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Abstract 
 
We report a study on monocrystalline nickel thin films using the atomic force microscope (AFM) based scratching process to under-

stand the associated wear mechanism. As for the nano level fabrication, better understanding of abrasive wear mechanism is a pre-
requisite. A three-dimensional molecular dynamics (MD) study has been performed and we have used a new parameter wear volume to 
distinguish between different wear zones. A reduced number of zones have been proposed to understand the wear mechanism during 
nanoscratching process. Also, centrosymmetry parameter has been used to validate the findings.  
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1. Introduction 

The atomic force microscope (AFM) has been used to 
measure mechanical properties of thin films, polymers, and 
ceramics [1-3]. However, fabrication of nano level system 
using AFM as a top-down approach would be feasible for 
simple structures in comparison to the bottom up approach, 
which is necessary for complex structures. Fabrication of a 
nanoelectro-mechanical system (NEMS) has been proposed to 
be fabricated by atomic force microscope (AFM) based nano-
scratching process [4]. A novel AFM-based micro/nano ma-
chining system has been proposed by Yan et al. [5] which is 
similar to conventional CNC machine tools. As material prop-
erty changes with the reduction of its size to nano level, macro 
level scratching behavior cannot be applied to analyze nano 
level fabrications. After the first approach to investigate the 
nanometric scratching process with copper in the late 1980s, 
several researches have been performed to explore the insight 
of scratching process in nanocrystalline materials [6-8]. MD 
simulation has been a reliable technique over the years for its 
best-suited analyzing ability. Komanduri et al. [9, 10] per-
formed MD simulation of the nanometric scratching of mono 
crystalline aluminium to study material deformation, scratch-
ing forces, chip formation, exit failure. Also, they performed 
some methodology like effect of tool geometry on single crys-
tal copper to study the scratching processes [11]. Those works 

help tremendously to understand the nanometric scratching 
processes. However, small models were adopted in most of 
the cases in which results might be affected significantly by 
the boundary conditions. Also, due to the small models, most 
of the previous models were based on two-dimensional 
scratching process or quasi-three-dimensional (plane strain) 
scratching process. In previous reported works the Morse po-
tential is widely used to study the pairwise interaction between 
metal atoms and to model interatomic force. It is a pair poten-
tial considering only two-body interactions, so it cannot prop-
erly describe the metallic bonds. Whereas, many body EAM 
(embedded atom method) potential can describe the phe-
nomenon of metals more precisely, and that is why it has been 
adopted for this simulation purpose [12]. Nickel substrate has 
been chosen for the potential application of thin nickel films in 
magnetic storage devices and NEMS based technologies [13, 
14]. 

For the successful fabrication of nano level structure using 
AFM, better understanding of abrasive wear mechanism asso-
ciated with nanomachining process is a pre-requisite. Also, for 
successful groove fabrication, the cutting mechanism should 
be correlated as a function with wear behavior of the material. 
The wear mechanism during nanoscratching process has been 
separated into four distinct regimes as no-wear regime, adher-
ing regime, ploughing regime and cutting regime [6]. In the 
no-wear region, atomic lattice is deformed purely elastically 
[6]. In the adhering regime, surface atoms of the substrate 
adhere to the tool. In the ploughing regime, the existence of 
triangular atom cluster has been shown [6]. The cutting region 
is characterized by chip formation. Also, it has been reported 
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that, dislocations distribute closely to the surface or sliding 
interface [6]. 

The purpose of the present work is to establish the relation 
of nanomachining process with the wear mechanism and pro-
pose reduced distinct regimes for ease of understanding. This 
wear mechanism and elastic-plastic transition is closely re-
lated, which has been discussed. Previously, evidence of elas-
tic-plastic transition on macro level was reported by Seth [15]. 
For micro and nano level, evidence of elastic-plastic transition 
has been reported by Lu et al. [16]. Although it was reported 
for nanoindentation test, it reveals that there must exist a zone 
in between. 

  
2. Modeling details  

A monocrystalline nickel workpiece has been illustrated on 
different zones in Fig. 1. The size of the workpiece is 
21.12×8.45×16.9 nm and contains 279752 atoms. The lattice 
constant of nickel is 0.352 nm. The cutting process was along 
negative x-direction, which is taken as the [-100] direction of 
the FCC lattice of nickel and on (010) surface. Previously, it 
has been suggested that the {001} <100> combination should 
be used for performing simulation of scratching, if only one 
orientation has to be used, based on nanometric scratching on 
various scratching directions and crystal orientations [17]. The 
workpiece consists of three types of atoms: Newtonian atoms, 
thermostat atoms and boundary atoms. The boundary atoms 
are kept fixed at their lattice space. Thermostat atoms have 
been introduced to the system to ensure heat dissipation, 
which is generated during the scratching process [18]. The 
temperature of the thermostat atom has been kept at 0 K by 
rescaling the velocities of the thermostat atoms using velocity 
rescaling method every hundred computational time, which 
corresponds to 0.4 ps. Newtonian atoms obey Newton’s sec-
ond law of motion. In molecular dynamics, motions of these 
atoms are determined by the direct integration of the classical 
Hamiltonian equations of motion using Velocity-Verlet 
method [19]. A timestep of 4 fs has been used for the Veloc-
ity-Verlet algorithm. Also, periodic boundary condition has 
been maintained along the z direction. All models were sub-
jected to relaxation for equilibrium state at zero temperature 
by energy minimization using the conjugate gradient method 
to allow the models to reach natural and dynamical equilib-

rium status consistent with the specified temperature. 
The AFM tool used in this simulation has the shape of a 

hemi-sphere and is constructed with perfect diamond lattice 
with a radius of 4.0 nm, shown in Fig. 2. A constant cutting 
speed of 100 m/s has been used along a cutting distance of 
10.0 nm. δ has been varied from 0.1 to 0.5, where δ is a di-
mensionless parameter which can be defined by d by R ratio. 
The initial temperature of the workpiece is 0 K. The reasons 
behind choosing such velocity and temperature are discussed 
later in this paper. 

The force acting on the system is obtained by calculating 
the forces acting on the atom by the surrounding atoms and 
encapsulating them. This calculation has been performed us-
ing interatomic potentials. The Morse potential is as follows: 

 
0 0 0{exp[ 2 ( ) 2exp[ ( )]}tot

ij

E D r r r rα α= − − − − −∑    (1)  

 
where E tot is a pair potential energy function; Do is the cohe-
sion energy; α is the elastic modulus; r and ro are the instanta-
neous and equilibrium distance between atoms i and j, respec-
tively. Morse potential is a pairwise potential that is not only 
computationally inexpensive but also simple compared to 
EAM potential [20]. 

The EAM method originated from the density-function the-
ory and is based upon the approximation that the cohesive 
energy of a metal is governed not only by the pairwise poten-
tial of the nearest neighbor atoms, but also by embedding en-
ergy related to the “electron sea” in which the atoms are em-
bedded. This electron density is approximated by the superpo-
sition of atomic electron densities. For EAM potential, the 
total atomic potential energy of a system is expressed as: 

 

,
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where ijφ  is the pair-interaction energy between atoms i and j 
and Fi is the embedding energy of atom i. ρi is the host elec-
tron density at site i induced by all other atoms in the system, 
which is given by: 
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There are three different atomic interactions in this simula-

tion of nanometric scratching process: the interaction in the 
workpiece, the interaction between the workpiece atoms and 
the tool atoms, the interaction in the tool atoms. The EAM 
potential function for nickel developed by Foiles et al. [21] is 
used here for the interaction of the substrate atoms. EAM po-

 
 
Fig. 1. MD simulation model of nanometric scratching. 

 

 
 
Fig. 2. Hemi-spherical diamond tool used as tool. 
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tential has been used instead of pairwise Morse potential be-
cause the EAM provides a more realistic description of the 
metallic cohesion, although using Morse potential the energet-
ics of an arbitrary arrangement of atoms can be calculated 
quickly, but the ambiguity inherited by the volume depend-
ency is avoided by EAM method. For the Ni-C atoms interac-
tion, the Morse potential has been adopted as there is no exist-
ing EAM potential available to describe the behavior of inter-
actions between Ni-C atoms. It has been adopted from Fang et 
al. [22] as D=1.0094 eV, α =0.19875 nm -1 and r0 =2.559 nm. 
The Lorentz-Berthelot mixing rule was used to estimate the 
interatomic Morse potential for Ni-C interactions. For the 
interactions between the tool atoms, also the Morse potential 
has been adopted where D=2.4230 eV, α=0.25550 nm -1 and r0 
=2.522nm. But as the stiffness of a diamond tool is much 
harder than the stiffness of nickel atoms, the tool can be con-
sidered as a rigid body. In this approximation, the interaction 
force between tool atoms will have no effect on tool atoms. 
All the simulations of this model use the parallel molecular 
dynamics program LAMMPS [23-25]. For visualization, an 
open source molecular visualization program, VMD - visual 

molecular dynamics, has been used [26]. 

 
3. Results and discussion 

A three-dimensional model has been used for the current 
study of AFM-based nanometric scratching process on 
monocrystalline nickel using an AFM semi-spherical tool. 
Dimensionless scratching depths of 0.1, 0.2, 0.3, 0.4 and 0.5 
have been simulated and their effects on deformation, scratch-
ing forces, tribological behavior and wear mechanism have 
been observed. These parameters could be used effectively to 
identify elastic-plastic transition, which enables better under-
standing of abrasive wear mechanism. The discussion pro-
vided below is not only from the plots of MD simulations but 
also from careful observations of the MD simulations.  

 
3.1 On the nature of deformation 

Fig. 3 shows the different states of the scratching process 
during tool travel along the workpiece material with varying 
scratching depth. The effects have been observed carefully. As 

             
                               (a) At δ 0.1                                      (b) At δ 0.2 

 

          
                              (c) At δ 0.3                                       (d) At δ 0.4 

 

 
(e) At δ 0.5 

 
Fig. 3. Deformation behaviors of scratching process at different dimensionless scratching depths (δ) of 0.1, 0.2, 0.3, 0.4 and 0.5. 
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known from solid state physics, as a result of attractive and 
repulsive forces, metallic atoms are not only arranged in a 
specific pattern but also they maintain an equilibrium distance 
in their crystal structures. Conducting a scratching process on 
a crystallographic material structure will generate a distur-
bance throughout the metallic structure. The arrangements of 
the atoms will be changed to create room for the tool to travel 
along its surface. Hence, deformation occurs. As the tool 
touches the surface, the crystal structure of the workpiece 
shows adhesion features with the tool atoms. But with the 
advancement of the tool on its surface, this adhesion feature 
no longer exists. Rather, it turns into repulsive nature and the 
interatomic bonds between workpiece material break due to 
the advancement of tool atoms. Accumulation of workpiece 
atoms takes place in front of the tool. It has been found from 
the simulation that the accumulation not only takes place in 
front but also beneath the tool edge, and thus a chip is formed. 
Fig. 4 shows X-Y plane cross sectional view at different 
stages (with respect to time) of simulation for δ 0.5. Accumu-
lation of substrate atoms and gradual chip formation can be 
understood from the figure. Also, with the advancement of 
tool atoms on substrate material surface, atoms pile up on both 
sides of the tool. As the tool goes forward, these atoms flow 
towards their respective piling directions to allow the tool to 
travel. As scratching depth increases, this accumulation and 
piling up occurs in greater scale. So deformation occurs in 
large scale. To allow the workpiece to reach a relaxed state, 
after a certain period, atoms in the workpiece rearrange in 
crystal structure. Thus, dislocation nucleates and the atoms 
slip past each other. As the strain energy level on the de-
formed atoms near to the tool exceeds the limit, the atoms are 
rearranged on the lower lattice to relax the strain. Due to this 
rearrangement, a large amount of dislocation takes place. 
Usually it is generated from the atoms near by the tool and 
consequently transferred to the whole structure. It has been 
observed that, the larger is the δ, the more is the dislocation 
and transformation which takes place around the whole lattice 
structure. Most of the dislocations glide downwards, and a few 
glide upwards maintaining some angle. Like the conventional 
scratching process, fabrication of metal occurs along with chip 
formation and their removal from the front of the tool. This 
has been found also in the nanometric scratching process. The 
dislocations gradually disappear from the crystallographic 
structure after a certain time period followed by the tool travel 
for the elastic behavior of the metal [6]. It is evident from the 
detailed observation that, as the scratching depth increases, the 
length of adhesion period gets shortened and the repulsion 
between the tool atoms and the workpiece atoms takes place 
more rapidly. But as the scratching depth increases, it allows 
more tool atoms to be in contact with workpiece atoms. So not 
only the magnitude of the different parameters rises rapidly 
but also the deformation takes place affecting a greater num-
ber of workpiece atoms, indicating the role of greater defor-
mation area. Also, with the increase of scratching depth, 
roughness of machined surface increases. For lower values of 

δ, elastic recovery is more favored. In case of 0.1 value of δ, 
elastic deformation is more dominant than plastic deformation. 
The transition value lies within 0.1-0.2. 

 
3.2 On the nature of forces 

In the current study, the force in the direction parallel to 
scratching direction has been considered as the tangential 
force (x axis) and force in the direction perpendicular to the 
scratching direction has been considered as the normal force 
(y axis). The variation of tangential force Fx with scratching 
distance for the different scratching depth has been plotted in 
Fig. 5. Usually, less friction and less wear are desirable in 

 
(a) 
 

 
(b) 
 

 
(c) 
 

 
(d) 

 
Fig. 4. X-Y plane cross sectional view at different stages of simulation 
(with respect to time) for δ 0.5: (a) accumulation of substrate atoms; 
(b), (c) and (d) gradual chip formation. 
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practical applications [1]. Both of them are related to adhesion 
and contact area [1]. Sudden rise in the forces in the initial 
stage can be explained as follows: if the contact area is high, 
there exists significant adhesion which gives rise to the tan-
gential force. This adhesion feature determines the elastic or 
inelastic deformation of the substrate. For small dimensionless 
scratching depth, like a value of 0.1, there merely exists a 
sudden rise. Small rise is diminished with gradual elastic re-
covery of the substrate. On the other hand, for higher dimen-
sionless scratching depths, after the initial sudden rise in tan-
gential force, it reaches to steady state. Although, for different 
scratching depths, the magnitude is different. The variation is 
still there in the steady state. More precisely, the variation can 
be termed as “quasi-periodic variation.” After the adhesion, 
the substrate atoms undergo repulsion and adhesion consecu-
tively with the advancement of the tool. This may be the rea-
son for quasi-periodic variation in the tangential force. Same 
variation is reported by Buldum and Ciraci [7]. That MD 
simulation was performed using a sharp Ni tip on a Cu sub-
strate. It can be seen from the MD simulation of the current 
study that as the δ is less, the fluctuation merely presents like 
in the case of 0.1 value of δ. With the increase of δ, steady 
state tends to deviate and presence of rapid fluctuations can be 
identified. And increased scratching depth requires more 

scratching force for material removal. That can be explained 
as follows: more material accumulates in front of the tool as 
scratching depth increases, and the more the scratching force 
is required for the advancement of the tool and material re-
moval. For lower values of δ, the elastic deformation plays the 
key role. So, rapid fluctuation in the beginning is absent in that 
case. On the other hand, higher value of δ induces not only 
elastic nature but also plastic behavior of materials. 

The time-averaged scratching forces have been presented in 
Fig. 6 with the variation of δ. Although, it has been found that 
the natures of the plots are similar, only varying in magnitude. 
Both the tangential force and normal force increase with the 
increase of dimensionless scratching depth, δ. But the tangen-
tial scratching force increases rapidly compared to the normal 
force. The ratio of normal force to tangential force changes 
from more than 33 to almost 2. It seems that with increase of δ, 
contribution of forces is more in tangential force rather than in 
normal force, as higher scratching force is required for the 
larger dimensionless scratching depth, δ. 

As friction arises from the contact followed by relative 
movement of two surfaces, it is of obvious need to realize the 
role of friction in any sort of scratching process. And never-
theless, for a sophisticated process like nanoscratching, it is of 
immense importance. The values of tangential force and nor-
mal force obtained are listed in Table 1. The friction coeffi-
cient, which is the ratio of tangential force to normal force, is 
also provided. The friction coefficient increases with the varia-
tion of scratching depth. It can be interpreted that as with the 
increase of scratching depth, more tangential force is required 
for tool travel. Because, more material accumulates in front of 
the scratching tool and requires more external force in scratch-
ing direction to remove them, which gives rise to friction coef-
ficient. As friction is the measure of the resistance, this can be 
utilized to understand the resisting behavior during AFM-
based scratching. The friction coefficient has been found to be 
more dependent on the tangential force than normal force. 

 
3.3 On the wear mechanism 

To effectively identify the transition from one regime to an-
other during the nanomachining process, a dimensionless cut-
ting depth δ has been used. This dimensionless cutting depth 
is the ratio of cutting depth to the tool radius. In this way, the 
strain induced by the tool on the workpiece will have a rela-

 
Fig. 5. Variation of tangential forces for five different dimensionless
scratching depths (δ) of 0.1, 0.2, 0.3, 0.4 and 0.5. 

 

 
Fig. 6. The time averaged scratching forces for the different
dimensionless scratching depths (δ) of 0.1, 0.2, 0.3, 0.4 and 0.5. 

 

Table 1. MD simulation results for varying δ (dimensionless scratch 
depth). 
 

δ Tangential force (nN) Normal force (nN) Friction  
coefficient 

0.1 1.9686 66.0919 0.029786 
0.2 28.8342 118.6814 0.242955 
0.3 68.8343 179.4409 0.383604 
0.4 103.5471 211.6488 0.48924 
0.5 136.8412 246.8562 0.554336 
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tion which would be effective to identify the transition from 
one regime to other [6]. We have also used pile up volume 
and the groove volume to understand the associated wear 
mechanism.  

A new parameter, wear volume, has been defined, which is 
the difference between the groove volume and pile up volume. 
Schematic of the pile up and groove from the reference line is 
shown in Fig. 7 where the reference line represents the surface. 
The proposed reduced model has two regimes: the elastic or 
no wear regime and the plastic or wear regime. Due to the 
nature of the scratching process adopted in this work, the 
groove is shaped like a truncated cylinder with hemispherical 
end on one side. Simple mathematical equations have been 
applied for the calculation of groove volume. The patterns of 
the groove have been carefully observed using VMD to check 
whether the expected pattern is achieved and mathematical 
equations hold or not. For the calculation of pile up volume, 
the pile up pattern is identified above the reference line or 
surface. The irregularity in the pile up pattern is clearly visible 
form Fig. 8. It is an alternate close-up representation of Fig. 3 
above the reference line that is demonstrated on Fig. 7. The 
irregular pattern of pile up makes it very difficult to calculate 
the pile up volume with any well-defined function or equation. 

Hence, the number of atoms has been counted on the particu-
lar confined region (pile up zone), and volume calculation has 
been carried out using VMD’s scripting procedure. Future 
work will be focused on putting this pattern in some well-
defined function.    

Pile up pattern for different values of δ has been illustrated 
in Fig. 8. Each grid occupies an area of 1 nm2. For better un-
derstanding, only atoms above the reference line have been 
shown and others have been removed from the visualization. 
A low value of δ like 0.1 induces no wear on the substrate 
material. After the machining process, the material recovers 
almost elastically. Precisely, there is no pile up for such low 
value of δ. The pile up pattern increases with the increase of δ. 
The calculated pile up volume has been plotted in Fig. 9. The 
workpiece material accumulation beyond the reference line 
after the cutting process has been calculated. To allow the tool 
to travel through the substrate, workpiece atoms accumulate 
besides the groove. This also indicates that workpiece atom 
accumulation not only takes place beneath the tool edge, but 
also beside the tool edge. On the elastic regime, no groove 
fabrication is possible due to the elastic recovery of the work-
piece material. Calculated wear volume for this zone is almost 
zero which has been plotted in Fig. 10. 

As the value of δ increases from 0.1 to 0.2, nanoscratching 
process enters in the wear or plastic zone. Pile up pattern is 
initiated from this region. Also, pile up volume and wear vol-
ume increase from their non-zero value. The critical value of 
transition lies between 0.1 and 0.2 (δ). In this regime, groove 
fabrication is possible due to plastic deformation and chip 

 
Fig. 7. Schematic of the pile up and groove from the reference line. 

 

 
Fig. 8. Pile up pattern during nano machining process for different
dimensionless cutting depths (δ) of 0.1, 0.2, 0.3, 0.4 and 0.5. For δ 0.1,
it is not shown (a) as there is no pile up. Each grid contains 1 nm2 area.

 

 
 
Fig. 9. Variation of Pile up volume at different dimensionless cutting 
depths (δ) of 0.1, 0.2, 0.3, 0.4 and 0.5. 

 

 
Fig. 10. Variation of Wear volume at different dimensionless cutting 
depths (δ) of 0.1, 0.2, 0.3, 0.4 and 0.5. 
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formation. A value greater than zero for pile up indicates the 
cutting mechanism is in the wear zone and that is also true for 
the wear volume. In this zone, dislocation takes from the tool 
edge and glides through the workpiece. The more is the dislo-
cation, the more is the pile up. This enables one to fabricate 
nano structures using nanoscratching process. Critical value of 
δ lies between 0.1 and 0.2. Further investigation will be done 
to identify exactly the transition value.   

Finally, the centrosymmetry parameter has been used to 
identify dislocations and the lattice defects [27]. In solid−state 
systems the centrosymmetry parameter is a useful measure of 
the local lattice disorder around an atom and can be used to 
characterize whether the atom is part of a perfect lattice, a 
local defect (e.g,. a dislocation or stacking fault), or at a sur-
face. This parameter is computed using the following formula: 

 
6

2
6

1

| |i i

i

P R R +

=

= +∑                  (4) 

 
where the 12 nearest neighbors are found and Ri and Ri+6 are 
the vectors from the central atom to the opposite pair of near-
est neighbors. Atoms not in the group are included in the 12 
neighbors used in this calculation. As the material is distorted, 
these bonds will change direction and/or length, but they will 
remain equal and opposite under homogeneous elastic defor-
mation. If there is a defect nearby, however, this equal and 
opposite relation no longer holds. By definition, the centro-
symmetry parameter is zero for an atom in a perfect FCC ma-
terial under any homogeneous elastic deformation, and non-

zero for an atom that is near a defect such as a cavity, a dislo-
cation or a free surface. 

Dislocations are shown in Fig. 11 using centrosymmetry pa-
rameter (CSP). Note that this is the X-Y plane view. Atoms 
having CSP less than 0.5 have been removed in visualizations. 
It also satisfies the proposed reduced zones during 
nanomachining process. During small dimensionless scratch-
ing depth, the substrate atoms recover almost elastically, ex-
cluding the possibility of groove fabrication. On the other 
hand, higher dimensionless cutting depth induced machining 
facilitates the groove fabrication with the aid of plastic defor-
mation. Dislocations glide maintaining an angle of 45 degree 
with the surface. Glide occurs on generalized {111} planes 
and in <110> directions. Red colored atoms represent partial 
dislocations and yellow represent stacking fault.  

 
3.4 Choice of temperature and tool velocity 

Improper choice of temperature and velocity might alter the 
obtained results in the nanoscratching process. When it comes 
to temperature, an extremely low value (0 K), room tempera-
ture (300 K) or elevated temperature (500 K) should be used, 
but it is still not clear. Again, for tool velocity, whether it 
should be 1m/s or 500 m/s or in between, the answer is not 
known precisely. Whatever it might be, still it is much higher 
than the practically obtainable nanoscratching speed. The 
subsequent sections address these issues. 

The temperature might have a very important role in the es-
timation of different parameters during nanoscratching proc-
ess. It influences much of the phase transformation behavior 
because plastic deformation is a dynamic dissipation process. 
However, the measures to identify the lattice defects and dis-
location such as CNA [28], slip vector [29], and centrosym-
metry parameter [27] are sensitive to finite temperature effects 
[28]. Due to temperature, thermal vibration in atoms exists. 
Due to this vibration, atoms move from their perfect lattice 
space and show many partial dislocations [30]. It might sig-
nificantly affect the dislocation analysis. However, there is no 
well-defined effect on the tangential scratching force. In Fig. 
12, it is shown from previous work [31]. Although, a smaller 
model has been used for that purpose and the size was 14.1 x 
5.6 x 11.3 nm. It contained 83720 atoms. The AFM tool ra-
dius was 2 nm. The details can be found from the work. The 
purpose of thermostating the temperature of thermostat atoms 
is to couple the system to the surroundings. This is so that the 
extra amount of heat generated on the substrate could be dissi-
pated to the surroundings like a classical thermodynamic sys-
tem. If another kind of thermostating procedure is followed, it 
might alter the phenomenon of a nanoscratching system. Fi-
nite temperature imposes fuzzy behavior on dislocation loops 
[32]. Again, if the system size is too big, damping the thermal 
vibration of the atoms naturally will take huge amount of time 
unless some constraints have been imposed such as 
Nose/Hoover thermostat to total system [33-35]. This might 
alter the dynamic behavior of the system. For these reasons, 

 
Fig. 11. Defect structure using Centrosymmetry Parameter (CSP) at
different dimensionless cutting depths: (a) At δ 0.1; (b) At δ 0.2; (c) At 
δ 0.3; (d) At δ 0.4; (e) At δ 0.5. Only atoms with CSP>0.5 are shown.
In case (a), it is clearly evident that substrate recovers almost elasti-
cally after the machining process. 

 

(a) 

(c) (d) 

(b) 

(e) 
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we have chosen an extreme low temperature like 0 K for our 
work. 

If we come to the choice of proper velocity, it is still argu-
able which one should be used for specific purposes. Although 
Zhang et al. simulated the scratching velocity dependency 
during AFM-based scratching process, it is not quite clear 
which one would be a better choice. Zhang et al. considered 
the steady state only [36] and found that both average tangen-
tial scratching force and friction coefficient increase. They 
found a decreasing relation with normal force. Pei et al. found 
increasing relationship for tangential force with tool velocity 
[30]. However, they found also an increasing relationship for 
normal force with tool velocity. To find a proper choice we 
conducted a similar investigation [37]. Tool velocity has been 
varied from a low value of 10 m/s to a high value of 500 m/s 
at different intervals on a monocrystalline nickel workpiece 
containing 35258 atoms. The size of the workpiece was 10.56 
x 2 x 5 nm. Tool radius was 2 nm and scratching depth was 1 
nm. Variation of tangential force for different scratching ve-
locities is shown in Fig. 13 [37]. It is quite difficult to relate 
tangential force to tool velocity if unsteady state is taken into 
consideration in Fig. 13 [37]. We considered the unsteady 
state along with steady state during averaging, as both are part 
of the dynamic process. Excluding one might lead to an erro-
neous conclusion. Surprisingly, we found increase in both 
average tangential and normal forces except at 100 m/s, 
shown in Fig. 14 [37]. There is a small amount of drop in fric-

tion coefficient up to 100 m/s and then it increases again up to 
500 m/s, as shown in Fig. 15 [37]. We also observed a tem-
perature rise of the Newtonian atoms, which is similar to the 
previous work [36]. It has been plotted on Fig. 16 [37]. The 
temperature evolution as a function of δ is also provided in Fig. 
17. The greater is the δ, the greater is the contact area between 
the substrate and the tool. Hence, the more is the strain im-
posed by the tool on the substrate. On the other hand, higher 
tool velocity also imposes higher strain. Higher strain causes 
the subsurface deformed atoms to move from their perfect 
lattice configuration, thus consequently allows plastic defor-
mation of the substrate. The comparison of temperature 
evaluation of the system with both tool velocity and δ shows 
the strain induced by the tool velocity is more in comparison 

 
Fig. 12. Variation of tangential force at different temperatures of 0, 300
and 500K [31]. 

 

 
Fig. 13. Variation of tangential force for different scratching velocities 
[37]. 

 

 
Fig. 14. The time averaged scratching forces for different scratching 
velocities of 10, 50, 100, 200 and 500 m/s [37]. 

 

 
Fig. 15. Variation of friction coefficient with tool velocity [37]. 

 

 
Fig. 16. Variation of temperature of Newtonian atoms for different 
scratching velocities [37]. 
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to the contact area. As temperature at atomic level is related to 
the kinetic energy of the system, with higher scratching speed 
of the tool the substrate atoms have to move faster to allow the 
scratching process. Thus, the temperature of the system rises 
rapidly with high tool speed. So, the strain imposed by the tool 
is more dependent on the tool velocity rather than the contact 
area between the tool and the substrate. Further investigations 
should be carried out to optimize these parameters.   

 
4. Conclusions 

We present an investigation of the wear mechanism of thin 
nickel films using three-dimensional MD simulations:  

(1) A new parameter, wear volume (based on pile up and 
groove volume), has been proposed to identify transitions 
from one regime to another. Also, a reduced number of zones 
have been proposed to understand easily the associated abra-
sive wear mechanism. This study helps to understand whether 
groove fabrication is possible or not with the aid of plastic 
deformation.  

(2) Future work will be focused on parameterizing the elas-
tic-plastic transition during nanoscratching process. 

(3) Strain energy imposed by the tool on the substrate is 
more dependent on tool velocity rather than the contact area 
between tool and the substrate. 
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