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Abstract

The nano-punching characteristics of single-crystalline aluminum are investigated using the quasi-continuum (QC) method. Four
variables (i.e., crystal orientation, workpiece thickness, clearance between the punch and the substrate, and the taper angle of
punch) are used to explore their effect during the nano-punching process. The shear stress distribution is used to express the
punching effect on the punch and on both sides of the substrates. Besides, fracture strength, residual flash, and the atomic displace-
ment vector are observed and discussed regarding the behaviors of the nano-punching process under various conditions. Based on
the results, the Al workpiece with the X[111]Y[-110] orientation presents less lattice resistance during the punching process.
Besides, the thickness of the workpiece has a significant effect on the punching quality. Workpieces with thickness values of 5 and
10 A are more suitable for punching, due to stable loading and unloading stress—displacement curves and less residual flash on the
cutting surfaces of these workpieces. In contrast, the effect of clearance has less impact on the punching behaviors of thinner work-
pieces. However, for thicker workpieces (i.e., 15 and 20 A), a larger clearance will likely cause more residual flash. Furthermore,

the taper angle of the punch should not be larger than 10°, otherwise, it might damage the workpiece and the substrate.

Introduction

Nanotechnology has greatly improved the development of high-  punching [15]. These techniques achieve high precision at the

tech industries such as biomedicine, nanoelectromechanical
systems (NEMS), environmental science, and semiconductors
[1-10]. The increased requirements for advanced nanostruc-
tures simultaneously give rise to extensive researches in preci-
sion machining techniques, including nanoimprinting lithogra-
phy (NIL) [11,12], mechanical nano-cutting [13,14], and nano-

nano- and submicron scale surfaces and three-dimensional
structures [16,17]. Thus, the removal methods of nanoscale ma-
terials have become more important, such as the nano-cutting
and nano-punching processes, to produce high-precision work-
pieces with complex features and smooth surfaces [18-21].

However, comparing with a large number of studies exploring
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various mechanisms related to nano-cutting, there is less
research focused on the issues of the nano-punching process.
Therefore, in the present study, we will focus on characteristics

and mechanisms that may influence the nano-punching process.

Because of the size effect and atomic adhesion between the
punch and the workpiece, the nano-punching process may
present different behaviors in comparison to the conventional
punching process. Besides, since it is very challenging to exper-
imentally control every parameter in the nanoscale, the atom-
istic computational simulation methods are often used. The
most commonly used simulation method is molecular dynamics
(MD), which has been conducted to investigate many nano-
scale processes [22,23]. Although the MD simulation can be
effectively applied to simulations at the nanoscale, it still has
limitations [14]. Therefore, in recent years, the multiscale simu-
lation approach, which combines atomistic and continuum
simulations, has received more and more attention [24-32].

The idea of the multiscale simulation is to model a system with-
out precisely calculating every atom. The major goal of this
method is to efficiently treat the continuous model while main-
taining its accuracy [33-44]. The multiscale simulation we used
for investigating the nano-punching processing was the quasi-
continuum (QC) method, which has been extensively studied in
recent decades [45-50]. Wu et al. used the QC method to simu-
late the fracture and cracking of metallic bilayer materials and
found that those materials have lower mechanical strength at a
specific structural orientation [51]. Besides, Tran et al. studied
the friction and scratch characteristics of pure aluminum by the
QC method. The bump width to the bump pitch (W/P) value,
scratch depth, surface roughness, and indenter radius were set
as variables in order to explore the friction behaviors of differ-
ent models [52]. Moreover, the QC method based on the em-
bedded-atom method (EAM) potential was adopted to observe
the fatigue crack growth and expansion characteristics of single-
crystal metals under cyclic loading processes. The results
showed that after compressive or shear processes, the materials
were strengthened if the initial crack coalesces again. On the
contrary, if there is no coalescence, the cracks will rapidly
spread and lead to the fracture of the materials [53]. Overall,
these studies have confirmed that the QC method has been suc-
cessfully applied in the fields of nanoscale simulations.

In the present study, the QC method was performed to simulate
nano-punching processes. Since the QC method has the bene-
fits of simulating large-scale models and reducing simulation
operation time to enhance the simulation efficiency, it accu-
rately captures the atomistic physics while retaining the effi-
ciency of continuum models. A nickel punch and a single-crys-

talline Al workpiece were used as the punching materials.
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Models with different crystal orientations, workpiece thick-
nesses, clearances, and taper punch angles were established.
The results of the stress—displacement curve, shear strain distri-
bution, and fracture strength were provided as well as the inter-
facial mechanics and punching characteristics of each nano-
punching model.

Model and Methodologies

The simulation model of the nano-punching system comprises a
punch and a single crystalline Al workpiece, as shown in
Figure 1. The punch is assumed as an ideal rigid Ni with crystal
orientation of X[—110]-Y[111]. The dimensions of the Al sub-
strates are 100 A (width) x 100 A (height), and the width of the
Al workpiece is 200 A, as shown in Figure la. A periodic
boundary condition (PBC) was applied for the z-axis of the
simulation model. Besides, there is a clearance between the
punch and the substrate during the nano-punching process, as
shown in Figure 1b. The initial distance between the punch and
the workpiece was set to 10 A, in order to prevent internal adhe-
sion of atoms in the equilibrium stage which may lead to
program error termination. The atoms at the bottom of the Al
substrates were the fixed atoms, and the atoms on the top of the
Ni punch were the actuation atoms. The nano-punching process
was performed by implementing a constant displacement of the
Ni punch, which was set to 0.2 A per step, and the punching
displacement was 120 A. The effects of crystal orientation,
workpiece thickness, clearance, and taper angle on the nano-

punching process were investigated and analyzed.

The QC method was used to simulate the nano-punching
process. In order to improve the computation efficiency, the
simulated model was divided into local zone and nonlocal zone,
and the atoms that belong to these zones are also called local
atoms and nonlocal atoms, respectively. The local atoms repre-
sent the continuum region (i.e., the region farther from where
the punching takes place) and thus the deformation of this
region is uniform [26,50]. The energies of the local atoms are
calculated based on the Cauchy-Born rule [14,54], which
expresses that the energies of the atoms in the local region are
equivalent. Conversely, the nonlocal zone indicates the
punching area which suffers the most significant nonuniform
deformation. In order to accurately calculate the energy of the
nonuniform deformation region, the EAM is used to calculate
the interaction of the nonlocal atoms [55]. Moreover, to avoid
repeated calculations at the coupled regions, the QC method
performs continuous coupled calculations to modify the ghost
force of the coupled regions [54].

Results and Discussion
In this section, the QC method was used to explore the effects

of different crystal orientations, workpiece thickness, clearance,
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Figure 1: The physical model of the nano-punching system. (a) The punch is made of nickel, and the workpiece is a single crystalline Al. (b) A clear-
ance 0 is set between the punch and the substrate during the nano-punching process.

and taper angle on the nano-punching process. The friction
characteristic of interface and residual flash phenomena were
discussed under various conditions. The stress—displacement
curve and stress/strain image were used to analyze various me-

chanical properties.

Effect of crystal orientation on the nano-

punching process

Before discussing the influence of different crystal orientations
on the nano-punching process, the effect of crystal orientation
on the materials will be firstly considered. The mechanical
properties of single-crystal materials can be strongly affected by
the crystal orientation [56], such as the elastic stress [57], ther-
momechanical fatigue behavior [58], and the dislocation effect
of deformation caused by an external force [59]. In this work,
three crystal orientations O1, O2, and O3 were chosen, which
were X[111]Y[-110], X[-110]Y[111], and X[110]Y[001], re-

spectively. For O1, O2, and O3 orientations, the punching
directions were parallel, perpendicular, and with a specific
angle to the close-packed surface of the single-crystal Al work-
piece, respectively [60]. The thickness of the Al workpiece was
set to 10 A and the clearance was 5 A.

Figure 2 exhibits the shear stress—displacement curve of Ol,
02, and O3 during the nano-punching process. Firstly, it can be
observed that a continuous oscillation exists in the curve from
the punch contacts with the workpiece to the workpiece frac-
ture. This oscillation expresses the stick—slip phenomenon,
which commonly occurs in the atomic-scale friction [14,61,62].
The stick phenomenon is caused by the accumulation of atoms
in front of the punch, and the adhesion force increases with an
increase of the contact area between the punch and the work-
piece. However, when the debris crumple, the slip phenomenon

appears [61]. Besides, comparing the three crystal orientation
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Figure 2: The shear stress—displacement curves of O1, 02, and O3
orientations during the nano-punching process.
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curves, Ol shows a more stable curve during the loading
process, while the O2 and O3 curves are less stable. Each of the
curves sharply drops at the end, which means that the Al work-
piece is broken and separated from the substrate. For a more
clear description of the mechanical behavior of the nano-
punching process, the schematic diagram of the nano-punching
process is shown in Figure 3. Initially, the downward moving
punch generates tensile stress between the workpiece and the
substrate, causing an elastic deformation inside the workpiece
(Figure 3a). When the punch continues to move down until the
plastic deformation occurs, there is shear stress between the
workpiece and the substrate (Figure 3b). Eventually, the work-
piece fractures from the substrate at a critical stress, which is

also defined as fracture strength (Figure 3c).

After the workpiece is broken and the loading stage goes toward
the end, the punch moves up and returns to the original position.
According to the unloading curves shown in Figure 2, it can be
found that there is a slight oscillation in the O2 and O3 curves,
especially in the O2 curve, which means that the residual flash
exists on the interface between the punch and both sides of the
substrate. By contrast, there is no oscillation in the unloading
curve of O1, which indicates that the unloading process of Ol
was less affected by the residual flash. Therefore, the result
confirms that there is almost no residual flash on the interface
of the O1 orientation. Further, the fracture strength values of
01, 02, and O3 were 0.138, 0.324, and 0.133 GPa, respective-
ly. These values show that during the punching process the

S~

Punch Punch

v v vvy
= Fracture

ya

(©)

Figure 3: The schematic diagram of the nano-punching process. (a) The elastic deformation stage, (b) the plastic deformation, and (c) the fracture

stage.
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lattice resistance of the O2 orientation is significantly higher
than that of O1 and O3.

The different punching behaviors of O1, O2, and O3 can be ob-
served by the atomic vector images, as shown in Figure 4. For
the substrate of the O1 orientation, the atoms slip along the
[110] direction, which is parallel to the punching direction and
thus has a relatively lower resistance during the punching
process. Therefore, the stress—displacement curve of Ol
presents a relatively stable appearance. By contrast, the atoms
slip directions of O2 and O3 are [-11-2] and [11-2], respec-
tively. It can be observed that inclined angles appear on both
sides of substrates, and there is an obvious lattice resistance of
these substrates during the punching process, results in the
unstable stress—displacement curves and more residual flash on

the substrates with O2 and O3 crystal orientations.

The shear stress value and distribution of the punch and the sub-
strate can be observed in the images. Figure 5 presents the
equivalent stress of O1, 02, and O3 crystal orientations during
the punching process. It can be found that the stress distribution
is obviously different with different crystal orientations. For the
O1 orientation, the direction in which the stress is distributed in
the punch and both sides of the substrates is pretty much
parallel to the punching direction, especially at the displace-

01 X[110]-Y[111]

03 X[110]-Y[001]
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mentd =50 A. However, the stress distribution of O2 and O3 is
at an inclined angle with the punching direction, which is
mostly consistent with the atomic displacement vectors
mentioned in Figure 4. Besides, it can be more clearly observed
from Figure 5 that the cutting surfaces of O1 are relatively
smooth. There is no inclined phenomenon or residual flash on
the cutting surfaces of the substrates caused by the punching
process. By contrast, the substrates of O2 and O3 are inclined
due to the force of the punch. The inclination angle of the sub-
strates on both sides of O2 and O3 orientations is approxi-
mately 45°, and the stress of the O3 orientation is more widely
distributed than that of O2.

When the punch displacement was d = 120 A, all of the Al
workpieces of the O1, 02, and O3 orientations were broken.
Figure 6 shows the shear stress and strain distribution during the
unloading process of the O1, O2, and O3 orientations. Because
the cutting surface of O1 is smooth, during the unloading stage
the punch has very little friction with the cutting surface. There-
fore, the unloading stress of O1 is stable at 0 GPa, as shown in
Figure 2. In contrast, O2 leaves the largest inclined angle on the
substrate, and the strain in the substrate is the highest. However,
there is no much residual flash on the cutting surface of O2, so
the residual stress of the O2 substrate is low. Compared with O1
and 02, O3 leaves the most residual flash on the cutting sur-

02 X[111]-Y[110]

Figure 4: The atomic displacement vectors of O1, O2, and O3 during the punching process.
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Figure 5: The shear stress distribution diagram of orientation O1, 02, and O3 during the punching process. The displacement of the punch is (a) 0 A,
(b) 25 A, and (c) 50 A.
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Figure 6: The shear stress and strain distribution during the unloading process of the O1, 02, and O3 orientations.
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faces, which leads to the largest friction between the punch and
the cutting surface during the unloading process. Therefore, it

has the largest residual stress in the O3 substrate.

According to the above results, the difference of crystal orienta-
tions of the Al workpiece has shown a great influence on the
punching behaviors, which can provide a reference when

selecting the punching substrate and workpiece.

Effect of workpiece thickness on the nano-

punching process

After investigating the orientation effect on the nano-punching
process, in this section, the effect of various thicknesses of Al
workpieces are discussed. The thickness of the Al workpiece
was set to T =5, 10, 15, and 20 A. The clearance between the
punch and both sides of the substrate was 5 A.

Figure 7 exhibits the shear stress—displacement curve of the
workpiece with different thicknesses. The workpiece thickness
T =5 and 10 A curves are stable and only show a significant
rise when the workpiece is broken. By contrast, the stress
curves of 7= 15 and 20 A show unstable behavior. Moreover,
the 20 A curve does not show a sharp drop at the end of the
punching process like the other curves, which means that the
20 A workpiece cannot be completely separated from the sub-
strate at the end of the punching process. This result indicates
that the 20 A Al workpiece is too thick for this nano-punching
process, which may lead to the failure of the punching process
and wearing of the punch. Besides, the influence of the work-
piece thickness is also directly displayed on the fracture
strength. The fracture strength values of 5, 10, 15, and 20 A
workpieces are 0.072, 0.138, 0.240, and 0.472, respectively, as
shown in Figure 8. It indicates that the thicker the workpiece,
the greater the punching force must be to make the workpiece
fracture from the substrate.

Figure 9 presents the stress distribution for workpieces with
various thicknesses. For the 5 and 10 A workpieces, during the
punching process, the stress uniformly distributes on the inter-
face between the punch and both sides of the substrates. In addi-
tion, there is no stress distribution in the punch of the 5 A work-
piece, which means that the workpiece with 5 A thickness will
cause very little force on the punch during the punching
process. However, for the 15 and 20 A workpieces, the stress is
distributed in the center of the substrates. Especially for the
20 A workpiece, when the punch displacement is d = 0 A, there
is a relatively great stress distribution in the punch and the sub-
strates. This phenomenon is caused by the greater friction be-
tween the thicker workpiece and the punch. Besides, the 20 A
workpiece also suffers great shear stress during the punching
process (d = 50 A), because the thicker the workpiece, the

Beilstein J. Nanotechnol. 2022, 13, 1303-1315.
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Figure 7: The shear stress—displacement curves of workpieces with
various thicknesses during the nano-punching process.
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Figure 8: The fracture strength of the 5, 10, 15, and 20 A workpieces.

greater the friction force between the interface of the workpiece
and the substrates, which causes shear stress in the workpiece.
Furthermore, as shown in Figure 7, the unloading curves of 15
and 20 A have slight oscillations, which means that the residual

flash exists between the punch and the substrates. Therefore, ac-
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Figure 9: The shear stress distribution diagram of the 5, 10, 15, and 20 A workpieces during the punching process. The displacement of the punch is
(@) 0 A, (b) 25 A, and (c) 50 A.

cording to the above results, the 15 and 20 A workpieces are too
thick for this punching process.
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the thinner ones. Besides, the fracture strength of 5 and 10 A
workpieces does not show a clear correlation with different
clearances. It should be inferred that since these two work-
pieces are thinner, the size of the clearance does not particular-
ly affect the difficulty of the punching process. In comparison,
the fracture strength of thicker workpieces decreases with an
increase of clearance, especially for the 20 A workpiece. In
order to further investigate the punching behaviors of the 15 and
20 A workpieces, the punching process and the stress distribu-
tion of the 15 and 20 A workpieces are observed, as shown in
Figure 11 and Figure 12. It can be observed that for the 15 and
20 A workpieces, as the clearance increases, the value of the
stress in the punch and substrates decreases, and the stress dis-

d=5A 5=10A

Beilstein J. Nanotechnol. 2022, 13, 1303-1315.

tribution is concentrated near the interface where the punching
occurs. In addition, under the same punch displacement, the
larger the clearance, the larger the area of the workpiece break
from the substrate, which explains the smaller fracture strength
of these workpieces. These phenomena are more obvious in the
20 A workpiece than in the 15 A one. Figure 11c shows the
15 A workpiece with a 10 A clearance fracture at a displace-
ment of 50 A. As it can be seen, the fracture strength of the
10 A clearance is slightly lower than that of 5 and 15 A clear-
ance values. However, even the larger clearance values facili-
tated the punching of thicker workpieces, the inclination angle
on the substrate and the residual flash also increased with an
increase of clearance, as shown in Figure 11c and Figure 12c.

5=15A

3=20A

aa

stress (Gpa) [T T

0.005

0.035

Figure 11: The shear stress distribution diagram of the 15 A workpiece with 5, 10, 15, and 20 A clearance values during the punching process. The

punch displacement is (a) 0, (b) 25, and (c) 50 A

3=35A 5=10A
Stress (GPa)
0.005

5=15A 3=20A

Il
i

0.05

Figure 12: The shear stress distribution diagram of the 20 A workpiece with 5, 10, 15, and 20 A clearance values during the punching process. The

punch displacement is (a) 0 A, (b) 25 A, and (c) 50 A.
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Effect of taper angle on the nano-punching
process

So far this paper has discussed the influences of different orien-
tations and thicknesses of workpieces, and also considered the
clearance between the punch and substrate. This section focuses
on the design of the punch. The taper angle of the punch was set
to 0 = 5°, 10°, 15°, and 20°. The workpiece thickness was 10 10%,

and the clearance was 5 A.

As shown in Figure 13, the fracture strength values of taper
angles 0 = 5°, 10°, 15°, and 20° are 0.124, 0.212, 0.237, and
0.293, respectively. This result indicates that the fracture
strength is increased with an increase of the taper angle. When
the taper angle increases, the contact area between the punch
and the workpiece is decreased, and a higher internal energy is

stored in the atoms, resulting in a higher fracture strength [63].

Figure 14 shows the shear stress distribution of various taper
angles during the nano-punching process. It is observed that the
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Figure 13: The fracture strength of the punch with various angles.

punching behaviors changed with the taper angle during the
punching process. When the punch displacement was 0 and
25 A, the stress distribution in the punch and substrate showed

(b) ©

steess (GPo) [HEEEEINE | T

0.005

0.035

Figure 14: The shear stress distribution of 6 = 5°, 10°, 15°, and 20° taper angles during the nano-punching process. The displacement of the punch

is (@) 0 A, (b) 25 A, and (c) 50 A.
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little difference with each taper angle. However, when the
punch displacement was 50 A, the stress distribution of the 20°
taper angle was obviously smaller than the other ones. Besides,
the workpieces were almost broken by the 15° and 20° taper
angle punch. Moreover, there were high inclination angles
appearing on both sides of the substrates of 15° and 20° taper
angles. These results express that punches with 15° and 20°
taper angles will likely damage the workpiece and the substrate
during the punching process. Even though there is no inclina-
tion angle appearing on the substrate at a 5° taper angle punch,
there is still some residual flash attached to the cutting surfaces.
According to previous research, this phenomenon is due to a too
small taper that hinders the material flow during punching [64].
In contrast, the 10° taper angle punch shows smooth cutting sur-
faces; therefore, this taper angle is more suitable for this

punching process.

Conclusion

In this work, the effects of workpiece orientation, thickness,
clearance, and punch taper angle on the nano-punching process
of Al workpieces and Ni punches were studied. According to
the results shown, several conclusions were obtained. For
instance, the crystal orientation of the Al workpiece has a great
influence on the punching process. There is no residual flash
and inclination angle on the substrate of the O1 X[111]Y[-110]
orientation since the punching direction of this orientation was

parallel to the close-packed surface of the Al workpiece.

The thickness of the workpiece also plays an important role in
the nano-punching process. There is a residual flash between
the punch and the substrates of the 15 and 20 A workpieces.
Besides, the 20 A workpiece cannot be totally separated from
the substrate. These results indicate that the 15 and 20 A work-
pieces are too thick for the punching process.

Compared to the thickness, the clearance shows little influence
on thinner workpieces. However, for thicker workpieces (15
and 20 A), the inclination angle and the residual flash on the

substrate increased with an increase in the clearance.

Different taper angles of punches also affect the punching
behaviors. For punches and 10° taper angles, the cutting sur-
faces were smoother than those for the 5°, 15°, and 20° taper
angles. In addition, the workpieces were bent by the 15° and

20° taper angle punches during the punching process.

Based on the presented results, in order to obtain good punching
quality, the design of the workpiece and punch should be in a
proper range. For this nano-punching process, the 5 or 10 A
thickness Al workpiece with the X[111]Y[-110] orientation,
and punch with a taper angle of 10° may be the optimal

Beilstein J. Nanotechnol. 2022, 13, 1303-1315.

selection, which can give a reference result for subsequent
studies.
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