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ABSTRACT

In this paper, a developed three-dimensional Molecular Dynamics (MD) model for AFM-based
nanomachining is applied to study mechanical indentation and scratching at the nanoscale. The
correlation between the machining conditions, including applied force, depth, tip speed, and
defect mechanism in substrate/workpiece is investigeted. The simulations of nanoscratching
process are performed on different crystal orientations of single-crystal gold substrate, Au(100),
Au(110), and Au(111). The material deformation and deformed geometry are extracted from the
final locations of atoms, which are displaced by the rigid indenter. The simulation also allows
for the prediction of forces at the interface between the indenter and substrate. Material
properties including modulus of elasticity and hardness are estimated. It is found that properties
vary significantly at the nanoscale. In addition to the modeling, an AFM is used to conduct
actual indentation and scratching at the nanoscale, and provide measurements to which the MD
simulation predictions are compared. Due to computational time limitation, the predicted forces
obtained from MD simulation only compares well qualitatively with the experimental results.
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1. INTRODUCTION

Atomic force microscope (AFM) has been considered a potential manufacturing tool for
operations including machining, patterning, and assembling with in situ metrology and
visualization [1]. AFM-based nanomachining generally involves nanoindentation and
nanoscratching, which have been commonly used in the characterization of surfaces or small-
scale materials [2]. It also has the ability to perform in situ repair/re-manufacturing of the
position, size, shape, and orientation of single nanostructures. Some applications of AFM-based
nanomachining include fabrication of micro-/nano-devices, individualized biomedicine and drug
delivery, molecular reading and sorting, ultrahigh density memory, nanoscale circuitry, and
fabrication of metal nanowires [3-13].
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Recently, AFM tips have been used as cutting tools for surface modification. Nanochannels,
nanoslots, and complex nanopatterns can be fabricated by directly scratching the substrate [9].
These AFM-based mechanical indentation and scratching techniques have been successfully
applied to produce complex geometries and high aspect-ratio 3D nano-objects on both flat and
curved surfaces [10]. Nanoindentation and nanoscratching are capable of fabricating complex
structures, and advances in materials, pattern transfer processes, and cost reductions of AFM
equipment have allowed these methods to become a viable but not yet scalable method for many
nanoscale devices [14]. Process throughput is low due to limited removal speed, tip-surface
approach, contact detection, desired force profile, and tool wear. Parallel fabrication using
multiple AFM tip arrays has been reported [5]. However, parallel fabrication currently does not
allow precise control over size, shape, position, or orientation of individual structures. A
fundamental understanding of substrate deformations/separations and the tip is needed to achieve
controllable nanomanufacturing [1]. Attempts have been made to study the correlation between
machining parameters, machined geometry, and surface properties for better control of AFM-
based nanomachining processes both experimentally [15-21] and computationally [22-55]. This
include experiments on few types of materials to investigate the effects of parameters such as
applied load, scratching speed, feed rate, scratching direction, tip geometry, tip angle, tip radius,
and number of scratching cycles. These parameters which also depend on material properties and
crystal orientation of the substrate, affect the depth, width, chip formation, and surface roughness
of the machined surface. Due to experimental limitations, computational models are therefore
essential to achieve a more comprehensive/complete understanding of the roles of the parameters
affecting the final nano-geometry in AFM-based nanomachining. On the other hand, a more
extensive experimental study is necessary to inform the development of accurate and realistic
predictive models. The experimental data is also needed to validate the computational models.

To address the need for computational models of AFM-based nanomachining, some efforts have
been made to model nanoindentation and nanoscratching using MD simulations [22-55]. MD
simulation presents itself as a viable alternative to the expensive traditional experimental
approach. Such a simulation was initiated in the late 1950s by Alder and Wainwright [56-57] in
the field of statistical mechanics and has been successfully applied to investigate various
phenomena at nanoscale. The advantage of MD simulation over continuum model simulation
(FE) is that it allows for a better, more detailed understanding of the ways defects are created, the
transition from elastic to plastic behavior, and crystal structure effects in materials [22].
Numerous studies have been reported on MD simulations of nanoindentaion and nanoscratching.
The effects of several parameters such as crystal orientation [41, 45, 46], indenter shape and
orientation [33, 39, 40, 44], penetration or scratching depth [37, 42, 47, 48], scratching speed [47,
48], feed (on nanoscratching) [34, 35], and temperature [25, 45, 49] have been investigated on
different types of bulk and thin film materials. In addition, mechanical properties including
Young’s modulus, friction coefficient and hardness of materials have also been reported [26, 42].
MD simulation quality depends on the accuracy of the potential energy function used. Also, the
complexity of the potential energy function directly affects computational time. The selection of
the potential function depends on material type. Various types were investigated in MD
simulations: silicon [22, 30, 31], gold [32], copper [25, 33-35], aluminum [36-38], silver [39, 40],
iron [41, 42] and nickel [43, 44]. However, MD simulation involves the interaction of a large
number of atoms as deformation occurs on an atomic scale. One major concern in MD simulation
is the high computational time required. Existing MD models are limited in the size of simulated
volume as well as time scale, inhibiting the ability to capture all important attributes for
deformation. To keep the processing time under control, most existing models of nanoindentation
use less than 100,000 atoms. The largest models of nanoindentation found in the literature contain
approximately 10 million atoms [58], which are enabled by parallel computing.

In this paper, three-dimensional MD simulations of AFM nanoindentation and nanoscratching are
performed to investigate the effects of tip speed and crystal orientation for the case of gold
material. The simulation allows for the prediction of forces at the interface between an indenter
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and a substrate. The material deformation and deformed geometry are extracted based on the final
locations of the atoms, which have been displaced by the rigid tool. Mechanical properties
including Young’s modulus and hardness of materials are also reported. In addition, an AFM is
used to conduct actual indentation and scratching at the nanoscale, and provide data with which to
validate MD simulation. The results of the simulation as well as the AFM data are presented and
compared.

2. METHODOLOGY

MD simulation is used to simulate the time dependent behavior of a molecular system. MD
simulations of AFM-based nanomachining in this study are implemented using LAMMPS
(Large-scale Atomic/Molecular Massively Parallel Simulator) [59, 60]. The LAMMPS code run
in parallel uses distributed memory message passing techniques and spatial decomposition of
simulation domain. The inputs required in MD simulation are initial positions and velocities of
atoms in the system along with other information such as boundary conditions, potential energy
function, time steps, etc. The outputs of the simulation include trajectories of atoms in the system,
forces, energy of the system, and other physical quantities of interest. The MD simulation model
and the potential functions used in this study are explained in the following sections.

2.1. Simulation Model

The schematic model used in the MD simulation of AFM nanoscratching is shown in Figure 1.
The simulation model consists of a single crystal gold workpiece and a three-sided pyramidal
indenter. Diamond is selected as indenter tip. The indenter tip is modeled as a rigid body. The
initial positions of atoms in the model are calculated from the default lattice position. For
example, face center cubic (fcc) structure is applied in the modeling of gold workpieces. On the
other hand, diamond structure is used for modeling of diamond indenter. The workpiece in the
MD simulation is divided into three different zones: boundary, thermostat, and the Newtonian
zones. A few layers of boundary and thermostat atoms are placed on the bottom side of the
workpiece. Fixed boundary conditions are applied to the boundary atoms. The atoms are fixed in
the position to reduce the edge effects and maintain the symmetry of the lattice. Periodic
boundary conditions are maintained along the x- and y-direction. The periodic boundary
conditions are usually employed when a simulation seek to investigate the behavior of an isolated
system, to avoid spurious edge effects and thereby simulate the behavior of a much larger crystal
system. The thermostat zone is applied to the MD simulation model to ensure that the heat
generated during the indentation process can be conducted out of the indentation region properly.
The temperature in the thermostat zone is maintained by scaling the velocities of the thermostat
atoms for each computational time step. In the Newtonian zone, atoms move according to
Newton’s equation of motion.
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Figure 1. Schematic MD simulation model of AFM nanoscratching
2.2. Potential Energy Function

The motion of the atoms in the Newtonian zone is determined by the forces derived from
potential energy function and Newton’s equation of motion. The interaction of each atom can be
approximated by a potential energy function in accordance with Newtonian mechanics. The
quality of the MD simulation results depends on the accuracy of the potential energy function
used. On the other hand, the complexity of the potential energy function directly affects the
computational time [61]. The selection of the potential function depends on the type of material
used in the model. The potential energy function used for the interaction between atoms in the
gold (Au) workpiece materials is the Embedded Atom Method (EAM) potential [62]. The Morse
potential [63] is employed for the interaction between the gold workpiece and diamond indenter
tip in the MD simulations.

The Morse potential [63] is a commonly used empirical potential energy function for bonded
interactions The Morse potential energy function U can be expresses as a function of interatomic
distance r as the following formula:

U(r):D{exp[—Za(r—re)]—ZeXp[—(l(r—re)]} (1)

where r is the distance between the atoms, r, is the equilibrium bond distance, D is the cohesive
energy, and a is a parameter controlling the width of the potential. The single independent
variable in the equation is r. The constant parameters, r,, a, and D, can be determined on the basis
of the physical properties of the material. The parameters used in the Morse potential for gold are
listed in Table 1. The parameters between gold and carbon (Au-C) are calculated from the
following equations.

2
Dy, c=+Dy, Dc @
Qpyc =AUy, 3)
Vo sv—c =\ Teau Tec 4)

The EAM potential [62] is an extension of the two-body potential that has been developed for
metals. The basic approach of the EAM, which evolved from the density-function theory, is based
upon the recognition that the cohesive energy of a metal is governed not only by the pair-wise
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potential of the nearest neighbor atoms, but also by embedding energy related to the electron gas
that surrounds each atom.

Table 1. Parameters used in the Morse potential energy function

Parameter Au-Au C-C Au-C
[64] [25]

D (eV) 0.475 2.423 1.073

a (A 1.583 2.555 2.011

re (A) 3.024 2.522 2762

The interatomic force between any two atoms can be obtained from the potential energy function
(U) such that

By = W 5)

where Fj; is the interatomic force between atom i and j at a distance r;; from atom i. The
total force exerted on a particular atom is then calculated as the following equation.

g
F = F.(r.) (6)
Cojoniej UV

where F; is the resultant force on atom i and N is the total number of atoms. After calculating
force on each atom, velocities and positions are calculated from Newton’s second law of motion.

In this study, material properties, Young’s modulus and hardness, are calculated using the
formulations developed by Oliver and Pharr [65]. They used data directly drawn from the load-
displacement curve and correlated the projected contact area, A, to the contact depth, &, where A,
may be expresses as

hc =hmax _072% (7)

max

where h,,,, is the maximum depth of indentation, P, is the maximum applied load and S,,,, is the
slope of the unloading curve at the maximum applied load. The contact area, A, is thus found
from the geometry of the indenter as a function of the contact depth, 4. Once the contact area is
known, the hardness, H, is estimated from the maximum indentation load P,,, divided by the
projected contact area, i.e.

Pmax
H == )

The Young’s modulus is calculated by the reduced elastic modulus, E,, which takes into account
the combined elastic effects of indenter tip and sample, as follows:

1 [z dP
E=-|—— 9)
2\A. dh
where dP/dh is the slope of tangent line at the beginning of the unloading curve and A, is the

projected area at the maximum depth of indentation. The Young’s modulus of the sample, E|, is
then calculated from the following equation.



156 Computer Science & Information Technology (CS & IT)

= s 4 i (10)

where E; is the Young’s modulus of the indenter, and v; and v; are the Poisson’s ratios of the
sample and indenter, respectively.

2.3. Ensembles of Statistical Thermodynamics

Statistical ensembles are usually characterized by fixed values of thermodynamic variables such
as energy, E, temperature, T, pressure, P, volume, V, particle number, N, or chemical potential, p.
One fundamental ensemble is called the microcanonical ensemble and is characterized by
constant particle number, N, constant volume, V and constant total energy, E, and is denoted as
the NVE ensemble. Other examples include the canonical, or NVT ensemble, the isothermal-
isobaric or NPT ensemble, and the grand canonical or uVT ensemble. In the current study,
microcanonical or NVE ensemble is applied in the Newtonian zone. The system is isolated from
changes in number of atoms (N), volume (V) and energy (E). It corresponds to an adiabatic
process with no heat exchange. A microcanonical molecular dynamics trajectory may be seen as
an exchange of potential and kinetic energy, with total energy being conserved.

2.4. Parallel MD Simulation

The parallel MD simulations of AFM-based nanomachining are implemented using LAMMPS
[59, 60]. The LAMMPS code run in parallel uses distributed memory message passing techniques
and spatial decomposition of simulation domain. In spatial decomposition, the simulation domain
is divided into a set of equal smaller sized domains. Each sub-domain is distributed to different
processor for calculation. Since nearby atoms are placed on same processor, only neighboring
atoms on different processor need to be communicated by Message Passing Interface (MPI).
Communication is minimized to optimal level by replicating force computations of boundary
atoms. Non-uniformity of data distribution can occur for spatial decomposition as interaction
between tool and workpiece arise. The parallel MD simulation is run on the Big Red II
supercomputer [66]. Big Red II is Indiana University's main system for high-performance parallel
computing. Big Red II combines the longstanding leadership of Cray supercomputers with TU-
developed technology. The Cray XE6/XK7 supercomputer is capable of one thousand trillion
floating-point operations per second, or one petaFLOPS, making it the fastest university-owned
supercomputer in the world.

2.5. MD Simulation Conditions

MD simulations of AFM-based nanomachining were conducted on single crystal gold with the
use of parallel computing. Table 2 gives the conditions used in the MD simulations of AFM-
based nanomachining. The dimensions of the workpiece and indenter, the depth of indentation
and the tip speeds are given. The dimensions of the workpiece are expressed in terms of the lattice
constants. The lattice constant of gold (aAu) is 4.080 Angstroms (A).

Table 2. MD simulation conditions used in the MD simulations of AFM-based nanomachining

Workpiece material Gold (Au)

Indent: 120a4,x120a4,x120ay,,
Scratch: 160a,,%320a,,x40a,,

Crystal orientation Au: (100), (110), (111)

Workpiece dimension
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Number of atoms in the | Indent: 6,912,000 atoms

workpiece Scratch: 8,192,000 atoms
Indenter tip material Diamond

Indenter type Three sided pyramid
Indentation depth 1-7nm
Nanoindentation tip 1,10 m/s

speed

Bulk temperature 293 K

Time steps 1 fs (10™"%s)

3. EXPERIMENTAL SETUP

A Veeco Bioscope AFM was used to conduct actual indent and scratch at the nanoscale, and
provides data for evaluation of the MD simulation predictions. The AFM provides resolution on
the nanometer (lateral) and angstrom (vertical) scales. A diamond probe (Bruker DNISP
indentation probe) with a spring constant of 250 N/m was used in the experiments. The indenter
tips have three-sided pyramid shapes. Nanoindentation is made by forcing the tip into the
workpiece until the required cantilever deflection is reached. The tip is then lifted to its initial
position above the workpiece. Nanoindentation can be made at various forces and rates, using the
deflection of the cantilever as a measure of the indentation force. The indentation force, F, is
directly proportional to the deflection of the cantilever can be calculated from the well-known
Hooke’s law:

F=kx (11)

where k is the cantilever stiffness or spring constant in N/m and x is the deflection of the
cantilever. Nanoscratching is performed by forcing the tip into the workpiece until the required
cantilever deflection is reached. The tip is then moved horizontally for a specified length and then
lifted to its initial position above the workpiece. The nanoindentation and nanoscratching
experiments were conducted at various applied forces and tip velocities.

4. RESULTS AND DISCUSSION

MD simulation results of AFM nanoindentation and nanoscratching are presented in this section.
All MD simulation snapshots are visualized by Atomeye [67]. The different colors shown in the
following figures represent coordination number, which is a measure of how many nearest
neighbors exist for a particular atom. For example, atoms in perfect fcc crystals have 12 nearest
neighbors and their atomic coordination number is accordingly 12. Atoms with coordination
numbers that are not 12 usually represent the location of defects and vacancies. The purpose of
using this coordination number coloring is to clearly see the defects and dislocations of atoms.

In nanoindentation process, the indenter tip moves vertically into the surface of substrate. The
atoms in the substrate are compressed beneath the tip and the deformation can be seen in the
vicinity of the tip. The material apart from the tip seems to effect very little by the motion of the
tip. MD simulation snapshots of nanoindentation are shown in Figure 2. The figure shows the
initial stage of indenter tip and workpiece material in nanoindentation followed by the movement
of the tip into the workpiece material at various time intervals. At the surrounding of contact
surface between the indenter tip and the workpiece, a material pile-up is observed. Figure 3 shows
top and cross-sectional views of MD simulation snapshots of nanoindentation. The tip is located
at the maximum indentation depth at the time of 55 ps (Figure 3 (a)), while the tip is moved to its
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initial point at the time of 115 ps (Figure 3(b)). The elastic deformation on the top surface of the
gold workpiece undergoes elastic recovery after the tool tip was moved upward from the
workpiece. It can be seen from Figure 3 that some deformation on the surface disappeared after
the tool tip was moved up. Moreover, the depth of indentation mark and subsurface deformation
decrease after the tip was removed from the workpiece.

Figure 4 shows the MD simulation snapshots of nano-scratching with the scratching depth of 5
nm. The crystal orientation of workpiece material is Au(100) and the direction of scratching is
[100]. The scratching length is 30 nm and the tip speed is 10 m/s. The atoms in the workpiece are
compressed beneath and in front of the tip and assembled to form a small chip. The material pile-
up can be seen along the resulting groove. Several types of defects, including vacancies and
Shockley partial dislocation loops, can be observed during the simulation. The dislocation loops
are highly mobile and participate in various interactions among themselves and with other
defects. The dislocation loops on the top surface are emitted in front of the tip and generally move
out of the computation domain at a side boundary and come inside from the opposite side of
boundary, due to the periodic boundary conditions applied to all four side boundaries.

(e} ()

Figure 2. MD simulation snapshots of nano-indentation at various times: (a) 0 ps; (b) 10 ps; (c) 30 ps; (d)
55 ps; (e) 80 ps; (f) 115 ps

(b)

Figure 3. Top (left) and cross-sectional (right) views of MD simulation snapshots of nano-indentation: (a)
time = 55 ps; (b) time = 115 ps
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Figure 4. MD simulation snapshots of nano-scratching with a scratching depth of 5 nm.

The effect of scratching depth on material deformation was investigated. MD simulations of
nanoscratching were conducted with scratch depths varying from 1 to7 nm. Top and cross-
sectional views of MD simulation snapshots of nanoscratching at various scratching depths are
shown in Figs. 5 - 6, respectively. As the scratching depth increases, the deformation is found to
penetrate much deeper from the surface and the height of material pile-up also increases. In
addition, more dislocation loops on the top surface can be observed. With increasing depth, the
dislocations reach side boundaries sooner and re-enter from the opposite side. Some of these
partial dislocations interact with other defects to form more defects on the top surface. This
indicates that a larger computation domain is needed.

H

(d)

Figure 5. Top view of MD simulation snapshots of nanoscratching with different depths of scratch: (a) 1
nm; (b) 3 nm; (¢) 5 nm; (d) 7 nm.
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(d)
Figure 6. Cross-sectional views of MD simulation snapshots of nanoscratching with different depths of
scratch: (a) 1 nm; (b) 3 nm; (¢) 5 nm; (d) 7 nm.

The effects of crystal orientation are presented. Here, the MD simulations of nanoscratching were
conducted on three different crystal orientations: Au(100), Au(110), and Au(111). The scratching
depths are 5 nm for all the three cases. Figs 7 — 9 show cross-sectional (a, b) and top (c, d) views
of different crystal orientations. Different pattern of surface and subsurface deformation can be
observed for different crystal orientations.

(b)

Figure 7. Cross-sectional (a) and top (b) views of MD simulation snapshots of nanoscratching of Au(100)
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(b)

(b)

Figure 9. Cross-sectional (a) and top (b) views of MD simulation snapshots of nanoscratching of Au(111)

Fig. 10 shows AFM image and cross-sectional profile of nanoindentation for different applied
forces, increasing from right to left: 65, 70, 75, 80, 85 uN. The AFM experiments were repeated
for five times (five rows shown in Fig. 10). The indentation depths increase as the applied forces
increase. The variation of indentation forces with depths of indentation at different tool tip speeds
is shown in Figure 11. It can be observed that the indentation force increases as the depth of
indentation increases. The simulation results were compared with the experimental results. Due to
the limitation on computational time, it should be noted that the tool tip speeds used in this MD
simulation are a lot higher than those used in the experiment. The typical speed used in the
experiment is approximately 5-10 pm/s. Therefore, the effect of tool tip speed on the indentation
force is also investigated in this paper. It can be observed from Figure 11 that the indentation
force increases as the tool tip speed decreases. Since the tip speed plays an important role on the
indentation force, the quantitative values of the indentation force obtained from MD simulation
are not comparable to the experimental results. However, the increasing trends of indentation
force are the same for both simulation and experimental results. AFM experiments of
nanoindentation were also carried out to investigate the effect of the tip speed. Fig. 12 shows the
experimental results of AFM nanoindentation for different applied forces and different tip speeds.
The tip speeds were increased from 1 to 10 um/s from top to bottom rows. Fig. 12 (b) shows the
cross-sectional profile of AFM nanoindentation. The blue line represents the cross-sectional
profile for the tip speed of 1 wm/s. The red line represents the cross-sectional profile for the tip
speed of 10 um/s. It can be seen from Fig. 12 (b) that the indentation depth increases as the tip
speed increases.
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(b)

Figure 10. (a) AFM image of nanoindentation for different applied forces (increasing from right to left); (b)
cross-sectional profile of AFM image
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Figure 11. Variation in indentation forces with depths of indentation.
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(b)

Figure 12. (a) AFM image of nanoindentation for different applied forces (increasing from right to left) and
tip speeds (increasing from top to bottom); (b) cross-sectional profile of AFM image

Figure 13 shows the AFM experimental results of nanoscratching with five different depths,
namely 20, 30, 40, 50, 60 nm (increasing from right to left). As can be seen from figure 13(b), the
surface roughness varies between 0 to 20 nm across the gold substrate. In order to obtain a
meaningful result, the depths of scratch used in the experiments must be higher than 20 nm which
are ten times the depths used in the MD simulation. For this reason, the quantitative values, i.e.
forces, obtained from MD simulation are not comparable to the experimental results; only the
qualitative values are discussed here. The height of the material pile-up along the scratch groove
is found to increase as the depth of cut increases in both MD simulation and AFM experiments.
However, the material pile-up on the left side is observed to be higher than the right side which is
different from the MD simulation results. One possible explanation for the discrepancy may be
that the x-rotation of the AFM probe used in the experiment was set to 12 degree as
recommended by manufacturer. During the nanoscratching process, the pile-up material in front
of the tip increases, but not enough to form chip. Thus, no chip formation is detected in both MD
simulation and experiments for the observed depths of scratch.

0.5 1 1.5 2 25 pm

(b)

Figure 13. AFM experimental results of nano-scratching with five scratch depths of 20, 30, 40, 50, 60 nm
increasing from right to left: (a) AFM image of nanoscratching (b) cross-sectional profile

Figure 14 shows load-displacement curve for the case of gold material and diamond indenter tip.
As the indentation depth of the diamond tip continues to increase, the load curve continues to go
up and until its reaches a maximum depth. After reaching the specified maximum depth, the tip
begins to unload and return to it original position. The slope of the unloading curve at the
maximum load is determined and used in the calculation of hardness and Young’s modulus in Eq.
(8) and (10), respectively. Two different methods were used to calculate the contact area. In the
first method, the contact area was calculated from the geometry of the indenter as a function of
the contact depth, .. In the second method, the contact area was estimated from the location of
displaced atoms at the interface between tip and sample. The material properties of diamond
indenter used in the calculation are E; = 1140 GPa and v; = 0.07. Table 3 shows the values of
Young’s modulus and hardness of gold obtained from the calculations.
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Figure 14. Load-displacement curves for the case of gold material and diamond indenter tip.

Table 3. Young’s modulus and hardness of materials at nanoscale

Hardness Hardness
Young’s modulus
(GPa) (GPa)
(GPa)
Method 1 Method 2
235 113.56 98.13

Comparing to the macroscale properties, the Young’s modulus of gold is approximately 57-120
GPa; while it was found to be 235 GPa from our calculation. The values of hardness obtained
from method 1 in our calculation is slightly larger than those obtained from method 2. Both
Young’s modulus and hardness in our analysis were about two to three times larger than those at
the macroscale. This discrepancy is a result of the scale differences. Bulk material typically has
constant material properties regardless of its size, but size-dependent properties are often
observed at the nanoscale. Nanoscale material has a high surface area and a large fraction of the
atoms are on its surface. This can give rise to size effects in material properties at the nanoscale.
Moreover, the defect of the material such as grain boundaries and dislocations was different at
different scales. In addition, an assumption of perfect defect-free single-crystal material was
applied in the MD simulation; while, in general, materials at macroscale were poly-crystalline and
contained several types of defects.

3. CONCLUSIONS

MD simulations of AFM-based nanoindentation and nanoscratching were conducted to
investigate the effect of indentation and scratching depth, crystal orientation and tip speed.
Material properties at the nanoscale were also extracted and compared with macroscopic
properties. Several types of defects, including vacancies and Shockley partial dislocation loops,
could be observed during the simulation. With increasing depth of scratch, the dislocations reach
side boundaries sooner and re-enter from the opposite side. Some of these partial dislocations
interact with other defects to form more defects on the top surface. Due to the periodic boundary
condition applied to all the four side boundaries, the simulation domain should be large enough to
avoid the re-entering of dislocations. For different crystal orientations, different pattern of surface
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and subsurface deformation can be observed. The effect of indentation depths and tip speeds was
investigated and found that indentation force increases as depth of indentation and tip speed
increase. Material properties, e.g. Young’s modulus and hardness, of the materials at the
nanoscale are different from those at the macroscale. Hence, due to different material properties
between nano- and macro-scale, materials at nanoscale are typically considered new types of
material. As can be seen from the presented results, these machining parameters affected the final
nano-geometry in AFM-based nanomachining. The findings from this work can be applied to the
fabrication of nanochannels/nano-fluidic devices. However, a more extensive experimental study
is necessary to better validate the computational models. This will be reported in our future work.
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