in the form of dislocation motion mechanism
rather than extrusion mechanism to obtain an atomic and
defect-free processed surface.
2) The workpiece stress distribution is evidently

changed by the crystallographic orientation effect. On the
Cu(001) surface, the horizontal principle stress serves as a
shear stress, which enables material slip by dislocation
motion. On the Cu(110) and Cu(111) surfaces, under the
action of the cutting tool, one compressive stress
concentration zone is formed to realize material removal
dominated by extrusion.
3) On the close-packed crystalline plane, material

removal is dominated by shear stress-driven dislocation
motion. On other non-close-packed crystalline planes,
when the materials to be machined are composed of only a
single atomic layer, the extrusion action dominates the
final material removal.
4) Crystallographic orientation effect induces different

subsurface deformation mechanisms in the cutting-based
single atomic layer removal process. Elastic–plastic
deformation occurs on the processed Cu(110) and

Cu(001) surfaces, which differs from the elastic deforma-
tion on the processed Cu(111) surface.
5) The crystallographic orientation effect on the material

removal behavior in ACS cutting is ascribed to different
atomic arrangement structures. A larger interlayer spacing
distance exists between neighboring atomic layers on
close-packed crystal planes than on non-close packed
crystalline planes, facilitating the controlled removal of the
first atomic layer.
6) Atomic- and close-to-atomic-scale cutting should be

conducted on the close-packed crystallographic planes of
FCC metal materials to obtain the defect-free processed
surfaces.
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